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Abstract

Increasing land values without comparable increases in yield orreduced input costs have reduced
the attractiveness to growers of processing sweet corn (Zea mays L.) as a cropping enterprise at
Gisbormne, New Zealand. As a consequence, the problem of consistently sourcing adequate
volumes of raw material has been one factor leading the region’s major sweet corn processor to
consider withdrawing from the region. Hence, the development of agronomic practices which
reduce crop production costs, improve marketable yields, or both, will be important for
maintaining the viability of the sweet corn processing industry in Gisborne for both growers and

processors alike.

Two of the most important factors influencing yield of sweet corn are plant density and nitrogen
(N) nutrition. The density range which maximised marketable yield of cobs and kernels for
Jubilee and SS42, the two prominent cultivars grown at Gisborne, was 69-77,000 plants per
hectare. Although yield response to fertiliser N was alsoinvestigated in the same study, the yield
response was either negligible (SS42) or did not follow a trend consistent with incremental
increases in N rate (Jubilee). The limited response was attributed to high background levels of
soil available N (269 kg/ha). A second experiment was designed to investigate the yield response |
to fertiliser N on a soil with a low available N level. Although only 92 kg N/ha was available
from the soil, yield response in this experiment was also negligible with N rates greater than
73 kg/ha. Combining the two years’ results indicated that yield response to N fertiliser will be

limited when soil available N levels are > 213 kg/ha.

The rate of yield improvement could be enhanced by greaterunderstanding of the physiological
processes limiting yield in maize and sweet corn. The study of source-sink relationships can
provide useful insights into yield determinants. A field experiment was established with Jubilee
and SS42 to study how variables influencing weight of primary and secondary ears (e.g., silk
delay, tiller number per plant) adjust to plant density and N nutrition. Path analysis and canonical
discriminant analysis indicated that tillers were important for supplying the secondary ears of
both cultivars with photoassimilate at low densities (e.g., 40,000 plants per hectare) and were
important for Jubilee, but not SS42, at highdensities (e.g., 100,000 plants per hectare). A short

silk delay for both the primary and secondary ear was important for both cultivars at low
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densities to establish a large ear sink. Thus, at low densities, the presence of a secondary ear at

low densities appeared to enhance kernel development on the primary ear.

To further understand the partitioning of DM and N to kemnels, further experiments quantified
sink strength (or source strength) of an organ (i.e., leaves, stems, roots, kernels, rachis, husk, or
shank) between defined ontogenetic stages. Sweet corn grown at 70,000 plants per hectare with
rates of applied N ranging from O to 230 kg/ha were harvested throughout ontogeny until R4.
Although N rate generally did not influence partitioning of N or dry matter (DM) to any organ,
significant cultivar differences were detected. Kemel sink strength of Jubilee was two-fold
greater for DM than SS42 and three-fold greater for N between R1 and R3. As a consequence,
kernels of Jubilee contained 34 % more DM than those of SS42 at R4 and were significantly more
efficient than SS42 kernels at translating endogenous N into kernel DM. The observation that
DM was partitioned to vegetative organs during reproductive growth while N was being
remobilised from these organs indicated that both Jubilee and SS42 were source limited for N,

yet sink limited for current photoassimilate.

No published studies have been sighted which have identified a link between the source
limitation for N and the sink limitation for DM in Z. mays. Investigating source-sink,
relationships indicated that the two events are linked and initiated by low kemnel sink strength
during early grain filling. SS42 partitioned large proportions of DM to both husks and stems
between R1 and R3, in contrast to Jubilee which partitioned most DM directly to kernels. As
partitioning DM to vegetative tissue and husks reflects photoassimilate not consumed in
reproductive growth, excess photoassimilate resulting from limited sink strength may have
decreased photosynthetic rates through ‘feedback’ inhibition. Consequently, the ability of Jubilee
to partition DM to roots for N assimilation between R3 and R4 may reflect less inhibited

photosynthesis than for SS42.

A subsequent experiment provided further evidence that kernel sink strength influences N and
DM partitioning. This experiment also indicated that low kernel sink strength during early grain
filling may actually initiate an inhibitory cycle. When maximum leaf area in maize and sweet
corn is reached around R1, the ear is a relatively weak sink and unable to accumulate all the

photoassimilate being produced. Although the excess is partitioned to stems and husks, these
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organs can only accumulate a limited quantity before they become saturated. When the stem and
husks become saturated, photoassimilate may accumulate in leaves causing feedback inhibition
of photosynthetic enzymes to reduce the supply of photoassimilate. However, as N assimilation
rate is dependent on the rate of photoassimilate supply to roots, the inhibited photosynthesis
reduces N uptake and as a consequence, remobilisation of N is stimulated. Excessive
remobilisation of N from leaves may further impair photosynthetic activity to further restrict the
photoassimilate supply for root and shoot functions including grain filling. Hence, an inhibitory
cycle may evolve from the limited capacity of kernels and rachis to accumulate photoassimilate.
Since SS42 (sh2 mutant) had a significantly lower kernel sink strength than Jubilee (s«] mutant)
during early grain filling, SS42 was apparently more influenced by the inhibitory cycle than

Jubilee.

To add support to the theory that limited kernel sink strength during early grain filling may lead
to an inhibitory cycle, a final experiment investigated the association of the endosperm storage
protein, zein, with kernel sink strength. A high correlation (r=0.91) was observed between kernel
DM and the level of zein. Further, the wild type (Furio) contained 25 and 49% more zein at R4,
and accumulated 18 and 49% more DM, respectively than the sul (Jubilee) and sh2 (SS42)
mutants. Similarly, kernels of Jubilee, which contained 31% more zein than those of SS42..
accumulated 38% more DM. Together these results indicate that the level of zein is associated

with kernel sink strength and thus lends support to the inhibitory cycle theory.

Key words: canonical diseriminant analysis, endosperm mutants, nitrogen nutrition, non-linear regression, path

analysis, photoassimilate partitioning, plant density, process sweet corn, sh2, sul, zein.
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1.1 Introduction

Over the last ten years, increasing land values, fuelled by the development of markets for higher
value crops in the Gisborne region (New Zealand’s major sweet corn growing area) ha\}e reduced
the attractiveness to growers of processing sweet corn as a cropping enterprise (Brooking and
McPherson, 1986). With gross margins declining and growers choosing more profitable
alternative crops, sweet corn processors face problems consistently sourcing adequate volumes
of raw material. This has led the region’s major sweet corn processor (Heinz Wattie’s
Australasia) to consider withdrawing from the region. Hence, the development of agronomic
practices which reduce crop production costs, improve marketable yields, or both, will be
important for maintaining the viability of the sweet corn industry in Gisborne for both growers

and processors alike.

Two dominant factors influencing yield of sweet corn in Gisborne are planting density and
nitrogen (N) nutrition. Under current agronomic practices, seed of the two major' cultivars, Zea
mays ‘Jubilee’ and Z. mays ‘SS42’ (hereafter, Jubilee and SS42), is sown in rows 760 mm wide
at 55,000 plants per hectare. Between 100 and 150 kg N/ha is incorporated into the soil in two
applications (Davis, pers. comm.). The first occurs at sowing with about 75 kg N/ha drilled with
the seed. A further 75 kg N/ha is side-dressed at the V3-V5 stage of growth (Ritchie and
Hanway, 1984). There is, however, no experimental evidence which demonstrates that this
regime maximises yield and the efficiency with which fertiliser N is used under Gisborne
conditions. Surveys of American maize growers have shown that many commonly apply more
fertilizer N than is economically optimal (Blackmer et al., 1989; El-Hout and Blackmer, 1990;
Morris and Bléckmer, 1989). Similarly, with the development of improved sweet corn cultivars
(Guzman, 1973; Wolf, 1978) more tolerant of high densities (Brown et al., 1970; Guzman, 1972;
Tollenaar, 1991; Vyn and Tollenaar, 1998) due to increased prolificacy (Anderson et al., 1985;
Motto and Moll, 1983; Nakaseko and Gotoh, 1976; Otegui, 1995) this same ‘recipe’ approach
for both Jubilee and SS42 is further questionable.

' In 1996, SS42 and Jubilee accounted for over 95% of the sweet corn processed at Gisborne.
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The potential for increasing yield with density is demonstrated by studies with sweet corn
achieving yield increases of 3-12 t/ha over the range of 25,000 to 110,000 plants per hectare
(Andrew and Weis, 1974; Bailey, 1941; Bowers, 1943; Mack, 1972% Moss and Mack, 1979;
Robertsetal., 1980a; Warrenand Kelly, 1963; Watson and Davis, 1938). For maize?, grain yield
increases of 0.5-3 t/ha have been observed over a similar density range (Anderson, 1986;
Downey, 1971; Dunganetal., 1958; Giesbrecht, 1969; Milbourn et al., 1978; Rutger, 1971; Sims
et al., 1998). Mack (1972) and Moss and Mack (1979) suggested ear yield of Jubilee was
maximised around 110,000 plants per hectare. However, studies with other cultivars indicate
that considerably lower densities of 45-75,000 plants per hectare maximise yield (Dubetz and
Wilson, 1969; Fery and Janick, 1971; Freyman et al., 1972; Jorgenson, 1966; Nichols, 1974;
Rogers and Lomman, 1988; Shoemaker and Walkof, 1941; Warren, 1963). Not only do such
reportsraise the question whether 55,000 plants per hectare maximises yield of SS42 and Jubilee,

but also whether SS42 and Jubilee respond to density in a similar manner.

As sweet corn and maize partition more N to the grain than any other nutrient derived from the
soil (Marschner, 1986; Steele et al., 1982) N is the mineral element most likely to limit plant
growth (Dwyer et al., 1995; Ebelharet al., 1987; Wienhold et al., 1995) and yield (Anderson et
al., 1985; Downey, 1971). Smith (1984) reported that yield of sweet corn ‘Deep Gold’ and’
‘Northern Belle’ increased 35% as N rate increased fromO to 112 kg/ha. The frequency of such
yield increases in the literature (e.g., Blackmer and Sanchez, 1988; Chancy and Kamprath, 1982a,
1982b; Eckert and Martin, 1994; Fox, 1973; Fox et al., 1986; Moll et al., 1987; Oikeh et al.,
1998; Sander and Moline, 1980) suggests that soil N fertility is an important yield determinant.
However, N fertiliser represents one of the largest input costs for commercial sweet corn
production. Therefore, every attempt should be made to maximise the efficiency with which it
is used. Steele and Cooper (1980) reason that there are four main factors which should be
considered when developing a fertilizer regime: the amount of nutrient required by the crop, the

amount of nutrient removed in the harvested component, the ability of the soil to provide the

? Care is needed when interpreting this paper as densities quoted are incorrect. As a result of using these incorrect densities,
yields per hectare are also incorrect. Further discussion uses corrected figures.

? As sweet corn and maize belong to the same species (Zea mays L.) and are differentiated only on the basis of endosperm
characters, their responses are likely to be similar (Brooking and McPherson, 1989).
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nutrient, and the efficiency with which fertilizer is used by the crop. Unfortunately, many
fertiliser recommendations in New Zealand frequently fail to achieve this goal, often as a
consequence of subjective information. Recommendations based on previous experience, the
number of years a field has been continuously cropped, information from field ﬁrials, and
overseas work often result in either too much or too little fertiliser being applied. If insufficient
N is applied, yields will be restricted, whereas excessive application, apart from causing
unnecessary cost to the grower, may result in increased leaching of N through the soil profile
(Bigeriegoetal., 1979; Fox et al., 1989). In particular, excessive application may lead to nitrate
pollution of groundwater (Stanford, 1973), a problem especially noted in intensive cropping
(Gardner et al., 1990; Gordon et al., 1993; Kimble et al., 1972; Lory et al., 1995b; Olson, 1977,
Parr, 1973). Only by accurately predicting the N requirements of the crop and the N supplying
capability of the soil can N fertilisers be used more effectively and the adverse effects minimised

(Anderson et al., 1985; Karlen et al., 1998; Lory et al., 1995a; Vanotti and Bundy, 1994a).

Together, N nutrition and plant population dictate yield. Stone et al. (1998) suggested that
because yield is related to the total amount of radiation intercepted by the crop canopy, increased
yield with population results from both a reduced time to canopy closure and a greater maximum’
leaf areaindex. With inadequate N nutrition, canopy closure and the achievement of maximum
leaf area may be delayed (Sinclair and Muchow, 1995; Stone et al., 1998). Inadequate N
nutrition may also decrease leaf photosynthetic capacity (Sinclair and Muchow, 1995) and

therefore the remobilisation of N to reproductive structures (Sinclair and Horie, 1989).

Although yields mayalsobe increased with irrigation (e.g., Andrew and Groskopp, 1963; Brown,
1986; Eck, 1984; Mackay and Eaves, 1962; Vittum et al., 1959), growers of sweet corn in
Gisborne generally do not consider that the expenditure is warranted (Davis, pers. comm.). This
reflects the level of rainfall and the water holding capacity of soils around Gisborne which
generally provide sufficient moisture to sustain good yields of sweet com. Further, large
volumes of irrigation water are not easily obtained in many parts of the region. Where water is
available, it is typically used on crops of higher value than sweet corn. Thus, it can be assumed
that the majority of sweet comm grown in Gisborne will be grown without irrigation in the

foreseeable future (Davis, pers. comm.).
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Even if an optimum density and N nutrition regime are identified for sweet corn production in
Gisborne, the relief this offers the industry may only be short-lived. Such limited relief is
because increased yields and decreased input costs would unlikely generate the 20% increase in
profitability necessary to ensure the viability of the industry long-term. To generate higher yields
beyond manipulating density and N nutritionregimesrequires that physiological barriers limiting
yield be identified and overcome. Identifying and overcoming such barriers is fundamental to
increasing yield as evidenced by the higher yield and yield potentials of modern hybrids (e.g.,
Crosbie, 1982; Russell, 1985). Identifying barriers limiting yield may also provide opportunities
to both minimise N application (Magdoff et al., 1984) and increase the efficiency with which
fertiliser N is translated into kernel DM (i.e., N use efficiency or NUSE; Beauchamp et al., 1976;
Moll et al., 1982a; Steenvoorden, 1989). These issues are particularly important if concerns
about nitrate pollution of water supplies are to be addressed. Therefore, knowledge of
mechanisms limiting yield is vital for not only developing superior sweet corn and maize hybrids

but also improving management practices (Tsai et al., 1984).

Both Jubilee and SS42 are endosperm mutants, expressing the sugary-1 (sul) and shrunken-2
(sh2) mutations, respectively. Shrunken-2 mutants are deficient in the activity of ADP-glucose
pyrophosphorylase (Boyer and Hannah, 1994; Chourey, 1981; Dickinson and Preiss, 1969;'.
Giroux and Hannah, 1994; Tsai and Nelson, 1966), the enzyme which is the rate-limiting step
in starch biosynthesis (Hannah et al., 1993; Preiss et al., 1991). Thus kernels of sh2 mutants
contain only 20% of the starch of wild types (i.e., non-mutants; Boyer and Shannon, 1984, 1987;
Nelson, 1980) and sucrose concentrations many times higher (Laughnan, 1953; Lee and Tsai,
1985; Tracy, 1997). Sugary-1 mutants on the other hand, change both the types and proportions
of polysaccharides stored in the endosperm (Boyer and Hannah, 1994; Boyer and Shannon,
1984),accumulatinga highly branched form of starch known as phytoglycogen (Marshall, 1987,
Nelson, 1980; Nelson and Pan, 1995). Sucrose concentrations are also enhanced as a
consequence of the su/ mutation, generally being 2-3 times higher than wild types (Garwood et
al., 1976; Jennings and McComb, 1969; Wann et al., 1971; Wong et al., 1994). However, in
addition to the sh2 and sul mutations resulting in increased sucrose concentrations in kernels,
DM accumulation in kernels of these mutants is also profoundly reduced. Compared to wild

types, kernels of su/ and sh2 mutants accumulate 23-42% and 42-62% less DM, respectively
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(Dalby and Tsai, 1975; Doehlert and Kuo, 1994; Glover et al., 1975; Lee and Tsai, 1985; Misra
et al., 1972, 1975a; Tsai et al., 1978a, 1978b; Wilson, 1992). These workers suggest that the
lower DM accumulation results from reduced levels of zein - the primary N storage protein in
kernels (Tsai et al., 1980, 1983). Using plants heterozygous for the opaque-2 (02) mu‘tation and
wild type alleles, Tsai et al. (1980) demonstrated with **CO, labelling that sucrose movement into
kernels was strongly associated with zein accumulation. They found that there was little
difference in radioactivity between 02 kernels and kernels of the wild type prior to zein
accumulation. However, as kernels developed, levels of zein in the wild type increased, being
associated with similar increases inradioactivity. In contrast,lower zein accumulation in kernels
of the 02 mutant corresponded with significantly lower radioactivity. Moreover, when zein
synthesis in the 02 mutant terminated, sucrose movement into kernels was severely reduced

(Russelle et al., 1983; Tsai et al., 1978a, 1980).

Although reduced zein synthesis through sh2 and su/ mutations may be associated with lower
grain yield compared with wild types, lower grain yields may also be attributed to differences in
the plant’s ability to partition N to kernels for zein synthesis. As N fertility increases, zein
becomes increasingly abundantin the endosperm (Lyznik and Tsai, 1989; Rendig and Broadbent,
1979; Schneider et al., 1952; Tsai et al., 1980, 1984; Wolfson and Shearer, 1981). Therefore,
N sufficiency during the growing season is important not only for structural and metabolic
functions (e.g., photosynthesis (Boote etal., 1978; Heichel, 1971; Osman and Milthorpe, 1971)),
butalso because it affects grain fill kinetics (Tsai et al., 1986, 1990). Hence, if endogenous N
levels are low, or insufficient N is partitioned to kernels, both zein synthesis and photosynthesis
may severely restrict yield (Hageman, 1979; Keeney, 1970; Tsai et al., 1991). It has been
demonstrated that source strength for supplying newly assimilated N is commonly limiting in
maize (Below et al., 1981, 1984; Cliquetet al., 1990b; Hanway, 1962a, 1962b; Reed et al., 1988;
Swank et al., 1982; Tollenaar, 1977), so determining why this occurs and identifying ways to
increase the uptake of N would appear fundamental to increasing yield. On the other hand, these
workers also report that the reproductive sink capacity commonly limits maize grain yield,
suggestingthatthe photosynthetic capacity is generally inexcess of earneeds. Again, identifying

if, and how, this occurs in sweet corn may provide a basis forincreasing yield (Koch et al., 1982).
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The high degree of association amongst zein synthesis, N nutrition, and DM partitioning to
kemels indicates the importance of this system as a yield determinant in both sweet corn and
maize. Hence, understanding the physiology of N and DM partitioning to kernels is paramount
toidentif ying strategies to increase yield and NUSE. Therefore, with the goal of increaéing yield,

reducing input costs, or both, the broad objectives for this study were:

1.  Toidentify densities which maximise yield of Jubilee and SS42.
2.  To provide recommendations for the better management of N inputs.

3. To further elucidate the physiology of N and DM partitioning to kernels.

Experiments to meet these objectives were designed and undertaken over a two year period

(1995-1996) near Gisborne (longitude 178°, latitude 38.7°), New Zealand.
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2.1 Introduction

Identifying an optimum planting density is prerequisite for maximising yield of any crop.
Although the weight of both primary and secondary ears of sweet corn decrease with density
(Dolan and Christopher, 1952; Moss and Mack, 1979; Pickett, 1944; Watson and Davis, 1938),
yield per unit area increases until an optimum is reached. Many workers have described this
yield-density relationship as asymptotic (Fery and Janick, 1971; Freyman et al., 1972; Holliday,
1960), although others (Adelana and Milbourn, 1972a; Bunting, 1973; Hashemi-Dezfouli and
Herbert, 1992; Karlen and Camp, 1985) have suggested the relationship might be better described

as a flat topped parabola.

Densities which maximise yield of Jubilee and SS42 in Gisborne are undefined. While studies
with Jubilee in the USA (Mack, 1972; Moss and Mack, 1979) have suggested that yield is
maximised at densities greater than 110,000 plants per hectare, such densities are considerably
higher than the 45-75,000 plants per hectare range suggested in other sweet corn studies (Dubetz
and Wilson, 1969; Fery and Janick, 1971; Freyman et al., 1972; Jorgenson, 1966; Nichols, 1974,
Rogers and Lomman, 1988; Shoemaker and Walkof, 1941; Warren, 1963). Moreover,
110,000 plants per hectare is over 40,000 plants per hectare greater than suggested by Douglas ’

et al. (1971) to maximise grain yield of maize in New Zealand.

Optimum densities vary between studies because of variations inrow spacing (Alessi and Power,
1974), the use of irrigation (Freyman et al., 1972), prolificacy (Anderson et al., 1985; Motto and
Moll, 1983), or environmental conditions (e.g., temperature (Tollenaar et al, 1979)). It is well
established that higher temperatures result in more rapid leaf expansion and therefore the
attainment of maximum leaf area index (Moss et al., 1961; Tollenaaret al, 1979; Warrington and
Kanemasu, 1983.). As a consequence, the onset of interplant competition may be earlier than
in cooler climate conditions resulting inlower optimum densities. Alternatively, different criteria
for determining whether an ear (e.g., a small secondary ear) contributes to yield or not will

influence the choice of an optimum density.



Effects of densiry and nitrogen rate on yield and yield components of sweet corn 10

Although yield tends to increase with density, the use of high densities increases the risk of
lodging (Lang et al., 1956; Milbourn et al., 1978). Not only does lodging physically damage
plants (Yoshida, 1972; Zuber and Kang, 1978), but it makes harvesting difficult. Reduced stalk
diameter and increased ear height contribute to a greater incidence of lodging at higfl densities
(Colville and McGill, 1962; Rutger and Crowder, 1967). Enhanced N fertility also increases
lodging (Below et al., 1984; Krantz and Chandler, 1951) as the resultant heavier ears place more
mechanical stress on stems (Yoshida, 1972). While these variables almost certainly contribute
to lodging, the preharvest weather conditions are the major influence (Milbourn et al., 1978).
Severe wind storms in Krantz and Chandler’s (1951) study caused up to 93% of plants to lodge.
Although no studies in New Zealand reporting high incidences of lodging have been sighted,
lodging is well-known in commercial practice in New Zealand. Jubilee is recognised
internationally in the processing industry as being more susceptible to lodging compared to other
hybrids in common use (Davis, pers. comm.). Hence, increased risk of lodging must be

considered in any commercial decision to use high densities.

Yield of sweet corn on soils of low N fertility may increase with N fertiliser application,
irrespective of density (Iragavarapu et al., 1997; Muchow and Sinclair, 1995; Roberts et al.._
1980b; Sanchezetal., 1989; Sanmaneechai et al., 1984; Wienholdetal., 1995). Yield increases
of 4-11 t/ha are possible (Balko and Russeil, 1980b; Fox; 1973; Langet al., 1956; Sanmaneechai
et al.,, 1984; Steele et al., 1982) through increased weight and number of both primary and
secondary ears (Anderson et al., 1985; Krantz and Chandler, 1954; Moll et al., 1987; Salardini
etal., 1992; Wongetal., 1995). However, as density increases, interplant competition for N also
increases (Donald, 1963) and as a consequence, the levels of N required for maximum yield also
increase (Bray, 1954; Chipman and MacKay, 1960; Colyer and Kroth, 1968; Downey, 1971;
Duncan, 1954; Langetal., 1956). Thus, unless soil N fertility is high, yield at high densities may
be severely limited (Duncan, 1954; Tanaka and Yamaguchi, 1972).

Manyexisting N fertilizer recommendations in New Zealand are based on grower experience and
the number of years a field has been continuously cropped (Steele et al., 1982). Such a basis is
unsatisfactory as it often leads to fertiliser being applied in excess of crop requirements (Fox

et al., 1989; Steele et al., 1982), potentially leading to pollution of water supplies (Parr, 1973;
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Russelle et al., 1981; Spalding and Exner, 1993; Stanford, 1973). Rather, recommendations
should be based on the expected yield increase per unit of N applied (i.e., a yield response curve;
Anderson and Nelson, 1975; Elias and Causton, 1976; Whitear, 1976). Asthepointof maximum
yield on the response curve is approached, yield increase per unit of N decreases uﬁtil further
increases do not significantly increase yield (Howard and Tyler, 1989; Liegel and Walsh, 1976;
Rabuffetti and Kamprath, 1977; Reddy and Reddy, 1993; Schlegel and Havlin, 1995; Thomas,
1956; Welch et al., 1971).

Soil tests also provide a valuable source of information when estimating fertiliser N
requirements. They are particularly useful as soils differ both in the amount of residual N and
quantity of N mineralized during a growing season (Bundy and Malone, 1988; Oberle and
Keeney, 1990a, 1990b; Olsenetal., 1970; Schepers etal., 1986), both of whichmaybe important
sources of N (Roberts et al., 1980b; Stanford, 1973; Vanotti and Bundy, 1994a, 1994b). Indeed,
soils with a history of high N fertilization may contain sufficient residual N to achieve maximum
yield (Douglas et al., 1972; Roberts et al., 1980b; Steele and Cooper, 1980). Hence, levels of
residual N are often estimated using a pre-plant soil nitrate test (Bundy and Malone, 1988;

Roberts et al., 1980b; Stanford and Hanway, 1955; Stanford and Smith, 1972).

Most N recommendations and density studies focus on maximising ear yield. However,
marketable yield is more important to growers of process sweet corn (Pickett, 1944). Marketable
ear yield is the yield of ears remaining after discarding ears containing poorly developed kernels
(i.e., ears of poor quality). The ears retained are referred to as ‘marketable’ (Moss and Mack,
1979; Nichols, 1974; Rogers and Lomman, 1988). As ears which do not meet marketability
criteria are deducted from payments, marketable ear yield is most important to growers.
However, as with ear yield, densities which maximise marketable ear yields vary considerably
amongst studies. For example, Rogers and Lomman (1988) reported maximum marketable ear
yield between 100,000 and 140,000 plants per hectare. Considerably lower optimum densities
of 56,000 to 68,500 plants per hectare were reported by Nichols (1974) and Fery and Janick
(1971).
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Determining the influence of density or N nutrition on marketable yield is made difficult by the
wide range of criteria in the literature used to define marketability. Ear lengths of 102 mm
(Chipman and MacKay, 1960), 130 mm (Fery and Janick, 1971), or 178 mm (Waryen, 1963)
have beenusedto assess marketability, whereas others haveusedcoblengths of 100 mm (Smith,
1984), 170 mm (Heckman et al., 1995), or 200 mm (Nichols, 1974). Rogers and Lomman (1988)
discarded cobs either < 120 mmlongor < 250 g. While all these authors agree that cobs must
carry consistently mature kernels, they do not justify the selection criteria. For example, Moss
and Mack (1979) rejected cobs of Jubilee < 220 g and in doing so, admitted that some rejected
cobs would have been processable. Clearly, the criteria used to determine marketability of cobs
must take into account product specifications for the market(s) in question and, for process sweet

corn, the processing practices and capabilities of the processor.

Marketable kernel yield (i.e., yield of kernels cut from the rachis - generally referred to as
‘recovery’ in the processing industry, e.g., Brooking and McPherson (1986)) and marketable cob
yield are also important yield variables for processors as they reflect the saleable products. Tsai
and Chung (1984) broadly defined a range of 60-180,000 plants per hectare as being optimum
for marketable cob yield. A much narrower range of 76,100-109,800 plants per hectare was
suggested by Moss and Mack (1979) for Jubilee. Such wide density ranges make it difficult to

identify a density which maximises marketable cob yield.

When considering an optimum density for marketable cob yield, cob length becomes important.
At Heinz Wat.tie’s Australasia in Gisborne, only cobs with kernels consistently mature over
180 mm in length are used in producing ‘whole cob corn’ (Davis, pers. comm.). Over the range
where marketable cob yield increases with density, cob length decreases (Bailey, 194 1; Chipman
and MacKay, 1960; Colville, 1961; Enzie, 1942; Freyman et al., 1972; Moss and Mack, 1979;
Rutger and Crowder, 1967). For example, marketable cob yield increased 35% in Moss and
Mack’s (1979) study as density increased from 43,900 to 109,800 plants per hectare while mean
length of primary cobs decreased 19 mm. Nitrogen nutrition is a further complicating factor as
cob lengths increase with N fertiliser. Increases of 11% were reported in Smith’s (1984) study,

although lengths were unaffected in Wong et al.’s (1995) study, even with 310 kg N/ha applied.
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As most secondary ears d o not meet marketability criteria they are generally regarded as waste
by processors. While it is generally accepted that weight and length of secondary ears decline
with increasing density (Lang et al., 1956; McAllan and Phipps, 1977; Moss and Mack, 1979;
Poneleitand Egli, 1979; Stickler, 1964), few studies have examined how their yield contribution
changes with density. Of those that have (e.g.,Mossand Mack, 1979; Tetio-Kagho and Gardner,
1988b), no attempts were made to model the relationship. Durieux et al. (1993) reported that
secondary ears may contribute 25% of yield for plants grown at 43,000 plants per hectare, and

hence may be an important contributor to marketable yields.

Manipulating density and N rate may provide increases in yield (marketable or otherwise) of
SS42 and Jubilee approaching the yield potential fora given environment. Thereafter, yields will
unlikely increase unlesstheir yield potential is increased. Thus, if yieldis tobe increased beyond
manipulating planting and fertiliser regimes, physiological barriers limiting yield must be
identified. Identifying such barriers is vital if breeders are to select for the right attributes.
Valuable information may be gained by studying the association between yield and yield
components (e.g., primary and secondary ear weights, silk delay, stalk diameter, tillers per plant)

under various states of crop stress.

The extent to which the secondary ear influences the weight of the primary ear for either Jubilee
or SS42 is unknown. Ear priority for photoassimilate in maize is in the order of ear 1 >ear2 >
ear 3 (Tetio-Kagho and Gardner, 1988b; Tollenaar, 1977). Observed reductions in the size of
the secondary ear may therefore be attributed to the dominance of the primary ear {(Bauman,
1960; Durieux et al., 1993; Harris et al., 1976; Pinthus and Belcher, 1994; Prine, 1971).
However, diverting photoassimilate to the secondary ear reduces that available for the primary
ear, therefore placing them in direct competition (Eddowes, 1969; Haynes and Sayre, 1956).
Such competition by the secondary ear was suggested by Hallauer (1974) to reduce the size of
the primary ear. In contrast, Camberato (1987) and Durieux et al. (1993) observed that the

presence of a secondary ear was actually accompanied by increased weight of the primary ear.

At high densities, silk delay can dramatically influence sink strength of ears, and thus be an

important yield determinant. Silk delay, the time difference between silking of the primary ear
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and anthesis (Collins, 196 3; Edmeades and Daynard, 1979a), was described by Moss and Stinson
(1961) as the most important variable affecting fertilization and grain formation. Delays as short
as five days may reduce yield per plant (Edmeades and Daynard, 1979a), even causing barrenness
(the failure to produce grain - Harris et al., 1976; Iremiren and Milbourn, 1980). Ihcreasing
density (Buren et al.,, 1974; Daynard and Muldoon, 1983; Downey, 1971; Edmeades and
Daynérd, 1979a; Modarres et al., 1998; Woolley et al., 1962) or N stress (Anderson et al., 1984b;
Tanaka and Yamaguchi, 1972) may delay silking such that the supply of viable pollen is
inadequate for full seed set (Hashemi-Dezfouli and Herbert, 1992; Moss and Stinson, 1961; Sass
and Loeffel, 1959).

Tillers may also be an important yield determinant as they contribute photoassimilate to the stalk
(Alofe and Schrader, 1975; Earley et al., 1971), which may in turn be transported to the ear
(McAllan and Phipps, 1977). Both Alofe and Schrader (1975), using '*C labelling, and Russelle
et al. (1984) and Kovacs (1970) using P labelling, concluded that a large, barren tiller could
make a considerable contribution to the main plant. Reports of increased yield with tillers
(Downey, 1972; Dungan, 1931; Lyon, 1905; Montgomery, 1909; Rosenquist, 1968) further
suggest that tillers may be a source of photoassimilate. Despite such reports, other authors have
regarded tillers as being unimportant, even suggesting that they reduce yield (e.g., Dungan et al.,.-
1958; Tetio-Kagho and Gardner, 1988a; Wianko, 1911). These authors suggest that
photoassimilate partitioned to developing tillers was wasted because as tillers become shaded
under the increasing shade conditions of a closing canopy their photosynthetic rate declines
(Kasperbauer and Karlen, 1986) and they may senesce (Dungan, 1946; Montgomery, 1909). It
is likely that their contribution to yield declines with density because decreases in tiller number
are associated with decreased stalk diameters (Downey, 1972; Dungan, 1931; Genter and
Camper, 1973; Kasperbauer and Karlen, 1994; Moss and Mack, 1979; Rosenquist, 1968; Rutger
and Crowder, 1967). However, increases in tiller number and stalk diameter with N
(McClelland, 1928; Wu et al., 1993) suggest that N fertility may prolong the ability of tillers to
contribute photoassimilate. Without a physiological basis for claiming tillers are ‘unimportant’,

workers may be dismissing an important yield determinant.



Effects of density and nitrogen rate on yield and yield components of sweet corn 15

With the goal of identifying optimum densities and N rates for sweet corn production in
Gisborne, the first objective of this experiment was to quantify the relationship between density
and N rate on yield of Jubilee and SS42. The second objective was to determine marketability
criteria and to use these criteria to identify densities which maximise marketable yiel‘d of SS42
and Jubilee. The third objective was to examine the association between yield and yield

components, and their response to density and N rate.

2.2 Materials and methods

This experiment was located near Gisborne, New Zealand (longitude 178°, latitude 38.7°) and

commenced during spring 1995.
2.2.1 Soil characteristics

The soil type was a Kaiti clay loam (Pullar, 1962) with a cropping history of tomatoes and
pasture. Sweet corn had been used as a rotational crop every 3-4 years. In October 1995 the field
was ploughed and disced to 150 mm. Three weeks prior to sowing, nine soil samples (150 rnrn’
depth) were taken throughout the field. Ammonium- and nitrate-N were extracted from samples
using 2M KCl, following the method of Keeney and Nelson (1982), and determined using an
autoanalyser. Results are expressed on an air-dried basis (Table 2.1) and converted to kg/ha
following the method of Lemcoff and Loomis (1986) (i.e., nutrient concentration (rig/g) x depth
sampled (m) x bulk density' (g soil/cm?) x 10). Excess soil was frozen (-18 C). During April
1996, mineralizable N (Table 2.1) of frozen samples was determined using anaerobic incubation

for two weeks following the method of Craighead and Clark (1989). Chi-square analysis of the

data for each nutrient indicated that no nutrient gradients were present in the field.

" Soil correction factor (g/ml) was substituted for bulk density.
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Table 2.1. Summary of soil test results.

Nutrient kg/ha’
Ammonium N 15.15(1.79)
Nitrate N 73.39 (4.25)
Mineralizable N 170.4¥ (17.0)
Phosphorous 78.83 (6.99)
Sulphate 18.26 (1.24)
meq/100 g
Potassium (exchangeable) 1.27 (0.11)
Calcium (exchangeable) 27.9 (0.75)
Magnesium (exchangeable) 3.28 (0.08)
Sodium {exchangeable) 0.20 (0.0}
Cation exchange capacity 40.7 (0.53)
pH 6.0(0.10)
Organic matter (%) 5.25(0.97)

* Brackets represent SE (2=9)
¥ Mean and SE of six observations

2.2.2 Experimental design

Constraints imposed by current production practices were incorporated into the design of the
experiment to enable direct comparisons with current practices and to aid commercial adoption
of any improvements suggested by the results. For example, as commercial sweet corn
production in New Zealand is based exclusively on 760 mm row spacings, plant density
treatments were established by varying the within row spacings only. Similarly, as urea (46%
N) is the predominant N fertiliser used in Gisborne, a consequence of its low cost per unitof N

(Davis, pers. comm.), it was used as the sole N source.
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The experiment comprised a factorial set of treatments in a fully randomized split-plot design
with four blocks. The main plot factor was N rate with density as the split plot factor. Nitrogen
rates were 0, 74, 115, 172, or 230 kg/ha with densities of 40,710, 55,710, 68,980, 79,920, or
100,660 plants per hectare. The levels of both density and N rate were decided from machine
settings and the ease with which the settings could be changed. To achieve these densities, seed
was sown at intervals of 161, 236, 191, 165, or 131 mm, respectively, in rows 760 mm apart.
At V2 (i.e., when the ligule of the second leaf was visible; Ritchie and Hanway, 1984), alternate

seedlings in the 40,710 plants per hectare treatment (161 mm spacing) were removed.

Each plot was 12 rows wide and 11 mlong with the outer three rows and 1.5 m ends of each plot
serving as guard plants (Douglas et al., 1982). Blocks were separated by 6 m of plants and the
experimental area was bounded on all four sides by 24 or more rows of sweet corn. To avoid
cross-pollination between the sul and sh2 genotypes, separate experiments were run for Jubilee

and SS42 in adjacent areas of the same paddock, but separated by time of sowing.
2.2.3 Crop management

On November 8 the field was sprayed with 2.7 kg atrazine/ha and harrowed. Jubilee and SS42'
were sown November 10 and November 29, respectively, to a depth of 25 mm using a John
Deere four-row finger planter. Counter 20G® (terbufos) was applied at sowing at 1.0 kg a.i./ha
to control Argentine stem weevil (Listronotus bonariensis). No fertilizers were included at
planting. At V1 and V4 plants were sprayed with Decis® (deltamethrin) at 12.5 g a.i/ha to

control cutworm (Agrotis ipsilon).

Weeds were controlled with 2.2 kg atrazine/ha applied two days before side-dressing at V4. Urea
was applied at 0, 74, 115, 172, or 230 kg N/ha through coulters which placed it 50-100 mm either
side of the plant rows and incorporated it to a depth of S0 mm. Control N treatments were also

cultivated. Weeds remaining after side-dressing were removed manually.
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2.2.4 Growing degree days, rainfall distribution, and incident radiation during

ontogeny

Meteorological data were recorded 12 km from the experimental site at a National Iﬁstitute of
Water and Atmospheric Research Ltd (NIWA) station. From planting to harvest Jubilee and
SS42 accumulated 1252 and 1204 growing degree days (GDD; base 6 C; Brooking and
McPherson, 1989), respectively (Fig. 2.1a). During this period, 229 and 298 mm of rain fell for
Jubilee and SS42, respectively (Fig. 2.1b). Incidentradiation during the experiment totalled 2065
MJ-m™ for Jubilee and 1850 MJ-m™ for SS42.

Growing depree days

so} ¢

Rainfall {mm)

Nov 10 Dec 1 Jan 1 Feb 1 March 4

Fig. 2.1. Distribution of (a) growing degree days and (b) rainfall during the cropping period. Arrowsy and z
indicate the date at which 50% of plants of Jubilee and SS42, respectively, had ‘silked’; January 7 and February
S, respectively.
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2.2.5 Pre- and post-harvest measurements

At V4,25 plants in each plot were randomly selected and labelled. Labelling at this early stage
avoided possible bias in plant selection at later ontogenetic stages. AtR1, the dates of anthesis
of the primary tassel and silking for both primary and secondary ears and the number of ears
which ‘silked’” were recorded for each plant. Anthesis was defined as the date at which 50% of
male florets on the primary tassel had opened, with the first appearance of silks from the tip of
the prophyll signalling silking (Edmeades, 1972). Flowering variables were recorded daily
between 4.30 and 8.30 pm. Two days prior to harvest, tillernumber, lodging, and stalk diameter
were recorded for each plant. Stalk diameter was measured between the root crown and the first

node. A plant was defined as having lodged if its stem was angled > 45° from vertical.

The seed moisture content (SMC) of primary ears from randomly selected plots was assessed
daily for the six days leading up to harvest. Jubilee and SS42 were harvested when SMCs of
primary ears were 72% (February 16) and 76% (March 4), respectively; the typical SMC for these
hybrids when harvested for processing. Before hand harvesting ears were labelled according to
position on the plant (1.e., primary, secondary, tertiary, or tiller). Harvested ears were graded as
either harvestable or non-harvestable; a harvestable ear having a maximum diameter greater than’
40 mm or length greater than 150 mm (i.e., the size of mechanically harvested cobs; Davis, pers.
comm.). Non-harvestable ears were discarded. Plants for which the primary ear was discarded
were classified as barren. Those plants on which the secondary ear was discarded were classified
as secondary ear barren. Harvestable ears were sorted into groups of primary or secondary ears.
Shanks were cut to 30 mm, and loose husk leaves discarded. This procedure not only
standardized shank lengths, but simulated mechanical harvesting (Fig. 2.2). Each ear was then
weighed, husked, reweighed, and the cob measured for length. Length was measured from the
butt of the cob to the tip. Kemels were cut from rachis using a Food Manufacturing Corporation
corn cutter (model SC-120) and rachis (Fig. 2.3) weights recorded. Once each group had been
processed, the bulk kernel sample was weighed and a 50 cm® sample removed for SMC.
Samples for SMC were prepared by pulping kemels for 30 seconds athigh speed using a Waring
blender. The SMC of a 3 g subsample was then determined using a Sartorius Infra-Red Analyser

(model YTCOIL).
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Fig. 2.2. Comparison of hand harvested (top), mechanically harvested (middle), and standardized ears (bottom).

Fig. 2.3. Rachis arter kernel removal.
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2.2.6 Data analysis

Treatment effects on the means for each plot were analysed using ANOVA with regression
analysis used to model trends. Models for regression analysis were selected based on biological
relevance, significance of coefficients at the 5% level, and reduction in residual sums of squares
(RSS). The assumptions underlying regression analysis (Mead et al., 1993) were checked using
plots of studentised residuals against fitted values, normal probability plots, and Durbin-Watson

statistics (data not presented).

Cultivars were not included in the experiment design due to being unable to standardise results
for the different yield variables. For example, to compare marketable ear yield would require
standardising for husk and rachis moisture contents which were unknown. Any comparison of

cultivars in this experiment is therefore qualitative only.

All data in this and ensuing chapters were analysed using the Statistical Analysis System (SAS;
SAS Institute, 1989). All results are discussed as being significant at the 5% level unless

otherwise stated.

Adjusting data for significant block effects

Data were adjusted using indicator variables to fit a single regression line to data where block
effects were significant (Colwell, 1994). Coefficients for indicator variables from this model
were then added to the original means afterreversing the sign of the coefficient. The model was
re-run using adjusted data but without the indicator variables. Checks were made on RSS to
ensure they remained unchanged in both models. In using indicator variables in this manner, data
are adjusted against a reference block. That is, the coefficient for the indicator variable indicates
how much higher or lower the yields from other blocks are compared to the reference block. To
avoid ‘over adjusting’ the data, the reference block upon which data were adjusted excluded the

highest and lowest yielding blocks.
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Non-linear regression

Many of the density x yield relationships were modelled using an exponential term to represent
an asymptotic tendency (Mead et al., 1993; Equations 2.1 and 2.2). Equation 2.3 is an extension
of Equation 2.1 to allow a lower asymptote (Ratkowsky, 1990). Where an asymptote was not
evident, either the reciprocal model (Equation 2.4; Ratkowsky, 1990; Willey and Heath, 1969)
or the similar Gunary model (Equation 2.5; Gunary, 1970) were used, both of which allow
relative maxima (Ratkowsky, 1990). The logistic model (Equation 2.6) was used to model
sigmoidal responses having a lower asymptote of zero and a finite upper asymptote (Ratkowsky,
1990). Adding a constant to this model allowed a non-zero lower asymptote to be specified

(Equation 2.7).

y = a(l-e ™) 2.1
y = ae™ (2.2)
y = b-a(l-¢ %% 2.3) ’
v - X
’ (a+bx+cx?) (2.4)
. S 3)
’ (a+bx +C\/;) (2-)
a
Y= T (2.6)

(1+e > =)
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y=——F——*d 2.7

To account for non-constant variance, models were weighted by the inverse of the SE of the mean
for each density (Chatterjee and Price, 1991). Coefficients of determination for these models

were calculated using Equation 2.8.

-1 _ RSS
R2, =1 - n_ X ——
“ ( n-p TSSJ 28

where RZM,- is the adjusted coefficient of determination; # is the total degrees of freedom; p is the number
of parameters in the model; RSS and TSS are the residual and total sums of squares for the model,
respectively.

Independent variables in functions of ensuing graphs are expressed as plants per m*. For clarity
in graphs where significant N effects were recorded, data were pooled across blocks. In these

instances, pooling was conducted after analysis.
Chi-square analysis

Count data were generated when determining whether an ear was harvestable or not
(i.e., barrenness; Section 2.2.5). Chi-square analysis was used to determine whether barrenness
was dependent on density, N rate, or both. The chi-square statistic tests the hypothesis that the
parameter estimate is zero (i.e., no linear dependence; Ott and Mendenhall, 1990). For ease of

discussion, data are presented as percentages.
Logistic regression

Logistic regression was used to investigate the relationship between whether a cob was

marketable or not and the explanatory variables of cob weight and length. Assumptions
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underlyinglogistic regression (e.g., homogeneous variation; Hosmerand Lemeshow, 1989) were

checked for each model.

Probabiliry estimates

All harvestable ears were processed, regardless of quality. It was noted, however, that some cobs
carried pale and poorly formed kemels. Kemels recovered from such cobs were generally poorly
cut and would often jam in the ‘cutter’. Normally, such cobs would be discarded during
processing. Preliminary data analysis indicated that cobs giving recoveries < 70 g would have
beendiscarded. Modelling the relationship between kermel recovery and cob or ear weight using
simple linear regression analysis enabled the cob or ear weight expected to give a recovery of
< 70 g to be estimated. These estimates were then used as criteria for determining marketable

yield of kemels, cobs, and ears.

In estimating the probability that ears, cobs, or kernel recoveries would be marketable, z-scores

were calculated (Equation 2.9).

(2.9)

Where 7" is the z-score; x is the sample mean; 1, is a specified value; 0, is the sample standard deviation.

The z-score statistic is normally distributed with mean zero and unit variance (Ott and
Mendenhall, 1990). Thus, a significance level for the z-score can be derived from the normal
probability density function. The significance level is equivalent to the probability that the

sample mean is greater than the specified value.
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Path analysis

Path analysis is a form of structured multiple regression analysis which can be used to investigate
relationships among standardized variables (MacKay, 1995). The advantage of such an analysis
is that the effect of one variable on another can be isolated from influences of other variables.
By calculating the sign and significance of path coefficients, the direct effect of each variable on
anotherisrevealed followingremoval of the indirect effects exerted by other variables (Li, 1975;

Wright, 1921). The greater the magnitude of the path coefficient, the greater its direct effect.

Path analysis has been used to evaluate yield components in many agronomic crops (e.g., Dewey
and Lu, 1959; McGiffen et al., 1994; Pandey and Torrie, 1973; Shasha’s et al., 1973), but is
infrequently used in plant research (Hicklenton, 1990; Karlsson et al., 1988). The reasons for
this are unclear, but may reflect the absence of path analysis routines in statistical software

packages (MacKay, 1995).

In this study, path analysis provided the opportunity to examine a possible structural relationship
between ear weights and variables influencing their weights (e.g., stalk diameter, tiller number,

silk delay). A structure may offer a plausible interpretation of the relationships among these

variables.

The path coefficients are equivalent to standardized partial regression coefficients. Thus, raw
data were standardized to zero mean and unit variance, and multiple linear regressions, consistent
with the postulated path diagrams, performed. As estimates of regression analysis are distorted
if excessive collinearity exits among the independent variables in the model, appropriate
measures of collinearity (e.g., variance inflation factors; Myers, 1990) were checked for each

model.

Harvestable ear weight (Section 2.2.5) was used as the response variable in multiple regression
models used for path analysis as using this variable avoided the problem of insufficient data for

secondary ears at high densities. Thus, rather than treating a non-harvestable ear as a missing
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value, it was treated as zero harvestable weight. Plants where data was missing for other

variables used in multiple regression were deleted before calculating correlation coefficients.
Canonical discriminant analysis

By reducing the dimensionality of data sets, canonical discriminant analysis (CDA) identifies and
summarises important differences among treatments, whilerecognising the complex relationships
among many variables (Cruz-Castilloet al., 1994). Infinding the linearcombination of variables
contributing to differences amongst treatments, CDA maximally separates groups of individuals

while keeping variation within groups as small as possible.

Data for CDA were not standardized as the outcome is unaffected by the scale of individual
variables (Manly, 1986). However, because curvilinear or nonlinear relationships between two
variables will not be reflected in the results of CDA unless suitable transformations are first
performed (Mathew etal., 1994), the need for such transformations was checked by plottingeach

variable pair as recommended by MacKay (1995).

As with regression analysis, cases with missing data are ignored in CDA. Thus, to avoid a
shortage of data at high densities, harvestable ear weight (Section 2.2.5) was used with non-
harvestable ears treated as zero harvestable ear weight.

2.3 Results

2.3.1 Analysis of SS42 harvest data

Kernel loss during processing was less than 0.5 g (SE 0.04) per cob and was independent of

treatment. Seed moisture contents of kernels from primary and secondary ears were 76.9%

(SE 0.86) and 79.1% (SE 0.97), respectively, and were also independent of treatment.
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23.1.1 Barrenness
Barrenness, determined by the number of non-harvestable primary ears, increased with density

(Table 2.2). At 40,710 plants per hectare, 1.5% of plants were barren, rising fo 16% at
100,660 plants per hectare.

Table 2.2. Influence of density on the proportions of harvestable and non-harvestable primary ears of SS42.

Plants per hectare

40,710 55,710 68,980 79,920 100,660 Total
Non-harvestable ears (%) 1.5 2.7 6.4 8.6 16.1 353
Harvestable ears (%) 98.5 97.3 93.6 91.4 839 4647
Total 100.0 100.0 100.0 100.0 100.0 500.0

2= 047

NS.*.*% """ Nonsignificant or significant x? test at P<0.05, 0.01, 0.001, respectively.

Nitrogen rate did not influence the proportion of barren plants. Similarly, the combination of

density and N rate did not influence the level of barrenness.

All barren plants were also secondary ear barren. Thus, as with primary ears, the proportion of
plants barren for the secondary ear also increased with density (Table 2.3). However, not only
were more plants secondary ear barren, but the proportion which were barren increased more
rapidly with density (cf. Tables 2.2 and 2.3). At 40,710 plants per hectare, over 39% of plants
were secondary ear barren, in consrast to the 1.5% primary ear barren. By 100,660 plants per
hectare, primary ear barrenness had increased to 16%, far less than the 96% recorded for

secondary ears.
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Table 2.3. Influence of density on the proportions of harvestable and non-harvestable secondary ears of SS42.

Plants per hectare

40,710 55,710 68,980 79,920 100,660 I Total
Non-harvestable ears (%) 394 60.6 78.7 93.1 96.1 3679
Harvestable ears (%) 60.6 39.4 21.3 6.9 39 132.1
Total 100.0 100.0 100.0 100.0 100.0 500.0

¥ = 5407
NS %" ™" Nonsignificant or significant x* test at £<0.05, 0.01, 0.001, respectively.

As with primary ears, N rate did not influence the proportion of plants barren for the secondary
ear. The proportion of plants with a harvestable secondary ear was not influenced by the

combined effects of density and N rate.

2.3.1.2 Harvestable ear yield

Total harvestable ear yield increased as density increased to 70,000 plants per hectare, but began
to plateau at higher densities (Fig. 2.4a). Although highest yield of 24.14 (SE 1.47) tonnes was
recorded at 100,660 plants per hectare, it was not significantly different to the 23.33 (SE 1.53)
tonnes at 68,980 plants per hectare. Yield at 40,710 plants per hectare, on the other hand, was

19.45 (SE 1.42) tonnes and significantly lower (2.94 tonnes) than at 100,660 plants per hectare.

Astotal yield began to plateau, the yield of primary and secondary ears approached maximal and
zero yield, respectively (Figs. 2.4b and 2.4c). Thus, primary ear yield of 22.25 (SE 1.41) tonnes
at 79.920 plants per hectare was similar to the 24.32 (SE 1.33) tonnes recorded at 100,660 plants
per hectare. Significant increases in primary ear yield were, however, achieved with each
increase in density up to 79,920 plants per hectare. Yield of secondary ears, on the other hand,
declined significantly with each increase in density between 55,710 and 100,660 plants per

hectare. Thus at 100,660 plants per hectare, total yield comprised about 24.32 (SE 1.33) tonnes
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of primary and 0.11 (SE 0.18) tonnes of secondary ears. In contrast, yield at 40,710 plants per

hectare comprised about 15.27 (SE 1.34) and 5.09 tonnes (SE 0.42), respectively.

As yield data were based on harvestable weights for the 25 plants in each plot, the ;:alcu]ated
means may have included plants whose contribution to harvestable weight was nil. In other
words, some of the 25 plants may have been barren for the primary ear, secondary ear, or both
(Tables 2.2 and 2.3). Hence, inferences regarding the distribution of ear weights from ear yields
(Figs. 2.4a and 2.4b) may be misleading. To enable kernel recoveries, ear weights, and cob

weights to be determined, non-harvestable ears were treated as missing values.
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2.3.1.3 Kernel recoveries

Kemel recovery from primary cobs decreased from 184 g (SE 14.4) to 135 g (SE 14.4) per cob as
density increased from 40,710 to 100,660 plants per hectare (Fig. 2.5a). Despite this 27%
decline, recoveries, even for the 100,660 plants per hectare treatment, were still 65 g above the
70 g rejection level determined in Section 2.2.6. The associated probability that a recovery
(SD 52.6)* from this treatment would be < 70 g, was 0.10. Hence, an estimated 10% of primary
cobs would have been discarded at 100,660 plants per hectare. In contrast, fewer than 1.2% of

cobs for the 40,710 plants per hectare treatment (SD 50.5) would have been discarded.

A significant density x N rate interaction was detected for recoveries from secondary ears. A
major contributor to the significant interaction was the 74 kg N/ha treatment as this treatment had
lower recoveries than the control at both the highest and lowest densities, but recoveries almost
as great as the 230 kg N/ha treatment at intermediate densities (Fig. 2.5b). However, recoveries
from the 74 kg N/ha treatment were not significantly different from other N treatments,
regardless of density. Irrespective of density, highest recoveries were achieved at 230 kg N/ha
and were significantly higher (about 19%) than the control. Other N treatments gave recoveries
similar to the control and 230 kg N/ha treatments. Although recoveries increased with N .
fertiliser, recoveries declined 68% as density increased from 40,710 to 100,660 plants per
hectare. The highest mean recovery was 121 g (SE 18.8) per cob recorded for the 40,710 plants
per hectare and 230 kg N/ha treatment. The lowest mean recovery was 9 g (SE 8.7) for the

100,660 plants per hectare and 74 kg N/ha treatment.

Where 230 kg N/ha was applied, only plants grown at densities less than 75,520 plants per
hectare had 50% or more secondary cobs with recoveries > 70 g (Fig. 2.5b). At 40,710 plants
per hectare and 230 kg N, 25% of secondary cobs (SD 52.8) would have been rejected, far less
than the 81% for the 74 kg N/ha treatment at 100,660 plants per hectare which had a recovery
of only 9 g (SD 50.1).

? Standard deviations refer to the distribution of kernel recoveries at the density, N rate, or both, under discussion.
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Fig. 2.5. Kemel recoveries for SS42 as affected by density and N rate for (a) primary and (b) secondary ears.
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2.3.14 Harvested ear and cob weights

Increasing density from 40,710 to 100,660 plants per hectare resulted in the average weight of
both primary ears and cobs decreasing about 23% (Figs. 2.6a and 2.7a). Primary e;ar weight
declined from 376 g (SE 21.8) to 288 g (SE 21.9) as density increased from 40,710 to
100,660 plants per hectare, while weight of primary cobsdeclined from 326 g (SE 19.8)t0 255 g
(SE 19.9). Although weights declined 11% between 68,980 and 100,660 plants per hectare, this

decline was not statistically significant for either ears or cobs.

Consistent with kernel recoveries from secondary ears (Fig. 2.5b), a significant density x N rate

interaction was recorded for weight of secondary ears and cobs. At the highest and lowest

densities, heaviest ears were recorded with 230 kg N/ha. However, at intermediate densities the

74 and 172 kg N/ha treatments gave heaviest ears and cobs (Figs. 2.6b and 2.7b). Although at

intermediate densities all N rates gave significantly heavier ears than the control, only the 230 kg

N/ha treatment gave significantly heavier ears than the control at lowest densities. At

100,660 plants per hectare, all N treatments gave similar ear weights. Differences amongst N

treatments for cob weight at any density were also not significant. Heaviest secondary cobs were_
recorded at 40,710 plants per hectare with 230 kg N/ha (i.e., 249 g (SE 24.0)) and lowest at

100,660 plants per hectare with 115 kg N/ha (i.e., 37 g (SE 42.3)).

The predicted weight of primary and secondary ears yielding recoveries < 70 g was < 187 g
(SE 14.5) and < 182 g (SE 44.7), respectively. Similarly, primary cobs < 164 g (SE 12.3), and
secondary cobs, < 151 g (SE 44.8) were estimated to have given a recovery < 70 g. Applying
these marketability criteria to the distribution of ear weights at each density gave rejection rates

similar to those for kemel recoveries, and to avoid repetition are not reported.
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Yield presented in Fig. 2.4 included ears which would normally be discarded during processing.
As processors deduct such ears from payments to growers, analysis now focuses on treatment
effects on marketable yield (i.e., yield of ears, cobs, and kernels that meet the marketability

criteria determined in Sections 2.3.1.3 and 2.3.1.4).
2.3.1.5 Marketable ear yield

Marketable ear yield was maximised at 80,800 plants per hectare (Fig. 2.8a). The mean yield of
20.72 (SE 0.82) tonnes at this density was 2.54 tonnes greater than at 40,710 plants per hectare,
but only 0.19 tonnes greater than at 100,660 plants per hectare. While yield of 17.41 (SE 0.78)
tonnes at 55,710 plants per hectare was significantly higher than the 18.18 (SE 0.74) tonnes

recorded at 40,710 plants per hectare, it was similar to that recorded at higher densities.

Maximum yield of marketable primary ears was not identified in this study (Fig. 2.8b).
Nevertheless, this study found that marketable yield of primary ears increased 6.72 tonnes as
density increased from 40,710 to 100,660 plants per hectare. Yield of 20.71 (SE 0.69) tonnes
recorded at 100,660 plants per hectare was, however, statistically similar to that at 68,980 plants

per hectare (i.e., 19.13 (SE 0.73) tonnes).

As marketable ear yield of primary ears approached a maximum, marketable yield of secondary
ears asymptotically approached zero (Fig. 2.8c). Thus at 100,660 plants per hectare, total
marketable yield comprised almost solely of primary ears. In contrast, yield at 40,710 plants per
hectare comprised about 14.04 (SE 0.68) tonnes of primary, and 3.91 (SE 0.52) tonnes of

secondary ears.
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Fig. 2.8. Marketable ear yield of SS42 as affected by density for (a) total, (b) primary, and (c) secondary ears.
Data are the means for each density and block, pooled across N rates. Data in (a) and (b) were adjusted for
significant block effects. Fitted funcsion for (a) is Y=X/(0.325+0.09X-0.229X°") (Rz,dj=0.60). Fitted function
for (b) is Y=X/(0.59+0.10X-0.35X"%) (R?,4=0.93). Fitted function for (c) is Y=4.10/(1+e'®*¥) (R? ,=0.92).



Effects of density and nitrogen rate on yield and yield components of sweet corn 38

2.3.1.6 Marketable kernel yield

Marketable kernel yield increased with density up to 77,430 plants per hectare before declining
(Fig. 2.9a). Recovery of 10.09 (SE 0.42) tonnes at this density was significantly higher than the
8.82 (SE 0.39) tonnes recorded at 40,710 plants per hectare, but similar to the 9.94 (SE 0.39)

tonnes recorded at 100,660 plants per hectare.

Like marketable ear yield results (Fig. 2.8), the density which maximised marketable kernel
recovery from primary cobs was not identified in this study (Fig. 2.9b). Nevertheless, recovery
from primary ears increased from 6.83 (SE 0.37) to 9.91 (SE 0.37) tonnes as density increased
from 40,710 to 100,660 plants per hectare. However, yield of 9.27 (SE 0.39) tonnes at

69,980 plants per hectare was not significantly different to that at 100,660 plants per hectare.

Concomitant with the increase in marketable kemel yield from primary cobs with increasing
density was the significant decline in yield from secondary cobs (cf. Figs. 2.9b and 2.9¢).
Marketable kernel yield from secondary cobs declined from 3.90 (SE 0.29) to 0.01 (SE 0.07)
tonnes as density increased from 40,710 to 100,660 plants per hectare. Thus at 77,430 plants per
hectare, total marketable kernel yield comprised about 9.58 (SE 0.40) and 0.18 (SE 0.13) tonnes’

of kernels derived from primary and secondary cobs, respectively.
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2.3.1.7 Marketable cob yield

Maximum cob yield of 18.58 (SE 0.61) tonnes was calculated at 70,580 plants per hectare
(Fig.2.10a). Although yield declined either side of this density, yield of 17.34 (SE 0.60) tonnes
at 55,710 plants per hectare, or similarly, athigher densities was not significantly different to that
at 70,580 plants per hectare. Marketable yield of primary cobs also increased with density,
although unlike total yield, the maximum yield was not identified in this study (Fig. 2.10b). This
trend was consistent with the response of marketable ear and kernel yields for primary cobs to
density (Figs. 2.8b and 2.9b). Nonetheless, all three graphs indicate a maximum was being
approached about 100,660 plants per hectare as the rate of yield increase with density began to
slow. Thus, while increases in density up to 68,980 plants per hectare significantly increased
yield of primary cobs, higher densities gave a yield similar to the 16.81 (SE 0.64) tonnes recorded
at 68,980 plants per hectare. As marketable yield of primary cobs approached a maximum, yield
of secondary cobs asymptotically approached zero yield (Fig. 2.10c). At 100,660 plants per
hectare, secondary cobs contributed less than 0.02 (SE 0.09) tonnes to marketable cob vield,

2.92 (SE 0.47) tonnes less than at 40,710 plants per hectare.
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2.3.2 Analysis of Jubilee harvest data

Kemel loss during processing was less than 0.5 g (SE 0.09) per cob irrespective of treatment.
With no treatment effects on seed moisture contents of kernels detected, the pooled means were

71.0% (SE 1.08) and 73.4% (SE 1.57) for primary and secondary ears, respectively.

2.3.21 Barrenness

About 3% of plants were barren at 40,710 plants per hectare (Table 2.4). However, at
100,660 plants per hectare, this figure had increased to 15%, constituting a five-fold increase in

barrenness. Unlike density, however, N rate did not influence barrenness. Similarly, there was

no interaction between density and N rate for the proportion of plants barren.

Table 2.4. Influence of density on the proportions of harvestable and non-harvestable primary ears of Jubilee.

Plants per hectare

40,710 55,710 69.980 79,920 100,660 Totat
Non-harvestable ears (%) 34 6.3 7.1 11.9 15.0 43.7
Harvestable ears (%) 96.6 93.7 92.9 88.1 85.0 456.3
Total 100.0 100.0 100.0 100.0 100.0 500.0

x: =48

NS-*.™"."™ Nonsignificant or significant y” test at P<0.05, 0.01, 0.001, respectively.

Although all barren plants were also secondary ear barren, increasing density had a greater effect
on secondary ear barrenness than primary ear barrenness (cf. Tables 2.4 and 2.5). Forexample,
33% of plants were secondary ear barren at 40,710 plants per hectare, but only 3% were primary
ear barren. However, at 100,660 plants per hectare the proportion secondary ear barren had

increased to over 98%, whereas only 15% were primary ear barren.
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Table 2.5. Influence of density on the proportions of harvestable and non-harvestable secondary ears of Jubilee.

Plants per hectare

40,710 55,710 68,980 79,920 100,660 Total

Non-harvestable ears (%) 33.0 60.4 81.0 92.2 98.3 364.9
Harvestable ears (%) 67.0 39.6 19.0 7.8 1.7 135.1
Total 100.0 100.0 100.0 100.0 100.0 500.0
¥ =652

NS, #, *%, *»=

Nonsignificant or significant x* test at P<0.05, 0.01, 0.001, respectively.

Secondary ear barrenness was also influenced by N rate. Compared to the control, 10% fewer
plants were barren with 230 kg N/ha (Table 2.6). Despite both density and N rate influencing

secondary ear barrenness, there was no interaction between the two.

Table 2.6. Influence of N rate on the proportions of harvestable and non-harvestable secondary ears of Jubilee. *

N rate (kg/ha)
0 74 115 172 230 Total
Non-harvestable ears (%) 77.6 76.4 77.2 67.8 67.6 366.6
Harvestable ears (%) 224 23.6 22.8 322 324 133.4
Total 100.0 100.0 100.0 100.0 100.0 500.0
=25
NS, *, s wes

Nonsignificant or significant y* test at P<0.05, 0.01, 0.001, respectively.
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2.3.2.2 Harvestable ear yield

Nitrogen fertiliser significantly increased ear yield but its effect was influenced by the planting
density. With 230 kg N/ha, yield of 23.60-24.39 (SE 1.72) tonnes (depending on dehsity) was
recorded, 4.09 tonnes greater than the control (Fig. 2.11a). Highest yield (25.12 tonnes
(SE 1.86)), however, was recorded with 172 kg N/ha at 100,660 plants per hectare. This yield
was significantly higher (28 %) than the lowest yielding treatment (i.e., 40,710 plants per hectare
with no added N). Despite an apparent trend for yield differences between the control and other
N treatments to increase with density, in particular the 74 and 115 kg N/ha treatments,

differences amongst the three lowest N rates were not significant.

Yield of primary ears increased 7.16 tonnes between 40,710 and 100,660 plants per hectare
(Fig. 2.11b). As yield increased with density, differences in yield between N rates increased.
Whereas yields were similar among N rates at low and intermediate densities, significant
differences among the N treatments were detected from 68,980 plants per hectare onwards. Thus
at 100,660 plants per hectare, yield of 25.82 (SE 1.45) tonnes from the 172 kg N/ha treatment was

significantly greater than the 21.76 (SE 1.68) tonnes with no added N.

Yield of secondary ears declined 6.7 tonnes as density increased from 40,710 to 100,660 plants
per hectare (Fig. 2.11c). However, significant yield increases, particularly at lowest densities,
were achieved with added N fertiliser. For example, at 40,710 plants per hectare, a significant
increment in yield of 2.56 tonnes was achieved with 230 kg N/ha compared to the control.
However, at 100,660 plants per hectare, the increase in yield of secondary ears (i.e., 0.08 tonnes)

with additional N was negligible.
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2.3.2.3 Kernel recoveries

Aswith SS42, cobs giving kemnel recoveries < 70 g would have been discarded during processing
due to unacceptable quality. Primary ears < 187 g (SE 17.7), and secondary earé <195 ¢
(SE 14.2), were estimated to give recoveries < 70 g. Similarly, primary cobs < 157 g (SE 14.0),
and secondary cobs < 155 g (SE 11.5), would havebeenrejected. These criteria were used in this
and the next section for calculating the probability that a recovery, ear, or cob would be rejected

at the processing stage.

Kemel recovery from primary cobs declined from 187 g (SE 5.5) to 127 g (SE 5.5) as density
increased from 40,710 to 100,660 plants per hectare (Fig. 2.12a). Except for the 40,710 and
50,710 plants per hectare treatments, each increase in density significantly decreased kerel
recoveries. Despite a 32% decline in recoveries over the density range, recoveries, even at
100,660 plants per hectare (SD 40.4)° were still 57 g above the 70 g the cutoff point for being
marketable. Thus anestimated 7.5% of primary cobs grown at 100,660 plants per hectare would
have discarded during processing. In contrast, fewer than 0.1% of cobs grown at 40,710 plants

per hectare would have been rejected (SD 38.0).

Kemel recovery from secondary cobs decreased 81% as density increased from 40,710 to
100,660 plants per hectare (Fig. 2.12b). However, therate of decline in kemel recoveries slowed
as density increased. Thus, although recoveries of 53 g (SE 12.5) were recorded at 68,980 plants
per hectare, recoveries of 20 g (SE 11.7) at 100,660 plants per hectare were not significantly

different.

Only densities less than 57,400 plants per hectare had at least 50% of secondary cobs providing
recoveries of acceptable quality for processing. Even at 40,710 plants per hectare, recoveries
(sD 51.0) were only 31 g above the 70 g level for rejection. Hence, an estimated 30% of
secondary cobs would have been discarded, three-fold fewer than at 100,660 plants per hectare

(sD 28.1).

* Standard deviations refer to the distribution of kernel recoveries at the density under discussion.
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2.3.2.4 Harvested ear and cob weights

There was a significant density x N rate interaction for weight of primary ears. At40,710 plants
per hectare, 115 kg N/ha produced significantly heavier ears than either the 172 or 230 kg N/ha
rates (Fig. 2.13a). However, at intermediate and higher densities, ear weights were similar
among the N treatments. Nevertheless, ears produced at40,710 plants per hectare with 115 kg N
were significantly heavier (35%) than the 250 g (SE 18.8) recorded for the ‘poorest’ regime

(1.e., 100,660 plants per hectare with no added N).

Unlike primary ears, weight of secondary ears was not influenced by N rate. However, weights
were influenced by density, decreasing 54% as density increased from 40,710 to 100,660 plants
per hectare (Fig. 2.13b). Hence, at 100,660 plants per hectare, secondary ears weighed 110 g
(SE 15.3), 127 g less than the 237 g (SE 15.0) recorded at 40,710 plants per hectare. While
decreases in weight of secondary cobs were significant for each increase in density up to
68,980 plants per hectare, cob weights did not decline significantly with further increases in

density.

Weight of cobs also declined significantly with increasing density. Weight of primary cobs
decreased from 302 g (SE 6.7) to 226 g (SE 6.6) as density increased from 40,710 to
100,660 plants per hectare (Fig. 2.14a). Weight of secondary cobs declined from 188 g (SE 13.3)
to 82 g (SE 13.6) over this density range (Fig. 2.14b).

Similar proportions of ears and cobs did not meet marketability criteria (Section 2.3.2.3) as for

kemel recoveries. Hence, to avoid repetition, they are not reported here.
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Fig. 2.13. Ear weights of Jubilee as affected by density and N rate for (a) primary and (b) secondary ears. Data
in (a) are the means for each density and N rate, adjusted for significant biock effects. Data in (b) are the means
for each density and block, pooled across N rates. Fitted functions for (a): 0 kg Nrha,
Y=249.65+98.84/(1+e1328211%) (de,-=0.84); 74 kg N/ha, Y=374.82-2.59¢%™ (R?,=0.76); 115 kg N/ha,
Y=275.59+114.66/(1+e*57+-4X) (RZ_,,=0.98); 172 kg N/ha, Y=259.83+103.20/(1+¢e$%%+080%) (Rzmj:0.86);
230kgN/ha, Y=269.95+87.61/(1+&*4-1X) (R?,,=0.80). Fitted functon for (b) is Y=404.121-397.907(1 - *133%)
(R?4=0.95).
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Fig. 2.14. Weight of Jubileecobs as affected by density and N rate for (a) primary and (b) secondary ears. Data
in (a) and (b) are the means for each density and block, pooled across N rates, and adjusted for significant block
effects. Fitted function for (a) is Y=218.70+87.50/(1+¢**%") (R?,=0.94). Fitted function for (b) is
Y=339.81-331.17(1-e**%) (R%,4=0.94).



Effects of density and nitrogen rate on yield and yield components of sweet corn 51

2.3.2.5 Marketable ear yield

The density which maximised marketable ear yield was not identified in this study (Fig. 2.15a).
Nevertheless, at 100,660 plants per hectare yield was 19.77 (SE 0.88) tonnes, 12% greater than
the 17.40 (SE 0.85) tonnes recorded at 40,700 plants per hectare. Yield at 55,710 plants per

hectare was not significantly different from that at 100,660 plants per hectare.

A density of 92,200 plants per hectare maximised marketable yield of primary ears (Fig. 2.15b).
Yield of 20.05 tonnes at this density was significantly greater than the 18.53 (SE 0.95) tonnes

recorded at 68,980 plants per hectare, but similar to that recorded at higher densities.

Varying response to N rates contributed to a significant density x N rate interaction for
marketable yield of secondary ears. At intermediate densities the 115 kg N/ha treatment gave
highest yield, while the 172 kg N/ha treatment gave greatest yield at highest densities
(Fig. 2.15¢). Despite these varying trends, differences among the N treatments were significant
only at 40,710 plants per hectare. At this density, yield with 230 kg N/ha was 6.10 (SE 0.64)
tonnes, 42% greater than the 2.55 (SE 0.74) tonnes recorded for the control. This difference’
declined with density, however, consistent with the asymptotic approach of secondary ears to
zero yield. At 100,660 plants per hectare, the largest yield difference among N treatments was

0.03 tonnes, a difference which was not statistically significant.
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Fig. 2.15. Marketable ear yield of Jubilee as affected by density for (a) total, (b) primary, and (c) secondary ears.
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2.3.2.6 Marketable kernel yield

Marketable kemnel yield peaked at about 75,180 plants per hectare (Fig. 2.16a). Kemel recovery
of 9.35 (SE 0.50) tonnes at this density was significantly higher than the 8.23 (SE 0.46) tonnes
recorded at40,710 plants per hectare. Yield at55,710 plants per hectare or greater, however, was

similar to that at 75,180 plants per hectare.

Marketable kernel yield from primary ears followed a similar trend to that of total yield
(cf. Figs. 2.16a and 2.16b), although yield was maximised at the higher density of 86,650 plants
per hectare. Nonetheless, recoveries at 86,650 plants per hectare were only 0.11 tonnes greater
than at 75,180 plants per hectare, a difference which was not statistically significant. Similarly,
yield of 9.39 (SE 0.52) tonnes was also similar to that at 75,180 plants per hectare, but

significantly higher than the 6.54 (SE 0.49) tonnes recorded at 40,710 plants per hectare.

Unlike total recovery or that from primary cobs, recoveries from secondary cobs were influenced
by N rate. At40,710 plants per hectare, yield was significantly higher than the control at N rates
> 172 kg/ha (Fig. 2.16c). However, as density increased, the yield difference among N rates
declined, with less than 0.08 tonnes separating the N treatments at 100,660 plants per hectare.
At 55,710 plants per hectare and above, all N rates resulted in similar kemel yields. Total
marketable kerel yield at 75,180 plants per hectare therefore comprised about 9.99 (SE 0.53)
tonnes derived from primary and about 0.18 (SE 0.23) tonnes derived from secondary cobs. In
comparison, total yield at 40,710 plants per hectare comprised about 6.68 (SE 0.49) tonnes of
kemels from primary and about 2.70 (SE 0.38) tonnes from secondary cobs. The density x N rate

interaction for marketable kernel yield from secondary ears was not significant.
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Fig. 2.16. Marketable kernel yield of Jubilee as affected by density for (a) total, (b) primary, and (c) secondary
ears. Data in (a) and (b) are the means for each density and block, pooled across N rates, and adjusted for
significant block effects. Data in (c) are the means for each density and N rate. Fitted function for (a) is
Y=X/(0.844+0.218X-0.622X°"%) (Rz,dj=0.39). Fitted function for (b) is Y=X/(2.085+0.346X-1.422X°%)
(R?*,=0.85). Fitted functions for (c): 0 kg N/ha, Y=1.59/(1+¢>*') (R?,=0.58); 74 kg Nrha,
Y=2.91/(14e 907y (R?_=0.51); 115 kg N/ha, Y=2.19/(1+e#**%) (R?,;=0.59); 172 kg Nrha,
Y=3.48/(1+€55*19%) (R?;=0.77); 230 kg N/ha, Y=4.66/(1+¢**1°%) (R?;=0.80).
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2.3.2.7 Marketable cob yield

Maximum marketable cob yield of 16.71 (SE 1.08) tonnes was estimated at 69,390 plants per
hectare (Fig.2.17a). Although yield at this density was 0.32 and 0.50 tonnes higher than at either
55,710 or 100,660 plants per hectare, respectively, these differences were not significant.
However, this yield was significantly higher (11%) than the 14.86 (SE 0.99) tonnes recorded at
40,710 plants per hectare. A considerably higher density of 91,650 plants per hectare maximised
marketable yield of primary cobs. Yield of 16.56 tonnes at this density was only 0.14 tonnes
greater than at 69,390 plants per hectare, but 1.78 tonnes greater than at 40,710 plants per hectare
(Fig. 2.17b). While yield at 40,170 plants per hectare was significantly less than that at
91,650 plants per hectare, yield at 100,660 plants per hectare was not. Similarly, yield at

68,980 plants per hectare was similar to that at 91,650 plants per hectare.

The approach of primary cobs to maximum yield coincided with significant reductions in yield
of secondary cobs. As density increased from 40,710 to 100,660 plants per hectare, marketable
yield of secondary cobs declined from 4.57 (SE 0.25) to only 0.06 tonnes (SE 0.11) (Fig. 2.17c).
Thus, at 69,390 plants per hectare, total yield comprised about 15.56 (SE 1.08) tonnes of primary

and 1.39 (SE 0.26) tonnes of secondary cobs.
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Fig. 2.17. Marketable cob yield of Jubilee as affected by density for (a) total, (b) primary, and (c) secondary ears.
Data are the means for each density and block, pooled across N rates. Data in (a) and (b) were adjusted for
significant block effects. Fitted function for (a) is Y=X/(0.537+0.136X-0.405X°) (Rz,df-O.43). Fitted function
for (b) is Y=X/(0.42-0.03X*%5*) (R? ,=0.82). Fitted function for (c) is Y=5.10/(1+e***11%) (R?,=0.95).
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2.3.2.8 Cob lengths of SS42 and Jubilee

Increasing density from 40,710 to 100,660 plants per hectare significantly reduced primary cob
length of SS42 and Jubilee by 14 and 16 mm, respectively (Figs. 2.18 and 2.19a). The length of
secondary cobs of Jubilee declined from 187 mm (SE 18) to 170 mm (SE 22) as density increased
from 40,710 to 100,660 plants per hectare (Fig. 2.19b). Length of secondary cobs of SS42, on
the other hand, was not influenced by density, averaging 186 mm (SE 13). Depending on
cultivar, primary cobs were up to 16% longer than secondary cobs at 40,710 plants per hectare.

Primary cobs of SS42 were about 15 mm longer than those of Jubilee at this density.
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Fig. 2.18. Effect of density on length of primary cobs of SS42. Data are the means for each block and density,
pooled across N rates, and adjusted for significant block effects. Fitted function is Y=225.5-2.40X (r’=0.91).
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Fig. 2.19. Effect of density on lengths of (a) primary and (b) secondary cobs of Jubilee. Data are the means for
each density and block, pooled across N rates, and adjusted for significant block effects. Fitted function for (a)
is Y=210.08-2.61X (’=0.93). Fitted funcsion for (b) is Y=198.8-2.82X (*=0.73).



Effects of density and nitrogen rate on yield and yield components of sweet corn 59

2.3.3 Analysis of pre-harvest variables

2331 Flowering components

Silk delay for both SS42 and Jubilee was significantly influenced by density. At 40,710 plants
per hectare, silking of primary ears was delayed 1.1 (SE 0.26) and 2.0 (SE 0.18) days beyond
anthesis for SS42 and Jubilee, respectively (Fig. 2.20a and 2.21a). As density increased from
40,710 to 100,660 plants per hectare silk delay increased a further 1.2-1.4 days (depending on
cultivar). Longer delays were recorded for secondary ears. At40,710 plants per hectare, silking
of secondary ears of SS42 was delayed 3.5 (SE 0.47) days, 2.4 days longer than for primary ears
(Fig. 2.20). Similarly, silking of secondary ears of Jubilee was delayed 3.7-5.5 (SE 1.99) days
(depending on N rate), 1.5-2.7 days longer than primary ears (Fig. 2.21). A t 100,660 plants per
hectare, however, silking of secondary ears of SS42 and Jubilee was delayed 6.7 (SE 0.44) and
8.0-13.4 (SE 1.96) days, respectively. Compared to primary ears of SS42 and Jubilee, this was
a delay 4.3 and 4.6-10.4 days longer, respectively.

Silk delay for secondary ears of Jubilee was reduced by the addition of N, particularly at high
densities (Fig. 2.21b). At 100,660 plants per hectare, 74 kg N/ha reduced silk delay by four days'

compared to the control. The density x N rate interaction was not significant.

Time to 50% anthesis, recorded as 70 (SE 0.32) and 76 (SE 0.28) days after planting for Jubilee

and SS42, respectively, was not influenced by density, N rate, or their combination.
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Fig. 2.20. Effect of density on silk delay for (a) primary and (b) secondary ears of SS42. Data are the means for
each density and block, pooled across N rates. Fitted function for (a) is Y=0.64¢"1** (RZ,.‘,,:OJO). Fitted function

for (b) is Y=2.19¢"'* (R?,;=0.87).
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Fig.2.21. Effect of density and N rate onssilk delayfor (a) primary and (b) secondary ears of Jubilee. Data are
the means for each density and block, pooled across N rates, and adjusted for significant block effects. Fitted
function for (a) is Y=1.10+0.23X (’=0.85). Fitted functions for (b): 0 kg N/ha, Y=-0.01+1.30X (*=0.64);
74 kg N/ha, Y=-0.34+0.93X (r’=0.73); 115 kg N/ha, Y=2.65+0.53X (r’=0.72); 172 kg Nrha,
Y=6.29-1.05X+0.14X? (R?,,=0.78); 230 kg N/ha, Y=0.12+0.83X (F=0.78).
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2.3.3.2 Ears per plant

Although the number of ears which silked for Jubilee significantly increased with N fertiliser,
earnumbers declined with density. At40,710 plants perhectare, plants of Jubilee carried 2.3-2.6
(SE 0.30) ears (Fig. 2.22a). However, at 100,660 plants per hectare, the number of ears had
declined to 1.4-1.8 (SE 0.19) per plant (depending on N rate). Ear numbers for SS42 similarly
declined, decreasing from 2.7 (SE 0.07) to 1.7 (SE 0.07) per plant as density increased from
40,710 to 100,660 plants per hectare (Fig. 2.22b). In this instance the decline was not influenced
by N rate.

2.3.3.3 Tillers per plant

At 40,710 plants per hectare Jubilee produced about 2.5 (SE 0.17) tillers, 1.4 more per plant than
SS42 (se 0.09) (Fig. 2.23). However, as density increased, the number of tillers per plant
declined significantly, until at 100,660 plants per hectare, both cultivars produced about

0.4 tillers per plant (SE 0.18 and 0.08 for Jubilee and SS42, respectively).

2.3.34 Stalk diameter

Stalk diameter of Jubilee decreased from 24.6 mm (SE 0.52) to 20.1 mm (SE 0.51) as density
increased from 40,710 to 100,660 plants per hectare (Fig. 2.24). A significant decline was also
recorded for SS42, with stalk diameters decreasing from 20.1 mm (SE0.44) to 17.0mm (SE0.41)
over this density range. Irrespective of density, stalk diameters of Jubilee were 15 to 20% greater

than those of SS42.



Effects of density and nitrogen rate on yield and yield components of sweet corn

63

2.8

26|

A
2
oo

—— Okg Nperha
---- 74 kg N per ha
——- 115 kg N perha
- - - 172 kg N per ha
——- 230 kg N per ha

2.4 a. v e

22

2.0 |

Ears per plant

1.8

16|

14|

28| ®

26
247

2.2} 8

Ears per plant
o

20

1.8

s3]

1.6 ¢

40,000 50,000 60,000 70,000 80,000 90,000 100,000

Plants per ha

Fig. 2.22. Effect of density and N rate on the number of ears per plant for (a) Jubilee and (b) SS42. Datain (a)
are the means for each N rate and density, adjusted for significant block effects. Data in (b) are the means for
each density and block, pooled across N rates. Fitted functions for (a): 0 kg N/ha, Y=2.93-0.15X (=0.51);
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2.3.3.5 Lodging

Even at 100,660 plants per hectare, lodging was less than 2%. Although there were no
incidences of lodging at the other densities the overall influence of density was not significant.

Similarly, N rate did not influence the proportion of plants which lodged.
2.3.4 Path analysis

Path analysis provided insight into the relationships among variables influencing yield (tillers,
silk delay, and stalk diameter) and kernel recovery from harvestable primary and secondary ears
at both a low (40,710 plants per hectare) and a high density (100,660 plants per hectare). The
model investigated indicated that both tillers (i.e., a possible photoassimilate source) and size of
the stalk (i.e., a measure of the storage reserves of the plant; McAllan and Phipps, 1977) were
important for determining kernel recoveries at low densities (Figs. 2.25 and 2.26). Size of the
stalk appeared important for kernel recovery from primary ears with tillers suggested as being
important for recovery from secondary ears. Thus, even though the correlation between stalk
diameter and kemnel recovery for secondary ears was high, this correlation was largely via an

indirect effect of tillers (Table 2.7a).

Kemel recovery from primary ears of both Jubilee and SS42 at low densities was directly
influenced by silk delay of the secondary ear (Figs. 2.25 and 2.26; Table 2.7b). Silk delay was
also negatively associated with kernel recoveries from secondary ears. However, significant
correlations between silk delay for the secondary ear and kernel recoveries for the secondary ear
are misleading as recoveries were influenced more by the indirect effects of tiller number and
stalk diameter than by silk delay itself (Table 2.7b). These indirect effects resulted from tillers
and stalk diameter both being highly correlated with silk delay (Figs. 2.25 and 2.26). Silk delay

for the primary ear, on the other hand, did not directly affect kernel recoveries from either ear.
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Fig.2.25. Path analysis diagram of relationships among variables influencing yield(tillers, stalk diameter, andsilk delay)
and kerne] recovery for S§42 grown at 40,710 plants per hectare. Curved lines represent correlations (r;) with straight

lines representing path coefficients (P;). ™™™ ™" Nonsignificant or significant at P<0.05, 0.01, or 0.001 respectively.
n=470.
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Fig.2.26. Path analysis diagram of relationships among variables influencing yield (tillers, stalk diameter, and silk delay)
and kernel recovery for Jubilee grown at 40,710 plants per hectare. Curvedlines representcorrelations(r;) with saaight
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Table 2.7a. Path analysis of the effects of physiological components on kernel recoveries of SS42 and Jubilee grown at
either 40,710 or 100,660 plants per hectare. Coefficients used to calculate influences (r;;P;;) are from Figs. 2.25-2.28.
Significance levels are presented for the direct effects and simple correlations only.

Pathways and designation of effect SS842; SS842; Jubilee; Jubilee;
40,710 pph? 100,660 pph* 40,710 pph* 100,660 pph”

influence (r;;'P;;)

Tillers vs. kemel recovery from the primary ear

Direct, Py, 0.21™ 0.09 0.18™ 0.21™
Indirect via stalk diameter, r;,P,, 0.21 0.32 0.04 0.09
Indirect via silk delay (1° ear), r3sPs, 0.00 0.06 0.01 0.08
Indirect via silk delay (2° ear), ryoP¢, -0.02 0.02 0.03 0.01
Total correlation 0.45" 0.49™ 0.26™ 0.39"

Tillers vs. kernel recovery from the secondary ear

Direct, Py, 0.43™ 0.17™ 0.32" 0.05
Indirect via stalk diameter, rs,P,, 0.11 -0.01 0.08 0.03
Indirect via silk delay (1° ear), rysPs, 0.00 0.01 0.00 -0.01
Indirect via silk delay (2° ear), r;Ps;, 0.02 0.01 0.02 0.02

Total correlation 0.57 0.18~ 0.43" 0.09

Stalk diameter vs. kernel recovery from the primary ear

Direct, P, 0.39™ 0.53™ 0.12° 0.21
Indirect via tillers, ry; P, 0.11 0.06 0.06 0.10
Indirect via silk delay (1° ear), r,sPs; -0.01 0.11 0.02 0.14
Indirect via silk delay (2° ear), ryP, 0.03 0.03 0.04 0.01
Total correlation 0.53™ 0.72"™ 0.24™ 0.45™

Stalk diameter vs. kernel recovery from the secondary ear

Direct, Py, 0.21™ -0.02 0.23" 0.07
Indirect via tillers, r,;Py, 0.24 0.10 0.12 0.02
Indirect via silk delay (1° ear), ryPs, 0.00 0.01 -0.01 -0.01
Indirect via silk delay (2° ear), ryPg, 0.03 0.01 0.03 0.03
Total correlation 0.47™ 0.11° 0.38"" 0.10°

NS, », *= o*»

Nonsignificant or significant at £<0.05, 0.01, or 0.001 respectively
* Plants per hectare; > n=470; * n=461; ¥ n=407; * n=434
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Table 2.7b. Path analysis of the effects of physiological components on kernel recoveries of SS42 and Jubilee grown at
either 40,710 or 100,660 plants per hectare. Coefficients used to calculate influences (r;'P;) are from Figs. 2.25-2.28.
Significance levels are presented for the direct effects and simple correlations only.

Pathways and designation of effect S842; SS842; Jubilee; Jubilee;
40,710 pph? 100,660 pph* 40,710 pph* 100,660 pph*

influence (ry P}

Silk delay (1%ear) vs. kernel recovery from the primary ear

Direct, Ps, 0.04 -0.25™ -0.08 -0.33™
Indirect via stalk diameter, rs,P,, -0.05 -0.23 -0.02 -0.09
Indirect via tillers, r;P;, -0.02 -0.02 -0.02 -0.05
Indirect via silk delay (2° ear), rsPg, -0.10 -0.04 -0.07 -0.01
Total correlation -0.13™ -0.54™ -0.19" -0.48"

Silk delay (1°ear) vs. kemel recovery from the secondary ear

Direct, Ps, -0.02 -0.03 -0.02 0.03
Indirect via stalk diameter, rs.Py, -0.03 0.01 -0.05 -0.03
Indirect via tillers, rs;P3, -0.05 -0.04 -0.03 -0.01
Indirect via silk delay (2° ear), rs P, -0.07 -0.01 -0.05 -0.03

Total correlation -0.177 -0.07 -0.15° -0.04

Silk delay (2° ear) vs. kernel recovery from the primary ear

Direct, Ps, -0.16° -0.07° -0.12° -0.03
Indirect via stalk diameter, rg,P,, -0.08 -0.20 -0.04 -0.09
Indirect via tillers, rg P35, -0.04 -0.03 -0.04 -0.06
Indirect via silk delay (1° ear), r4sPs, 0.03 -0.12 -0.04 -0.14
Total correlation -0.25™ -043™ -0.25™ -0.32""

Silk delay (2° ear) vs. kernel recovery from the secondary ear

Direct, P, -0.12° -0.02 -0.09 -0.06
Indirect via stalk diameter, rg,P,, -0.04 0.01 -0.08 -0.03
Indirect via tillers, re;Px -0.08 -0.06 -0.08 -0.01
Indirect via silk delay (1° ear), rePs, -0.01 -0.02 -0.01 0.01

Total correlation -0.26™ -0.08 -0.26™ -0.09

NS, =, *¢ wee

Nonsignificant or significant at P<0.05, 0.01, or 0.001 respectively
*Plants per hectare; " n=470; * n=461; * n=407; * n=434
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Increasing density to 100,660 plants per hectare changed the influence of the variables on kemnel
recoveries. With fewer secondary ears being harvestable (Tables 2.3 and 2.5) tillers and stalk
diameter influenced kemel recoveries from secondary ears less at the higher density
(cf. Figs. 2.25and 2.27, 2.26 and 2.28) as evidenced by a decline in the magnitude of correlation
coefficients (Table 2.7a). However, there were high negative correlations between silk delay for
the secondary ear and kemel recovery for the primary ear (Table 2.7b). In this instance, the
influence was via indirect effects of stalk diameter and silk delay for the primary ear rather than
a direct effect. This suggests that silk delay for the secondary ear at 100,660 plants per hectare

had little influence on kemel recoveries.

The size of the stalk influenced kermel recoveries from primary ears more atthe high density than
at the low density as indicated by an increase in the magnitude of the correlation coefficient
(Table 2.7a). With the increase in density being associated with longer silk delays for the
primary ear (Figs. 2.20aand 2.21a), kernel recoveries for the primary ear at the high density were
negatively influenced by their silk delay (Figs. 2.27 and 2.28). This influence resulted in silk
delay for the primary ear comprising a large indirect effect in the correlation between stalk
diameter and kemel recoveries for the primary ear (Table 2.7a). Consistent with this, stalk
diameter also comprised a large indirect effect for the correlation between silk delay for primary'

ears and their kemnel recoveries (Table 2.7b).

SS42 and Jubilee differed in the importance of tillers on kemnel recoveries for the primary ear at
100,660 plants per hectare. Whereas their importance appeared to decline with density for SS42,
their importance appeared to increase for Jubilee (Table 2.7a). A higher correlation between
stalk diameter and tillers for SS42 than Jubilee (cf. Figs. 2.27 and 2.28) contributed to this result.

Hence, tillers exerted a greater direct influence on recoveries for Jubilee than SS42.

Path analysis of the influence of N rate on kemnel recoveries was not conducted due to limited

response to N rate revealed in univariate analysis (Sections 2.3.1-2.3.3).
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Tillers (3)
Stalk diameter (4) Kernel weight 1° ear (1)
Silk delay 1° ear (5) Kernel weight 2° ear (2)
Silk delay 2° ear (6)

Fig.2.27. Path analysis diagram of relationships among variables influencing yield (tillers, stalk diameter, andsilk delay)
and kernel recovery for SS42 grown at 100,660 plants per hectare. Curved lines represent correlations (r;;) with straight

lines representing path coefficients (Py). ™ ™™™ Nonsignificant or significant at P<0.05, 0.01, or 0.001 respectively.
n=461.
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Tillers (3)

Stalk diameter {4) Kernel weight 1° ear (1)

Silk delay 1° ear (5)

Kernel weight 2° ear (2)

Silk delay 2° ear (6)

Fig.2.28. Path analysis diagram of relationships among variables influencing yield (tillers. stalk diameter, andsilk delay)
and kernel recovery for Jubilee grown at 100,660 plants per hectare. Curved lines represent correlations (r;;) with straight

lines representing path coefficients (P;). ™™™ Nonsignificant or significant at P<0.05, 0.01, or 0.001 respecavely.
n=434.
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2.3.5 Canonical discriminant analysis

As there were few significant density x N rate interactions in univariate analysis, data for
canonical discriminant analysis were pooled across N rates when examining the between-density
variation. Similarly, data were pooled across densities when investigating the variables

contributing to separation of N treatments.

As CDFs greater than two did not explain a significant proportion of the between-density
variation for either cultivar, they were not further examined. Similarly, separation of N rates was
not examined as canonical coefficients were not significant at the 5% level. This result was

consistent with the limited response to N presented in univariate analysis (Sections 2.3.1-2.3.3).

The first canonical discriminant function (CDF,) explained 90.0% and 91.2% of the between-
density variation for SS42 and Jubilee, respectively, with a further 7.4% and 7.3% explained by
CDF, (Table 2.8). The first CDF for SS42 discriminated largely on the number of ears per plant,
kemnel recovery from the secondary ear, stalk diameter, and length of the secondary cob. One
explanation for this function is that a functional relationship may exist between the stalk diameter
(1.e., a measure of the storage reserves of the plant) and the ability to support growth and-
development of a secondary ear. CDF, for SS42 discriminated on kernel recovery from the
secondary ear, the number of tillers, and length of the primary cob. A negative loading for kernel
recovery for the secondary ear and a positive loading for the number of tillers may suggest that
secondary ears compete with tillers for nutrients (e.g., photoassimilate). The positive loading for
length of the primary cob may reflect the closer proximity to a photoassimilate supply as
compared to the secondary ear (Edmeades et al., 1979; Fairey and Daynard, 1978a, 1978b;
Palmer et al., 1973).

CDF, for Jubilee discriminated largely on secondary ear components (i.e., cob length, kernel
recovery, and silk delay) and possible sources of nutrients (i.e., number of tillers and stalk
diameter) (Table 2.8). Separating on these two groups suggests that nutrient supplies influence
the size and development of secondary ears. Separation of CDF, was dominated by negative

loadings for both stalk diameter and kernel recovery from the primary ear and a positive loading
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for kernel recovery for the secondary ear. Such separation suggests that the stalk is an important
storage reserve for kernels. In particular, the positive loading for kernel recovery from the
secondary ear with negative loadings for stalk diameter suggests that the size of secondary ear
is dependent on an adequate supply of nutrients from the stem. However, both the pﬁmary and

secondary ear appear to compete for the nutrient supply.

Separation of densities between CDF, and CDF, for Jubilee and SS42 is presented in Fig. 2.29.



Effects of density and nitrogen rate on yield and yield components of sweet corn 76

Table 2.8. Standardized canonical coefficients between thefirstandsecond canonical discriminant functions (CDFs)
on five densities for SS42 and Jubilee.

SS42 Jubilee
Variable CDF, CDF, CDF, CDF,
Number of tillers -0.07 0.76 0.37 0.13
Stalk diameter 0.33 0.37 0.45 -0.67
Number of ears 0.42 -0.46 -0.22 0.13
Kemel weight® (1° ear) 0.02 -0.24 0.04 -0.95
Kernel weight® (2° ear) 0.37 -0.80 0.31 0.84
Primary cob length? 0.08 0.59 0.06 0.40
Secondary cob length* 0.34 0.27 0.42 -0.16
Primary ear silk delay -0.14 -0.27 0.22 0.04
Secondary ear silk delay -0.03 -0.08 0.35 -0.14
A, 10297 085" 8.127 0.65™
Percent total variance 90.0 7.4 91.2 73
Density (plants per hectare) commemeeemeseemaeeee- ANOVA means -----------v—-moeeeee-
40,710 5.03 1.03 4.55 -0.82
55,710 1.84 -1.31 1.43 0.81
68,980 -0.70 -0.71 -0.56 0.90
79,920 -2.40 0.03 -2.08 0.08
100,660 -3.68 0.89 -3.34 -0.97
SEOD (n=100) 0.227 0.23™ 0.12™ 022"

* Harvestable ears only
A.: eigenvalue of the ith canonical discriminant function
NS-*.*%**" Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively
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Fig. 2.29. Plots of canonical discriminant functions for (a) SS42 and (b) Jubilee at: 40,710 (©); 55,710 (m);
69,280 (A); 80,270 (*); and 100,660 plants per hectare (0).
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24 Discussion

Marketable kernel yield of Jubilee and SS42 was maximised in this study at 75,180 and
77,430 plants per hectare, respectively (Figs. 2.9a and 2.16a). Compared to 40,710 plants per
hectare (the lowest density investigated), this represents a yield increase of 1.12-1.27 t/ha
(depending on cultivar). However, compared to the density used by growers in Gisborne (i.e.,
55,000 plants per hectare), this is a yield increase of only 0.26-0.35 t/ha. As yield at
55,000 plants per hectare was similar to that at each of the optimum densities it seems that
growers are planting within the range for maximum yield. Moreover, maximum marketable cob
yield occurred at 70,580 and 69,390 plants per hectare for SS42 and Jubilee, respectively
(Figs. 2.10a and 2.17a) and was similar to that at 55,000 plants per hectare. This result further

indicates that growers are planting within the density range for maximum yield.

To conclude that these densities are optimum requires data from more than one season. It is
possible that with the lower radiation incidence for later sown crops (i.e., those crops receiving
more heat units per day) that optimum densities may differ from those found in the current study.
Density has a large influence on radiation interception (Stone et al., 1998); an important yield
determinant as crop growth rate is closely related to the amount of radiation intercepted by the

crop canopy (Maddonni and Otegui, 1996; Muchow et al., 1990).

The optimum density range for marketable cob yield (i.e., 55,000 to 100,000 plants per hectare)
was not only lower, but followed a different wend than reported by Moss and Mack (1979). In
their study, marketable cob yield of Jubilee increased to 76,100 plants per hectare, before
plateauing to 109,800 plants per hectare, and then declining with further increases in density.
Although yield of Jubilee also increased to 70,580 plants per hectare in the current study, yield
declined beyond this optimum (Fig. 2.17a). These differences may result from differences in
criteria for defining a marketable cob. Whereas primary and secondarycobs < 164 and < 151 g,
respectively, were rejected in the current study, Moss and Mack (1979) rejected cobs < 220 g.
As weight of primary cobs decline less rapidly withdensity than secondary cobs (cf. Figs. 2.14a
and 2.14b), more secondary cobs are rejected as density increases, particularly if marketability

criteria are strict. With almost all secondary cobs discarded in Moss and Mack’s (1979) study,
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the plateau phase for yield continued until primary cobs failed to meet marketability criteria. At
this point the plateau phase ended, and marketable cob yield declined. A shorter plateau phase
in the current study is therefore consistent with marketablecob yield comprising more secondary

ears.

Clearly, marketability criteria influence the perception of yield. If criteriaare toostrict, cobs that
may be otherwise processable, will be discarded (e.g., Moss and Mack, 1979). Relying on such
criteria may result in planting regimes which do not maximise marketable yield. Thus criteria
must be of sufficient rigour to minimise waste, yet not compromise quality. Unlike other studies
(Chipman and MacKay, 1960; Fery and Janick, 1971; Heckman et al., 1995; Nichols, 1974;
Smith, 1984; Warren, 1963), marketability criteria in the current study were based on weight
rather than length measurements. Logistic regression analysis revealed that cob length was a
poor predictor of whether a cob was marketable or not (data not presented). Moreover, the
statistical relationship between cob length and kemel recovery (upon which many reported
criteria are based) was not strong, with cob or ear weight being better predictors of marketability.
Use of length measurements to determine marketability may actually compromise the goal of
marketability criteria. Where criteriahave not taken into account the unfilled tip length (i.e., the
length of the cob over which kemels are considered not ‘marketable’; e.g., Fig. 2.30), fewercobs ’
would be discarded. Hence, densities defined from such criteria may not identify maximum
yield. Nevertheless, for producing ‘whole cob comn’, cob length will be a useful criterion even

though it is not reliable for kernel yield prediction.
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Fig. 2.30. A secondary cob demonstrating a large ‘unfilled tip.” Kermnels to the right of the arrow are not
marketable.

The decline in cob length (Figs. 2.18 and 2.19) with density was consistent with other similar
studies (Colville, 1961; Freymanetal., 1972; Moss and Mack, 1979; Rutger and Crowder, 1967).
However, the lack of measures of tip fill in the current study means it is not possible to conclude”
that all cobs were suitable for producing frozen whole cob com. Thus, even though the mean
length of primary cobs produced at 100,660 plants per hectare (Figs. 2.18 and 2.19a) were greater
than the 180 mm limit for whole cob corn (Davis. pers. comm.), their suitability for whole cob
comn is unknown. Similarly, the suitability of secondary cobs of SS42 (Sectuon 2.3.2.8), and
those of Jubilee produced at densities less than 66,670 plants per hectare (Fig. 2.19b), was not
quantified. Itis possible that they were unsuitable as the unfilled tiplength increases with density

(Camberato et al., 1989; Edmeades et al., 1993; Reddy and Daynard. 1983).

Although other studies have investigated the influence of density, N rate, or both on kemel
recoveries (e.g., Freyman et al., 1972; Vittum et al., 1959: Wong et al.. 1995), few have reported

on marketable kernel yield. Lana (1956) reported recoveries® of 3.18-+.61 tha. This vield,

* Assumes USDA standards (Warren, 1963) were used as no account of what determined marketability was given.
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however, is only half that recorded in the current study. Even with USDA standards being more
strict than marketability criteria in the current study (Section 2.3.1.3), differences in criteria alone
cannot account for the large gap in yield between the two studies. As plants in the current study
carried at least 2.1 ears at 58,080 plants per hectare (Fig. 2.22), while those in Lana’s (1956)
study carried only 0.8-1.0, hybrid prolificacy may explain the difference. Secondary ears
contributed about 1.5 tonnes (i.e., about 15%) to marketable kernel yield at 50,080 plants per
hectare (Figs. 2.9c and 2.16¢). Such a large contribution is consistent with Durieux et al.’s
(1993) study and supports Bauman’s (1960) and Prine’s (1971) suggestion that prolificacy

provides a yield advantage over less prolific cultivars.

Processors would benefit from the use of densities of 69-77,000 plants per hectare (Figs. 2.9a,
2.10a, 2.16a, and 2.17a) as marketable cob and kernels yields are higher within this range than
with 55,700 plants per hectare. Processors may further benefit from the higher density as fewer
secondary cobs would be processed. This is advantageous because with kernels from secondary
cobs generally having a higher SMC than primary cobs (about 2%) (Sections 2.3.1 and 2.3.2) and
generally giving lower recoveries (Figs. 2.5 and 2.12), the consistency of the saleable product
should be improved. However, to achieve this greater consistency would require 5-6% more
cobs to be processed than at 55,700 plants per hectare (Tables 2.2-2.5). Whether this additional’

processing cost outweighs the benefit depends on the processing cost structure.

As growers are paid on the basis of marketable ear yield, it is necessary to compare the density
range which maximises this with that which maximises marketable cob and kernel yields. For
SS42, marketable ear yield was maximised at a density similar to that for marketable cob and
kernel yields (cf. Figs. 2.8a-2.10a and 2.15a-2.17a). However, marketable ear yield of Jubilee
was highest with 100,660 plants per hectare (Fig. 2.15a). With yield at this density statistically
similar to that with 77,000 plants per hectare suggests that growers would not be disadvantaged
by using the lower density. Moreover, the lower density offers the advantage of a lower potential
for lodging (Bunting, 1973; Milbourn et al., 1978; Rutger and Crowder, 1967). Nevertheless,
these results indicate that growers will benefit 0.74-0.79 tonnes (depending on cultivar) by
increasing densities from 55,000 to 77,000 plants per hectare (Figs. 2.8aand 2.15a). While the

additional cost of seed may largely negate the increase in yield, processors may encourage
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growers to use the higher density through higher payments if they are to realise the advantage of

a more consistent saleable product.

The approach of harvestable ear yield to an asymptotic maximum with density (Figs. 2.4a and
2.11a) was consistent with relationships reported in other studies (Fery and Janick, 1971;
Freyman et al., 1972; Holliday, 1960; Moss and Mack, 1979; Mack 1972). Despite similar
trends, the yield response to density in Mack’s (1972) study with Jubilee was greater than in the
current study. Whereas yield of Jubilee increased, at most, 16% as density increased from40,710
to 100,660 plants per hectare (Fig. 2.11a), Mack (1972) reported a yield increase of 32-37%
(depending on year). Although these differences mayresult fromdifferences intheenvironments
in which the crops were grown, cultural differences may explain the comparatively lower
response. For example, the greater response in Mack’s (1972) study may be due to irrigation
being used. Water stress, particularly at high densities (Allison, 1969; Karlen et al., 1987), may
dramatically reduce yield (Dale and Shaw, 1965). Alternatively, the lower response may have

been due to small ears in the current study being discarded (Section 2.2.5).

Yield of secondary ears in the current study asymptotically approached zero as density increased
(Figs. 2.4c and 2.11c). Such an approach was consistent with a decline in both their weight‘
(Figs. 2.6b and 2.13b) and number (Tables 2.3 and 2.5). While weight and number of primary
ears also declined with density (Figs. 2.6a and 2.13a; Tables 2.2 and 2.4), the decline was less
dramatic than for secondary ears. Other studies have similarly noted the greater ‘sensitivity’ of
the secondary ear over the primary ear (Bailey, 1941; Dolan and Christopher, 1952; Freyman
et al., 1972; Mack, 1972; Pickett, 1944; Salardini et al., 1992; Vittum et al., 1959). Thus, in
contrast to yield of secondary ears, yield of primary ears increased with density (Figs. 2.4 and
2.11). This trend was attributable to the number of primary ears increasing proportionately more
rapidly with density than their decline in weight (cf. Tables 2.2, 2.4 and Figs. 2.6a, 2.13a). A
plateauing in yield, however, indicates that the rate of decline in ear weight is directly
proportional to the rate of increase in density. Presumably, as density increases further, the rate
of decline in weight will eventually become greater than the increase in number and yield will

decline as postulated by Downey (1971).
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While yield (marketable or otherwise) was clearly responsive to density, yield and yield
components of SS42 and to a lesser extent, Jubilee, were generally unresponsive to N fertiliser
(Sections 2.3.1and2.3.2). Whereresponses were recorded, they often did not follow a consistent
pattern with incremental increases in N rate. Muchow and Sinclair (1995) attributed a limited
response to N rate of maize to high levels of mineralizable N. In the current study, mineralizable
N contributed about 170 kg N/ha (Table 2.1) to the potentially available N in the soil. A further
89 kg N/ha was available from N present in the soil at planting (i.e., residual N). Therefore, the
lack of response to N may have resulted from the 259 kg N/ha present in the soil during
ontogeny, to which, additional N was applied. This result is consistent with Tsaiet al.’s (1992)
suggestion that grain yield would not increase with N fertiliser when levels of soil available N

were greater than 175 kg/ha.

Numerous studies with sweet corn and maize have also reported either limited or no response to
applied N (e.g., Adriaanse and Human, 1992; Bundy and Andraski, 1993; Bundy and Carter,
1988; Dickson, 1968; Fox and Piekielek, 1988; Gardneret al., 1990; Hatlitlighet al., 1984; Lory
etal., 1995a; Moss and Mack, 1979; Schmid et al., 1959). In New Zealand, Steele and Cooper
(1980) observed that almost half of the Ministry of Agriculture and Fisheries maize trials have
shown no yield response to fertilizer N. Asghari and Hanson (1984) reported significant effects
of N fertiliser on grain yields in only one of four years of experiments while Alessi and Power
(1965) reported a significant effect in only one out of six years. With limited response to N rate
so common, these studies suggest that in the absence of information of available N levels, some

growers may be applying fertiliser N in excess of crop requirements for maximum yield.

Despite apparently high levels of soil available N, some yieldresponsesforJubileeto N fertiliser
wererecorded (e.g., Figs. 2.11,2.16). Incontrast, yield of SS42 did not increase with N fertiliser.
In thenumerous studies which have reported cultivar differences in the response to N rate (Dalby
and Tsai, 1975; Eghball and Maranville, 1991; Friedrich and Schrader, 1979; Pollmer et al.,
1979; Reed and Hageman, 1980; Smith, 1934; Tsai et al., 1978b, 1992) a common explanation
forsuch differences was a difference in sink strength of the cultivars. Dalby and Tsai (1975) and
Tsai etal. (1978b) reported levels of zein - ameasure of sink strength (Russelle et al., 1983; Tsai

et al., 1978a, 1980) - to be 43-54% lower in the sh2 mutant than in the su/ mutant. As zein
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synthesis dramatically responds to N supply (Frey, 1951; Keeney, 1970; Rendig and Broadbent,
1979; Sauberlich et al., 1953; Schneider et al., 1952; Tsai et al., 1978a, 1980, 1983), the demand
forN by kernels of Jubilee was presumably greater. Higher demand for N may therefore explain
why Jubilee responded to increased levels of applied N (e.g., Table 2.6) whereas SS42 did not.
Similarly, inconsistent increases in yield above the control with incremental increases in N
(e.g., Figs. 2.13a and 2.15c) may indicate that levels of zein were approaching maximum levels
as suggested in Tsai et al.’s (1984) study. Further research would be required to test this

hypothesis.

The limited response of SS42 toN fertiliser compared toJubilee suggests that SS42 requires less
N fertiliser than Jubilee for maximum yield, and hence, is more efficient at using N fertiliser.
Although this suggestion requires further validation, confirming this finding could have
important ramifications for the planting of sweet corn in Gisborne. The N fertility of a site might
be used to determine the choice of cultivar and the fertiliser regime to be used for it. The advent
of such a management program would reduce both fertiliser and application costs. As this is in
accord with the broad objectives given in Chapter 1 (i.e., to increase grower profit through
decreased input costs), the differential response of Jubilee and SS42 to N rate is an important

finding of this study and warrants further research.

While yield (marketable or otherwise) per unit area increases with density, yield per plant
decreases (Dolan and Christopher, 1952; Moss and Mack, 1979; Pickett, 1944; Watson and
Davis, 1938). Reduced weight of primary and secondary ear components with density (Figs. 2.5-
2.7and 2.12-2.14) is consistent with the consequences of a decrease in photoassimilate supply
(Tollenaaretal., 1992). Photoassimilate supply declines through acombination of decreased leaf
area(Earlyetal., 1967; Edmeades and Daynard, 1979b; Stickler, 1964), shading (Andrade et al.,
1993b; Dwyer et al., 1991; Early et al., 1967; Hashemi-Dezfouli and Herbert, 1992; Moss and
Stinson, 1961; Reed et al., 1988), and interplant (Modarres et al., 1998; Otegui, 1997; Prine and
Schroder, 1964) and intraplant competition (Scott et al., 1975; Willey and Holliday, 1971;
Wilson and Allison, 1978a). The proportionately greater decline in weight of secondary ears
compared with primary ears with increasing density (Figs. 2.6 and 2.1 3) suggests that secondary

ears are less competitive for photoassimilate. This response may result from the dominance of
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the primary ear over the secondary ear (Pinthus and Belcher, 1994; Tetio-Kagho and Gardner,
1988b; Tollenaar, 1977). Thus as density increases and photoassimilate supplies decline, growth
rates of secondary ears slow (Eddowes, 1969; Haynes and Sayre, 1956; Pinthus and Belcher,
1994). The decline in the number of ears per plant with density (Fig. 2.22) may therefore be the
result of secondary ear abortion due to photoassimilate shortages (Bauman, 1960; Collins, 1963;

Early et al., 1967; Earley et al., 1966; Prine, 1971; Prine and Schroder, 1965).

Photoassimilate supply may also be reduced by N stress (Amory and Creswell, 1984; Hanway,
1962b; Muchow and Sinclair, 1994; Sinclair and Horte, 1989). Not only does N stress reduce
the capacity for photoassimilate utilisation in growth but also for photoassimilation (Connor et
al., 1993; Lemcoff and Loomis, 1994; Muchow and Davis, 1988; Novoa and Loomis, 1981;
Uhart and Andrade, 1995b). As density increases, the increasingly limited photoassimilate
supply appears to be manifested in reduced size of secondary ears (Figs. 2.6b and 2.13b; Pinthus
and Belcher, 1994; Tetio-Kagho and Gardner, 1988b; Tollenaar, 1977). The yield response of
secondary ears to N rate in the current study (Fig. 2.15c and 2.16¢) was consistent with the
hypothesis that N assists in maintaining the photosynthetic capacity of the plant (Gifford, 1974;
Greef, 1994; Murata and Matsushima, 1975; Novoa and Loomis, 1981). As the photoassimilate
supply declines with density, the magnitude of yield differences among N rates for secondaryears '
declines (Fig. 2.11c). Hence, the influence of N rate on yield of secondary ears at high densities
is less than at low densities (Fig. 2.11c; Anderson et al., 1984b; Salardini et al., 1992). In
contrast, yield differences among N treatments for primary ears increase with density
(cf. Figs. 2.11b and 2.11c). This trend is consistent with photoassimilate supplies becoming so

limited at low N rates and high densities that primary ear growth also becomes inhibited.

The ability of an ear to attract photoassimilate depends on its sink strength (Jones and Simmons,
1983; Tollenaar, 1977; Tsai, 1979a). Potential sink strength, however, may be reduced by long
silk delay causing poor pollination and reduced kernel set (Harris et al., 1976; Hashemi-Dezfouli
and Herbert, 1992; Lemcoff and Loomis, 1994). Silk delays in the current study increased
significantly with density, increasing 1.2-1.4 days forprimaryearsand 3.2-3.5 days for secondary
ears as density increased from 40,710to 100,660 plants per hectare (Figs. 2.20 and 2.21). Delays

for secondary ears were at least 1.5 days longer than for primary ears. Hence, a lower sink
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strength of secondary ears may be attributed to an excessively long silk delay as indicated in
Otegui and Bonhomme’s (1998) study. As silk delay for secondary ears increased with density,

their potential sink strength may have been further reduced.

Increasing silk delays (Figs. 2.20 and 2.21) and significantly fewer ears silking as density
increased (Fig. 2.22) suggests that the photoassimilate supply may have been limiting by the R1
stage of growth (Edmeades et al., 1993). Edmeades et al. (1993) noted that silk delay reflects a
change in the development rate of either the tassel or the ear. More specifically, Otegui (1997)
demonstrated that delayed floral differentiation in the ear was responsible for silk delays. As
floral differentiation is sensitive to photoassimilate supply (Otegui and Melén, 1997),
photosynthetic rates and partitioning of photoassimilate totheearatR 1 strongly influence kernel
set (Cox, 1996; Edmeades and Daynard, 1979b; Johnson et al., 1986; Otegui and Melén, 1997,
Otegui et al., 1995; Prine, 1971; Tollenaar et al., 1992).

Floral differentiation is also sensitive to water stress (Boyle et al., 1991; Herrero and Johnson,
1981; Westgate and Boyer, 1986). As water stress increases with density (Dale and Shaw, 1965),
it is possible that increases in silk delay with increasing density (Figs. 2.20 and 2.21) were due
to increased water stress than to reduced photoassimilate supply. Support for this postulate is’
provided by the association between silk delay and rainfall. Whereas 154 mm of rain fell during
the three weeks preceding R1 for SS42 (Fig. 2.1b), only 12 mm fell for Jubilee. Moisture
stressed plants partition less photoassimilate to pistillate spikelets, thereby inhibiting silk
elongation (Schussler and Westgate, 1991a, 1991b; Westgate and Boyer, 1986). A longer silk
delay for Jubilee than SS42 (cf. Figs. 2.20a and 2.21a) may therefore, at least partly, be
attributable to water stress. However, water stress alone cannot explain increased delays as silk
delay for SS42 continued to increase with density. Therefore, factors other than moisture stress

must influence silk delay.

Limited photoassimilate supplies causing long silk delays eventually lead to barrenness
(Hashemi-Dezfouli and Herbert, 1992). In the current study, negative correlations were
calculated between silk delay and barrenness for both SS42 (r=-0.38; P<0.001) and Jubilee

(r=-0.50; P<0.001). The strongerassociation for Jubilee is consistent with a delay oneday longer
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than SS42 (cf. Figs2.20aand 2.21a). Considerably longer delays for secondary ears (Figs. 2.20b
and 2.21b) were also associated with barrenness, although not as strongly as for primary ears (r=-
0.31; P<0.001 and r=-0.29; P<0.001 for SS42 and Jubilee, respectively). Such low correlations
suggest that other variables, in addition to silk delay, influence barrenness. Nevertheless, these
associations and those reported by other workers (Buren et al., 1974; El-Lakany and Russell,
1971; Hashemi-Dezfouli and Herbert, 1992; Karlen and Camp, 1985; Woolley et al., 1962)
indicate that silk delay is associated with barrenness and may therefore be an important yield

determinant.

Path analysis further revealed that silk delay was associated with yield, particularly at the lowest
density of 40,710 plants per hectare. At this density, silk delay for the secondary ear was
negatively associated with kemnel recovery from the primary ear (Figs. 2.25 and 2.26). With silk
delay, in part, determining kemel sink strength, this association may suggest that sink strength
of the secondary ear influenced kemel development in the primary ear. If the secondary ear
competes with the primary ear then the path coefficient between silk delay for the secondary ear
and kemnel recovery for the primary ear should be positive. In other words, as silk delay of the
secondary ears increases, the competitive ability of the primary ear increases due to sink strength
of the secondary ear declining. However, the path coefficient is negative, possibly suggesting)
that the reduced sink strength of the secondary ear with longer silk delays impacts negatively on
the primary ear. The negative association may indicate a loss in overall sink strength. Prolific
hybrids have a superior propensity to translocate N from other plant parts to the grain after
silking (Pan et al., 1984; Reed and Hageman, 1980). This was confirmed by Anderson et al.
(1984a, 1984b, 1985), andlater by Molletal. (1987) who found a greater N utilisation efficiency
(i.e., grain weight/total plant N) in prolific hybrids. With prolificacy declining with density, the
propensity to translocate N may also decline. Therefore, in support of Camberato’s (1987) and
Durieux et al.’s (1993) studies, the presence of a secondary ear is associated with increased

weight of the primary ear for both SS42 and Jubilee.

Positive correlations between tiller number and kernel recoveries (Figs. 2.25-2.28) may suggest
that tillers were a photosynthetic source. While this observation supports other workers who

suggest that tillers contribute to yield (Downey, 1972; Dungan, 1931; Lyon, 1905; Montgomery,
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1909; Rosenquist, 1968), it contradicts others who believe that tillers are a net sink (Dungan
etal., 1958; Tetio-Kagho and Gardner, 1988a; Wianko, 1911). Certainly the photosynthetic rate
of tillers declines as they become shaded with a closing canopy (Hesketh and Musgrave, 1962;
Kasperbauer and Karlen, 1986; Tetio-Kagho and Gardner, 1988a), but the time at which tillers
fail to contribute photoassimilate to the main plant will depend on density. Lower correlation
and path coefficients for both cultivars at the higher density (cf. Figs. 2.25 and 2.27, 2.26 and

2.28) suggest that any contributions were more limited at the higher density.

At low densities, tillers apparently contributed photoassimilate primarily to the secondary ear
(Figs. 2.25 and 2.26), probably a consequence of their proximity. Lower leaves partition
photoassimilate tothe lower stem, whereas higher leaves partition photoassimilate predominantly
to the stem and primary ear (Eastin, 1970; Edmeades et al., 1979; Fairey and Daynard, 1978a,
1978b; Palmeret al., 1973; Tripathy et al., 1972). Athighdensities, tillers appeared to contribute
more to primary ears than secondary ears as evidenced by the higher path coefficients
(cf.Figs.2.25and 2.27,2.26 and 2.28). This trend is attributed to the low number of secondary
ears at 100,660 plants per hectare (Tables 2.3 and 2.5). Thus, despite a declining photosynthetic
rate with density (Kasperbauer and Karlen, 1986), tillers may still make a significant contribution

to yield even at 100,660 plants per hectare.

Although tillers appear to contribute to yield, their influence for SS42 at 100,660 plants per
hectare was largely indirect via the stalk (Table 2.7a). When the indirect effect of stalk diameter
was removed, the direct effect of tillers on kernel recovery from primary ears was negligible.
Tillers of Jubilee, on the other hand, had a large direct influence on kernel recovery from primary
ears. These differences may suggest that the photosynthetic capacity of tillers at 100,660 plants
per hectare for SS42 was significantly lower than for Jubilee. Alternatively, tillers for Jubilee
may have remobilised more nutrients (e.g., DM or N) than those of SS42. Work with maize
(Alofe and Schrader, 1975; Tetio-Kagho and Gardner, 1988a), as well as barley and wheat (Gu
and Marshall, 1988; Kirby and Jones, 1977; Mohamed and Marshall, 1979) suggest that tillers
may compete with the main plant for photoassimilate, particularly if they become shaded or

develop ears. Further research would be necessary to quantify the importance of tillers to yield.
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Regardless, these results suggest that tillers are more important for yield of Jubilee than SS42,

particularly at higher densities.

Canonical discriminant analysis provided further insightinto the relationships between yield and
yield components and how they adjust to density. Forboth cultivars, the first CDF discriminated
among variables associated with the secondary ear (e.g., cob length and kemel recovery) and
those associated with supplying nutrients to the ear (i.e., tillers and stalk diameter) (Table 2.8).
Thus, this CDF may be interpreted as being a measure of source strength for maintaining the
growth and development of a secondary ear. In this context, the two cultivars may differ in the
overall importance of tillers for supplying photoassimilate to the secondary ear. Whereas CDF,
for SS42 places little emphasis on tillers, CDF, for Jubilee indicates that tillers are important for
supporting growth of the secondary ear. This is consistent with results from path analysis

discussed earlier.

The second CDF for Jubilee and SS42 are more difficult to interpret. CDF, for SS42 contrasts
between the number of tillers and kernel recovery from the secondary ear (Table 2.8). Figure
2.29a shows that there are two clusters for CDF,. The first cluster contains the densities 55,710
to 80,270 plants per hectare, whereas the second contains both the 40,710 and 100,660 plants per'
hectare densities. The contrast may indicate that secondary ears compete with tillers for nutrients
(e.g., photoassimilate) and hence the two groupings indicate that tillers are more competitive at
both the high and low densities. This would be consistent with the large secondary ears produced
at the low density placing great demand on photosynthetic apparatus (Barnett and Pearce, 1983;
Tollenaar, 1977) and other nutrient sources (e.g., tillers). Nutrient reserves would also be under
strong sink pressure at the highest density because the photoassimilate supply is lower. Thus,
at both 40,710 and 100,660 plants per hectare the shortage of photoassimilate would entail a
greater demand on tillers to supply photoassimilate. CDF, for Jubilee may be argued similarly.
This CDF contrasts stalk diameter and kernel recovery from the primary ear against kernel
recovery from the secondary ear. Examining the horizontal axis in Fig. 2.29b (i.e., CDF,)
indicates that there are the same two clusters as identified for SS42. This contrast may also be
explained in terms of photoassimilate supply, although in this instance, the stem is the nutrient

source. However, with both the primary and secondary ears drawing on the stem for
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photoassimilate and other nutrients, the primary and secondary ear appear to compete for
photoassimilate in the stem. Thus, for continued growth the secondary ear must use alternative

sources of photoassimilate (i.e., from tillers) as indicated by CDF,.

Having identified a density range of 69-77,000 plants per hectare for maximising yield of both
SS42 and Jubilee the first broad objective discussed in Chapter 1 has largely been met. Only
with further studies using different sowing times to alter the pattern of radiation interception
relative to radiation incidence can this density range be applied to the entire growing season with
confidence. This study has also partially met objective two relating to better managing N inputs
for yield. Importantly, there is a possibility that SS42 requires less fertiliser than Jubilee for
maximum yield. Certainly this is an area worthy of further research which would seek to not
only quantify these differences in N requirements but also answer questions relating to the

physiology of the different response to N rate by these cultivars.



Chapter 3

Effect of nitrogen rate on dry matter

and nitrogen partitioning in sweet corn
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3.1 Introduction

The efficient use of N by crops of sweet corn and maize has become increasingly important
because of increased costs of manufacture and distribution of N fertiliser (Moll et al., 1982a).
Not only does excess application represent unnecessary expense, but may potentially pollute the
environment (Bigeriego et al., 1979; Fox et al., 1989; Stanford, 1973). An earlier study
(Chapter 2) indicated that SS42 is more efficient at using N fertiliser as it requires less fertiliser
N for maximum yield than Jubilee (cf. Figs. 2.4aand 2.11a). Tsai et al. (1984) attributed such
genotype differences to differences in the rate and duration of grain filling, rate of zein synthesis,

and differences in the ability to assimilate N during grain filling.

The ratio of kernel DM to applied N is a measure of how efficiently fertiliser N is transferred
from the soil to kemels (i.e., N use efficiency or NUSE; Moll et al., 1982a). This efficiency
depends on how efficiently N is taken up (NUPE) and on how efficiently endogenous N is
transferred to the grain (NUTE) (Beauchamp et al., 1976; Pollmeret al., 1979). Hybrids efficient
at both uptake and utilizing N have a high NUSE, and hence are most desired (Kamprath et al.,
1982; Moll et al., 1982b, 1987; Rhoads and Stanley, 1984).

Examining the contribution of NUTE and NUPE to variation in NUSE provides a framework to
evaluate genotypes as related to plant physiological processes (Huggins and Pan, 1993).
Salardini et al. (1992") grew Jubilee with 50 or 150 kg N/ha and reported that NUPE contributed
23 and 1%, respectively, to variability in NUSE. Comparing their data with Kamprath et al.’s
(1982) study, they concluded that Jubilee was inefficient at N uptake because NUPE explained
a smaller proportion of the variability in NUSE. This conclusion is, however, incorrect as the
lower proportion of variability explained by NUPE suggests that root uptake mechanisms of
Jubilee were saturated at a lower N rate than for the maize hybrids. Thus, NUSE for Jubilee in
Salardini etal.’s (1992) study was more limited by the transfer of endogenous N into kernel DM

than uptake efficiency.

' NUSE and components were calculated on cobs (i.e., kernels plus rachis) at 28% SMC.
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Nitrogen requirements for kernel development are met by the plant either accumulating sufficient
N during vegetative growth, or maintaining the ability to assimilate N throughout ontogeny
(Mackay and Barber, 1986). Proteins are degraded, and amino acids and newly assimilated N
are translocated to kernels (Arruda and DaSilva, 1979; Chandler, 1960; Feller et al., 1977;
Friedrich and Schrader, 1979; Hanway, 1962b; Reed et al., 1980; Venekamp et al., 1985). If N
assimilation 1s unable to meet the metabolic and storage requirements of developing kemnels,
degradation and remobilisation of enzymic and structural N components from vegetative tissues
to meet reproductive requirements can become extensive (Hageman, 1986; Tsai et al., 1991).
Degrading leaf proteins leads to a reduced photoassimilate supply (Dwyer et al., 1995; Millard,
1988; Prioul, 1996; Tsai et al., 1986; Wolfe et al., 1988b) which may negatively impact on yield
(Friedrich et al., 1979; Ta and Weiland, 1992).

Stems and, to a lesser extent, leaves act as transitory reserves for reduced N (i.e., protein) and
photoassimilate for grain filling (Chanh Ta et al., 1993; Cliquet et al., 1990a, 1990b; Hume and
Campbell, 1972; Novoa and Loomis, 1981; Ta and Weiland, 1992). In 23 of 28 maize hybrids
examined by Rizzi et al. (1991), stem N at R1 was predominantly (> 80%) as protein. Similar
findings were reported by Dijkshoorn and Van Wyk (1967). Vegetative organs are an important
source of N for kernel development (Anderson et al., 1984a; Below et al., 1981; Chandler, 1960; ’
Hanway, 1962b) as shown by the loss of labelled N from vegetative tissue being accounted for
with gain in the ear (Friedrich and Schrader, 1979). Roots may also be an important source of
N during kemel growth (Fairey and Daynard, 1978a; Friedrich et al., 1979; McClung et al., 1990:
Petho, 1967; Weiland and Ta, 1992) as large quantities of N accumulate in roots up to R1 (Viets
etal., 1946; Weiland, 1989a) which may be translocated to the kernel during grain filling (Petho,
1967). However, roots are ignored in most field studies because of problems related to their
recovery from soil (Fairey and Daynard, 1978a). Hence, little published information exists on
patterns of partitioning and remobilisation of N and DM in whole plants (with roots) during ear

development (Olson and Kurtz, 1982; Ta and Weiland, 1992).

Non-kemel components of theear (i.e., shank, rachis, and husk) are also considered conduits for
temporary storage of precursors used in the synthesis of starch, proteins, and lipids in developing

kemnels (Crawford et al., 1982; Daynard et al., 1969; Fairey and Daynard, 1978b; Palmer et al.,
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1973; Swank et al., 1982). Using 14C labelling, Moutot et al. (1986) concluded that these tissues
serve as short-term storage reservoirs of photoassimilate for kernel growth. Crawford et al.
(1982) similarly demonstrated with N labelling that these organs were successively N sinks then

N sources.

Improved partitioning of photoassimilate to the economic yield component has generally been
responsible fortheincreased yields obtained from many field crops over the last century (Gifford
et al., 1984; Sarquis et al., 1998; Sinclair, 1998; Tollenaar, 1989). An index used by researchers
to achieve the goal of increased yield is the harvest index (HI). The HI, a measure of partitioning
expressed at a single point in time, quantifies the proportion of total DM in the harvestable organ
(Donald, 1962; Donald and Hamblin, 1976). Maize researchers (e.g., Anderson et al., 1984a,
1984b; Below and Gentry, 1987) have used a modified HI in which organ DM or N content is
substituted for kernel DM or N content to give a partitioning ratio for each organ throughout
ontogeny. Although this approach describes the distribution of N or DM in the plant at defined
ontogenetic stages, it does not directly reflect changes in N or DM content between ontogenetic
stages. Partitioning ratios, therefore, provide a simple but coarse measure of N and DM

partitioning.

Partitioning coefficients provide a more sensitive measure of short term changes in assimilate
partitioning than HI (Boerboom, 1978; Keating et al., 1982). As partitioning coefficients are
standardized by the total DM or N accumulated within each ontogenetic period, quantities of N
or DM remobilised or accumulated for organs of different cultivars can be compared. They can
therefore be used to examine source-sink relationships since the magnitude of the coefficient
reflects relative source or sink strength. Thus, they can be used to indicate mechanisms involved
in photoassimilate partitioning (Funnell, 1993). McCullough et al. (1994a) are one of the few

groups of researchers who have used partitioning coefficients to describe partitioning in maize.

Although partitioning coefficients indicate the source or sink strength of an organ within a
defined ontogenetic period, they do not explicitly determine the origin of the N or DM being
partitioned. Movement of endogenous N between organs can only be tracked with radioisotope

labelling because kernels may contain N derived from recent assimilation, remobilisation, or
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both. Anexception occurs when all organs are partitioned N; in this instance the source can only
be newly assimilated N. Although the source of N in each organ cannot be determined, overall
* proportions remobilised or from newly assimilated N can be estimated (Below etal., 1981). Hay
et al. (1953) estimated that about 60% of the N in kernels at R6 was from remobilisation with
the remaining 40% from newly assimilated N. While DM for reproductive growth may similarly
be derived from remobilisation, most is derived from current photoassimilation (Allison and
Watson, 1966; Below et al., 1981; Duncanetal., 1965; Sawadaet al., 1995; Simmons and Jones,
1985; Tanaka and Yamaguchi, 1972). Simmons and Jones (1985) estimated that less than 10%
of ear DM was from remobilisation. Thus, maintaining a high photoassimilation rate after
anthesis is essential for maximising yield (Allison and Watson, 1966; Evans etal., 1975; Gifford
and Jenkins, 1982; Reed et al., 1988). This requirement was highlighted in studies where
defoliating plants at R1 significantly decreased grain yield (Eddowes, 1969; Fujita et al., 1994;
Tollenaar and Daynard, 1978c).

In studying source-sink relationships, two scenarios can be envisaged in the control of DM and
N accumulation within the plant: either the system is source or sink limited (Wareing and Patrick,
1975). Tollenaar (1977) and others (e.g., Below et al, 1981, 1984; Cliquet et al., 1990b;
Hanway, 1962a, 1962b; Reed et al., 1988; Swank et al., 1982) suggest that the reproductive sink'
capacity limits grain yield of maize. More specifically, Below et al. (1981) suggested that
photosynthetic capacity generally exceeded ear requirements, while the supply of newly
assimilated N was generally inadequate. It is not known whether this situation also exists for
sweet corn, which is harvested earlier than maize (R4 compared with R6). Determining whether
this situation also exists for sweet corn may have important implications for both the breeding
of future sweet corn cultivars and the management of sweet corn crops. The objective of this
experiment was therefore to provide a better understanding of the processes involved in
partitioning N and DM to kernels of sweet corn with the goal of identifying traits for improving

NUSE and yield of SS42 and Jubilee.
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3.2 Materials and methods

3.2.1 Cultural

Data presented in this chapter were derived from the experiment described previously

(Section 2.2).

3.2.2 Plant sampling

Five plants from each plot were removed at sequential ontogenetic stages (Table 3.1). Soil was
shaken from roots and the remainder removed with water. Root loss during harvesting and
washing was assumed to be less than 10%. Nutrient loss from roots during washing was
assumed to be minimal (Bohm, 1979) and was ignored. Plants were fractioned into laminae,
stem (including leaf sheaths and tassel), shank, husk, kemnels, cobs (i.e., rachis plus kernels), and
roots. Roots were severed at the root crown. Plants were stored at 5 C between harvest and

fractioning. Storage durationranged between one and 24 hours. Fractioned material was frozen

(-18 O).

Table 3.1. Relationship between accumulated GDD and ontogenetic stage.

Jubilee SS42

Difference in
Ontogenetic Accumulated Accumulated GDD between

stage GDD Ontogenetic stage GDD cultivars®

V3 301 V3 309 -8

v7 485 V6 472 13

V13 676 Vi2 661 15

Rl 864 R1 803 61

R3 1106 R2/R3 1002 104

R4 1252 R4 1204 48

* Calculated as accumulated GDD for Jubilee minus that accumulated for SS42.
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3.2.3 Tissue analysis

As a density of approximately 70,000 plants per hectare was determined as being optimum for
marketable kernel yield of both SS42 and Jubilee (Section 2.4), only plant material from the
68,980 plants per hectare treatment was used in this experiment. Further, only plants from the
0, 115, and 230 kg N/ha treatments were used as differences among N rates were generally

nonsignificant (Section 2.3).

Fractioned material was dried to constant weight in a forced air oven at 80 C. Cobs were
fractioned into kernels and rachis after drying. After weighing, a 15 g sub-sample was taken and
ground to pass a 0.5 mm screen. The N concentration of each fraction was determined from a

0.1 g sample using the semi-micro Kjeldahl method (Bremner, 1960).
3.24 Data analysis

Discarding plant material (Section 3.2.3) “reduced” each experiment from a split-plot design
(Section 2.2.2) to arandomised complete block design. Thus the experimental design for each
cultivar consisted of three N rates (0, 115, or 230 kg/ha) randomly allocated into each of four

blocks.

Data sets for Jubilee and SS42 were combined to test genotypic differences. As ontogenetic
stages and accumulated GDD were similar (Table 3.1), pooling the data was valid. However,
in doing this, genotypic differences become confounded with differences in incident radiation
levels (2065 MJ-m™ for Jubilee and 1850 MJ-m™ for SS42). Data for each cultivar were
standardized to rate of DM or N accumulation per GDD to eliminate possible influences of
differences in the accumulated GDD for each cultivar. Both raw and standardised data were
analysed by ANOVA to check whether differences in GDD between the cultivars influenced
significance tests. As both analyses yielded similar results, only the results of analyses on raw
data are presented. For ease of discussion, ontogenetic stages from Table 3.1 are discussed as

V3,V6, V12, R1, R3, and R4 for the combined data set.



Effect of nitrogen rate on dry matter and nitrogen partitioning in sweet corn 98

The DM and N that accumulated up to R1 were defined as pre-anthesis DM and N accumulation,
respectively. Post-anthesis accumulation was calculated as DM or N at R4 less that at R1.
Correlation analysis was used to determine the association between variables. As curvilinear or
nonlinear relationships between two variables will distort the correlation coefﬁcieﬁt (Myers,
1990), the need for transformations was checked by plotting each variable pair as recommended
by MacKay (1995). The assumption of normality was checked for each variable using SAS
(PROC UNIVARIATE; SAS Institute, 1989).

Principal component analysis

High correlations between kernel DM and N content at R4 with post-anthesis DM and N
accumulation suggested that the relationship may be explained by fewer variables. Principal
component analysis was therefore used to reduce the dimensionality of the data set into a set of
new variables. Following Jolliffe (1972), all principal components with an eigenvalue less than

0.7 were rejected.
Nitrogen use efficiency and components

Nitrogen uptake efficiency and NUTE were calculated using Equations 3.1 and 3.2, respectively.

Together these equations multiplicatively determine NUSE (Equation 3.3).

Nt

NUPE = —
Ns (3.1
Gw

NUTE = —
N (3.2)
Gw

NUSE = ——
N (3.3)

where Nt is the total N content at maturity; Gw is grain weight at maturity; and Ns is N applied all expressed

in units of g-plant™.
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The contribution of the efficiency components (i.e., NUTE and NUPE) to variability in NUSE
was determined by linearising the NUSE function by taking logarithms of NUSE, NUPE, and
NUTE, denoted as Y, X, and X,, respectively (Moll et al., 1982a). Sums of squares for Y, and
sums of products of Y with X, and X, were computed and the contributions of X, and X, to ¥ Y*

expressed as Y X;Y/Y Y? calculated (Kamprath et al., 1982).

Unlike maize, the marketable commodity of sweet corn may also be cobs (i.e., kemnels plus
rachis). Efficiency components for cobs were also investigated by substituting Gw in Equations
3.2 and 3.3 with cob DM. As efficiency components calculated using cobs were similar to those
calculated using kernel DM data were not presented. Similarly, the proportion of variability in
NUSE explained by NUTE and NUPE were similar to those calculated using kernel DM, and

hence, also not presented.
Partitioning coefficients

Nitrogen partitioning coefficients (NPCs) were calculated as the ratio of the N accumulation rate
of the plant fraction to the whole plant N uptake rate over the ontogenetic interval in question
(McCullough et al., 1994a; Equation 3.4). For example, if a plant accumulated 20 mg of N per'
daybetween V12 and R1, of which leaves were partitioned N at arate of 2 mg perday during this
interval, the NPCis 0.1 or 10%. In other words, 10% of the total N accumulated between V12
and R1 was partitioned to leaves. A positive coefficient therefore reflects net accumulation,
while a negative coefficient reflects remobilisation. The magnitude of the coefficient relative to
other organs therefore reflects sink or source strength. Dry matter partitioning coefficients

(DMPCs) were calculated by substituting DM for N in Equation 3 .4.

NPC = & Organ N (3.4)
6 Total N

where & represents the rate of change between two ontogenetic stages.
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As a consequence of the calculation, partitioning coefficients between V12 and R1donot sum
to 100% becauseears were not harvested until R1. For this reason, the difference between 100%
and the sum of the partitioning coefficients during this period was attributed to growth of the

ears.
Source of N and DM within ontogenetic stages

Quantities of N and DM derived from newly assimilated N and current photoassimilate during
ear development were calculated following the method of Below etal. (1981), adjusted to include
all organs in the calculations. The adjustment was necessary as it was not possible to track
remobilisation from one organ with partitioning to another without radioisotope labelling.
Overall quantities of N or DM derived from newly assimilated N or current photoassimilate were

therefore calculated as total accumulation within an ontogenetic period less remobilisation.

3.3 Results
3.3.1 Ontogenetic changes in total DM and N content

Plants of Jubilee and SS42 accumulated N and DM in a curvilinear fashion between V3 and R4
(Fig. 3.1). The similarity of the N and DM accumulation patterns was reflected in a highly
significant correlation (r=0.97; P<0.001). Although both cultivars accumulated DM with a
similar pattern, plants of Jubilee accumulated a significantly greater quantity from V6 onwards.
At R4, plants of Jubilee contained 18% more DM than those of SS42. R4 was the only
ontogenetic stage where DM contents were significantly influenced by N rate. Dry matter
contents at this ontogenetic stage were 21% higher with 230 kg N/ha than the control. In
addition, R4 was the only ontogenetic stage where N contents were significantly increased with
the addition of N fertiliser, increasing 20% as N rate increased from O to 230 kg/ha. Aside from
V6 and R4, both cultivars accumulated similar quantities of N throughout ontogeny. At V6,
plants of SS42 contained significantly more (35%) N than those of Jubilee, but significantly less
(20%) at R4.
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Fig. 3.1. Effect of N rate on total DM accumulation for (a) SS42 and (b) Jubilee, and total N accumulation for (c) SS42 and (d)
Jubilee. Vertical bars represent the pooled standard error for each harvest (n=24).

3.3.2

Pre- and post-anthesis DM and N accumulation

Although both cultivars accumulated similar proportions of their total DM during both the pre-

and post-anthesis stages, Jubilee accumulated 25% more DM than SS42 (Table 3.2). Of this,

about 42% was accumulated during the pre-anthesis stage. Although N rate did not influence

pre-anthesis DM accumulation, a significant influence was detected for post-anthesis

accumulation for both cultivars. Plants of both cultivars accumulated 32% more DM during the

post-anthesis period when grown with 230 kg N/ha than those of the control.
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Similar quantities of N were accumulated by both cultivars during the pre-anthesis period
(Table 3.2). In contrast, Jubilee accumulated significantly more (47%) N than SS42 during the
post-anthesis period. Post-anthesis N accumulation in both cultivars was also significantly
influenced by N rate. Averaged across cultivars, post-anthesis N accumulation increased 34%
as N rate increased from O to 230 kg/ha. Of the total N accumulated, SS42 and Jubilee

accumulated about 34% and 47% during the post-anthesis period, respectively.

Table 3.2. Effect of Nrate on pre- and post-anthesis N and DM accumulation for Jubilee and SS42.

DM accumulated (g-plant™) N accumulated (mg-plant™)
N rate
Cultivar (kgrha) pre-anthesis post-anthesis pre-anthesis post-anthesis
Jubilee 0 82 92 1455 968
115 86 125 1500 1466
230 86 119 1735 1671
SS842 0 69 63 1328 576
115 62 98 1340 909
230 61 108 1554 672
5% LSD 11 16 299 322
Significance levels
Cultivar b * NS **
N rate NS *x NS *
Cultivar x N rate NS NS NS NS

NS, * ** *** Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively.

Pre-anthesis DM accumulation was highly correlated with pre-anthesis N uptake (r=0.79;
P<0.001), as was post-anthesis N uptake with the quantity of DM accumulated post-anthesis
(r=0.77; P<0.001). However, neither post-anthesis N nor DM accumulation were linearly

associated with pre-anthesis N or DM accumulation.
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3.3.3 Ontogenetic changes in DM, N concentration, and N content of stems

The ontogeny of DM accumulation in stems was generally sigmoidal (Figs. 3.2a and 3.2b). The
230 kg N/ha treatment was an exception, however, as DM continued to accumulate to .R3 before
declining between R3 and R4. These varying trends resulted in significant differences between
the N rates at R3. At this ontogenetic stage, stems in the 230 kg N/ha treatment contained 22%
more DM than those of the control. Differences between N rates at earlier ontogenetic stages
were not significant. Stems of Jubilee contained significantly more DM than those of SS42 from

V12 onwards. Depending on ontogenetic stage, stems of Jubilee contained 13-33% more DM

than those of SS42.

Nitrogen concentrations increased to V6, then generally declined with ontogeny (Figs. 3.2c and
3.2d). Although stems of Jubilee contained a significantly higher concentration of N than those
of SS42 at V6, concentrations for SS42 were significantly higher at both R1 and R3, being 18%
higher at these latter two ontogenetic stages. Nitrogen concentrations were similar between
Jubilee and SS42 at the other ontogenetic stages. Only at R3 were the N concentrations in stems

significantly enhanced with N fertiliser, being 23% higher with 230 kg N/ha than the controi.

Nitrogen contents increased to R1 then declined (Figs. 3.2e and 3.2f). At R4, 26 and 48%,
respectively, of the N present in stems of SS42 and Jubilee at R1 had been remobilised. Aside
from V12 and R1, N contents were similar between the cultivars. At V12 and R1, stems of
Jubilee contained 22 and 26% more N than those of SS42, respectively. Nitrogen contents were

similar between the N rates at all ontogenetic stages.

Dry matter content of stems was highly correlated with N content (r=0.81; P<0.001). However,
increased DM content was inversely associated with N concentration (r=-0.52; P<0.001).

Nitrogen content was not correlated with N concentration.
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Fig. 3.2. Effect of N rate on DM accumulation in stems of (a) SS42 and (b) Jubilee, N concentration in stems of (c) SS42 and
(d) Jubilee, and N accumulation in stems of (e) SS42 and (f) Jubilee. Vertical bars represent the pooled standard error for each
harvest (n=24).
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3.3.4 Ontogenetic changes in DM, N concentration, and N content of leaves

Dry matter accumulated in leaves to R1 before plateauing (Figs. 3.3a and 3.3b). As with stems,
however, the 230 kg N/ha treatments were an exception to this trend with DM coﬁtinuing to
accumulate between R1 and R3 before declining between R3 and R4. Nevertheless, DM
contents at all ontogenetic stages were similar between the N rates. Significant cultivar
differences were detected only at V6 and R4. At V6, leaves of SS42 contained 41% more DM
than those of Jubilee, but 18% less at R4.

Nitrogen accumulated in leaves with a similar fashion to DM (cf. Figs. 3.3a, 3.3b, 3.3e, and 3.3f).
This similarity was reflected in a highly significant correlation (r=0.94; P<0.001) between the
two variables. Unlike the other N treatments, leaves in the 230 kg N/ha treatments continued to
accumulate N to R3 before most of this gain was remobilised between R3 and R4. Such varying
trends resulted in significant differences among the N rates at R3. At this ontogenetic stage,
leaves in the 230 kg N/ha treatment contained 34% more N than those of the control. Nitrogen
contents were similar among the N rates at other ontogenetic stages. The N content of leaves was
significantly different between the cultivars at V6 where leaves of SS42 contained 29% more N'

than those of Jubilee.

The N concentration in leaves declined 29 and 43% for SS42 and Jubilee, respectively, between
V6 and R4 (Figs. 3.3c and 3.3d). Leaves of SS42 and Jubilee contained a similar concentration
of N at V3, but the concentration in leaves of Jubilee was higher at V6. The N concentration in
leaves of Jubilee declined rapidly between V6 and V12 in contrast to SS42. As a consequence,
significant cultivar differences were detected from V12 onwards. Cultivar differences detected
at R1 were due to a significant cultivar x N rate interaction. Jubilee contained N at higher
concentrations than SS42, and unlike SS42, responded to N rate. At R3 and R4, the N
concentration of SS42 leaves was at least 16% higher than in Jubilee. Significant increases in
the N concentration of leaves with N fertiliser were also recorded at R3. At this ontogenetic
stage, leaves in the 230 kg N/ha treatment contained an 18% higher N concentration than the

control. Differences among the N rates at other ontogenetic stages were not significant.
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Despite highly significant correlations, the N concentration in leaves was only weakly associated

with DM content (r=0.28; P<0.001) and only moderately associated with N content (r=0.47;

P<0.001).
v3 Vé V12 R1 R2/R3 R4 V3 v7 Vi3 R1 R3 R4
O — 0kgNh
01 @ O —— 115kg N/ha (b) B %
— A - - 230kgN/ha
> 25 25 O
& d
5 » 0 2
%D 15 15 E
- i
i 10 10 E’T‘
S =S
5F 5 —
0 0
-:QS ol (c) | @ 40 ?
o0 35 5 8
z [ s
2 30 5
E B 2
o
.g 25 25 =
- —_
] 3
5 20 @
g 20 z
2 m
g 15 15 %3
Z 10 10 ‘_‘.'...
soo! (e) a ¢} A 800
“.‘: 700 . 700 Z
= a o
< 600 )
& 2
%" 500 1 500 2
> o
= 400] w00 I
B oq
= 300 300 B,
8 o
> 200 200 =
100 ¥ w0
0

200

400 600 800 1000 1200

Accumulated GDD

200

600 800 1000
Accumulated GDD

400

1200

Fig. 3.3. Effect of N rate on DM accumulation in leaves of (a) SS42 and (b) Jubilee, N concentration in leaves of (c) SS42 and
(d) Jubilee, and N accumulation in leaves of (e) SS42 and (f) Jubilee. Vertical bars represent the pooled standard error for each
harvest (n=24).
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3.3.5 Ontogenetic changes in DM, N concentration, and N content of roots

About 81% of the DM accumulated by roots accumulated between V3 and R1 (Fig. 3.4a and
3.4b). Althoughroots in the 230 kg N/ha treatment of SS42 continued to accumulate DM to R3,
root weights at R3 were similar among the N rates. Moreover, root weights were similar among
the N treatments at all ontogenetic stages except R4. At this ontogenetic stage root weights of
plants in the 115 kg N/ha treatment were 19% higher than the control. Significant cultivar
differences were observed at V12, R1, and R4. At each of these ontogenetic stages roots of

Jubilee contained significantly more (at least 19%) DM than those of SS42.

The N concentration of roots increased between V3 and V6 before declining about 64% between
V6 and R4 (Figs. 3.4c and 3.4d). Roots of both cultivars contained similar concentrations of N
at all ontogenetic stages except V12, at which, roots of SS42 contained N at a concentration 14%
higher than for Jubilee. Concentrations at V12 were also significantly different among the N
rates, being 25% higher with 230 kg N/ha than the control. The N concentration was also
significantly influenced by N rate at V12, with the N concentration of roots in the 230 kg N/ha

treatment 29% higher than the control.

Roots of both cultivars accumulated N to R1, after which their N contents declined (Figs. 3.4¢
and 3.4f). Depending on N rate, up to 52% of previously accumulated N was remobilised from
roots between R1 and R4. Roots of both cultivars contained similar quantities of N up to V12,
with the quantities accumulated also similar among the N rates. However, at V12 roots of
Jubilee contained significantly more N than those of SS42 and unlike SS42, accumulation was
positively influenced by N rate. Significant cultivar and N rate effects were also detected at R1.
At this ontogenetic stage roots of Jubilee contained 35% more N than those of SS42, with their
N contents increasing 44% as N rate increased from O to 230 kg/ha. Nitrogen contents were

similar between both the cultivars and N rates at R3 and R4.

Root DM was positively correlated with N content (r=0.78; P<0.001), but negatively correlated
with N concentration (r=-0.66; P<0.001). The N concentration of roots was not associated with

their N content.
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Fig. 3.4. Effect of N rate on DM accumulation in roots of (a) SS42 and (b) Jubilee, N concentrason in roots of (c) SS42 and
(d) Jubilee, and N accumulation in roots of (e) SS42 and (f) Jubilee. Vertical bars represent the pooled standard error for each
harvest (n=24).
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3.3.6 Ontogenetic changes in DM, N concentration, and N content of the shank

Shank DM of SS42 and Jubilee increased 68 and 80% between R1 and R3, respectively
(Figs. 3.5a and 3.5b). However, between 5 and 11% of the DM present in shanks at R3 was
remobilised between R3 and R4. Although shank DM was similar between the cultivars at R1,
shanks of Jubilee contained significantly more (at least 41%) DM at both R3 and R4. Nitrogen

rate did not influence shank DM content at any ontogenetic stage.

Nitrogen concentration in shanks decreased about 69% between R1 and R4 (Fig. 3.5c and 3.5d).
Although concentrations declined with ontogeny, concentrations at R1 were significantly
enhanced with N fertiliser, being 20% higher with 230 kg N/ha than the control. While N
concentrations were similar between the cultivars at R1, significant cultivar differences were
detected at R3. At this ontogenetic stage, the N concentration in shanks of SS42 was 31% higher
than for Jubilee. At R4, N concentrations for SS42 were higher than Jubilee, but unlike SS42,

concentrations for Jubilee increased with N rate.

While the N content of shanks increased between R1 and R3, almost all of this gain was
remobilised between R3 and R4 (Figs. 3.5e and 3.5f). Only at R4 were N contents signiﬁcantly'
different between the cultivars. At this ontogenetic stage, shanks of Jubilee contained 37% more
N than those of SS42. Nitrogen rate did not influence the N content of shanks at any ontogenetic

stage.

Nitrogen concentration in shanks was negatively correlated with both DM (r=-0.78; P<0.001)
and N content (r=-0.26; P<0.05). Nitrogen content, on the other hand, was positively correlated

with DM content (r=0.71; P<0.001).
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Fig. 3.5. Effectof N rate on DM accumulation in shanks of (a) SS42 and (b) Jubilee, N concentration in shanks of (c) SS42 and
(d) Jubilee, and N accumulation in shanks of () SS42 and (f) Jubilee. Vertical bars represent the pooled standard error for each
harvest (n=24).
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3.3.7 Ontogenetic changes in DM, N concentration, and N content of rachis

The pattern of DM accumulation in rachis differed markedly between the cultivars. Jubilee
accumulated 84% of total rachis DM between R1 and R3 compared to 1 1% by SS42 (‘Figs. 3.6a
and 3.6b). Accumulationtrends werereversed between R3 and R4 with SS42 accumulating 85%
of total rachis DM with Jubilee only 14%. While DM contents were similar between the
cultivars at R1 and R4, significant cultivar differences were observed at R3 with rachis of Jubilee
containing 83% more DM than those of SS42. Nitrogen rate did not influence DM contents at

any ontogenetic stage.

The pattern of N accumulation was similar to that of DM accumulation (cf. Figs. 3.6a, 3.6b, 3.6e,
and 3.6f; r=0.91; P<0.001) and as with DM accumulation, both cultivars contained similar
quantities of N at both R1 and R4. While N rate generally did not influence N contents, a
significant cultivar x N rate interaction was observed at R3. Not only did rachis of Jubilee
contain significantly more N than those of SS42 at this ontogenetic stage, but responded

positively to N fertiliser, unlike SS42, which did not respond to N.

With the exception of the control N treatment of SS42, N concentrations in rachis declined with.
ontogeny (Figs. 3.6¢c and 3.6d). Depending on cultivar, concentrations declined 39-50% between
R1and R4. The increase in N concentration for the control N treatment of SS42 between R3 and
R4 contributed to a significant cultivar x N rate interaction at R4. The N concentration for
Jubilee was not influenced by N rate at this ontogenetic stage. At both R1 and R3, rachis of
Jubilee contained a significantly higher concentration of N than those of SS42. Concentrations
at these ontogenetic stages were 17 and 35% higher, respectively. Nitrogen concentration was

negatively correlated with both DM (r=-0.52; P<0.001) and N content (r=-0.30; P<0.001).
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Fig. 3.6. Effect of N rate on DM accumulation in rachis of (a) SS42 and (b) Jubilee, N concentration in rachis of (c} SS42 and
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3.3.8 Ontogenetic changes in DM, N concentration, and N content of kernels

Nitrogen and DM accumulated in kernels with a curvilinear pattern (Figs. 3.7a, 3.7b, 3.7e, 3.7f;
r=0.99; P<0.001). While both cultivars contained similar quantities of N and DM at Rl, kemels
of Jubilee contained significantly more N and DM at both R3 and R4. AtR3, kernels of Jubilee
contained about 73% more N and DM than those of SS42. The magnitude of this difference
declined between R3 and R4, with kemels of Jubilee containing 35 and 40% more DM and N,
respectively. Neither the N content, nor the DM content of kernels at any ontogenetic stage were

significantly influenced by N rate.

Nitrogen concentration of kernels increased to R3, then declined to levels similar to those
originally at R1 (Figs. 3.7c and 3.7d). The 230 kg N/ha treatment for Jubilee was an exception
to this trend as concentrations declined between R1 and R3 before increasing between R3 and
R4. Despite this varying trend, N concentrations were similar among the N rates at all
ontogenetic stages. Significant cultivar differences were recorded only at R1. At this
ontogenetic stage, kernels of Jubilee contained N at a concentration 17% higher than those of

SS42. The N concentration of kernels was neither correlated with their DM nor N content.
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Fig. 3.7. Effect of N rate on DM accumulation in kernels of (a) SS42 and (b) Jubilee, N concentration in kernels of (c) SS42
and (d) Jubilee, and N accumulation in kemels of (e) SS42 and (f) Jubilee. Vertical bars represent the pooled standard error for
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3.3.9 Influence of post-anthesis N uptakeand DM accumulation on kernel N and

DM content

Post-anthesis N uptake was linearly associated with kernel DM content at R4 (Fig. 3.8). Kemnel
DM trebled as N uptake increased from0 to 2 g-plant’’. Principal component analysis indicated
that the relationship between post-anthesis N uptake, post-anthesis DM accumulation, kernel DM
at R4, and kemnel N content at R4 could be described by one dimension (Fig. 3.8). This first
principal component accounted for 38% of the total variability among the four variables. This
result was consistent with the high correlations between kemel N and DM contents

(Section 3.3.8) and also for post-anthesis DM and N accumulation (Section 3.3.2).
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Fig. 3.8. Relationship between post-anthesis N uptake and kernel DM atR4; © =S8S42, O = Jubilee (r=0.83).

Kernel N concentration at R4 was neither associated with post-anthesis DM nor N accumulation.
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3.3.10 Ontogenetic changes in DM, N concentration, and N content of husks

Husks accumulated DM to R3 beforetheir contents either declined (SS42; Fig. 3.9a) or plateaued
(Jubilee; Fig. 3.9b). Although husks of SS42 lost 28% of previously accumulated DM between
R3 and R4, both cultivars had similar DM contents throughout ontogeny. Moreover, DM
contents were not influenced by N rate. While N contents followed a similar trend, significant
cultivar differences were observed at R3. At R1, both cultivars contained similar quantities of
N (Figs. 3.9¢e and 3.9f). However, whereas N contents increased 300% between R1 and R3 for
SS42, they increased only 28% for Jubilee. Such different rates of accumulation resulted in
significant cultivar differences at R3. At R4, N contents had returned to levels similar to those
previously at R1, such that, husks of SS42 and Jubilee contained similar quantities of N at this

ontogenetic stage. Nitrogen contents were similar among the N rates at each ontogenetic stage.

The concentration of N in husks declined between R1 and R4 (Figs. 3.9c and 3.9d). While
concentrations were similar between the cultivars at both R1 and R4, concentrations at R3 were
not. At this ontogenetic stage, the N concentration in husks of SS42 was significantly higher
(33%) than for Jubilee. Only at R4 were N concentrations significantly improved with the_

addition of N, increasing 23% as N rate increased from O to 230 kg/ha.

The N content of husks was highly correlated with their DM content (r=0.79; P<0.001) but not
with their N concentration. Dry matter content, on the other hand, was negatively associated with

N concentration (r=-0.65; P<0.001).
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Fig. 3.9. Effect of N rate on DM accumulation in husks of (a) SS42 and (b) Jubilee, N concentration in husks of (c) SS42 and
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harvest (n=24).
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3.3.11 Nitrogen use efficiency and components

Jubilee was 34% more efficient than SS42 at converting applied N into kernel DM (Table 3.3)
because it was significantly more efficient at taking up N (i.e., NUPE) and t‘ranslating
endogenous N into kernel DM (i.e., NUTE). Increasing N rate significantly decreased the NUSE
for both cultivars. With 115kgN/ha (1.66 g-plant™), plants were twice as efficient at translating
fertiliser N into kernel DM than those grown with 230 kg N/ha (3.32 g-plant?). Such lower
efficiency resulted from a significant reduction in the efficiency with which plants took up N.
Compared to the 115 kg N/ha treatment, plants were only half as efficient at taking up N when

grown with 230 kg N/ha. Nitrogen utilization efficiency was not influenced by N rate.

Table 3.3. Effect of N rate on N use efficiency and efficiency components for Jubilee and SS42.

Source of variation NUSE: NUPE' NUTE*
P>F

Cultivar ** * *

N rate *hk ek NS

Cultivar x N rate NS NS NS

ANOVA means N rate (g-plant™) NUSE NUPE NUTE

S842 1.66 26.3 1.36 19.0
3.32 13.9 0.73 18.9

Jubilee 1.66 415 1.77 23.7
3.32 19.8 0.99 19.9

5% LSD 6.7 0.27 2.7

NS, *, **, ***. Nonsignificant or significant F test at £<0.05,0.01, 0.001, respecuvely.
* Nitrogen use efficiency

¥ Nitrogen uptake efficiency

* Nitrogen utilization efficiency

Nitrogen utilization efficiency contributed more to the variation in NUSE than NUPE for both
SS42 and Jubilee (Table 3.4). With 115kg N/ha, NUTE explained atleast 85% of the variability
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in NUSE. This proportion increased as N rate increased, with NUTE explaining all of the
variation in NUSE for plants grown with 230 kg N/ha.

Table 3.4. Contribution of efficiency components to variation in N use efficiency for Jubilee and SS42.

Efficiency trait

Cultivar N rate NUSE* NUPE’ NUTE*
(g-plant™) (Y) 0.8) X

SR ) 4 '7) ) 'C J——
Jubilee 1.66 - 0.15 0.85
3.32 - 0.00 1.00
SS42 1.66 - 0.09 0.91
3.32 - -0.02 1.02

* Nitrogen use efficiency
” Nitrogen uptake efficiency
* Nitrogen utilization efficiency

Partitioning coefficients (Section 3.2.4) wereused to further investigate the partitioning of N and’
DM in plants of Jubilee and SS42. Only DM partitioning to stems between R1 and R3 and N
partitioning to rachis between R3 and R4 were significantly influenced by N rate, therefore data

for all other tissues was pooled across N rates.

3.312 Dry matter and N partitioning between V3 and V6

Leaves were the dominant sink for both N and DM between V3 and V6, being partitioned over
60% of the available N and DM (Fig. 3.10). In comparison, stems were partitioned about 25%
of the available N and DM. Partitioning to stems and leaves was similar between the cultivars,
but roots of Jubilee were partitioned a significantly greater proportion of available DM than those
of SS42 (5% versus 11%). Roots of both cultivars were partitioned about 5% of the available
N.



Effect of nitrogen rate on dry matter and nitrogen partitioning in sweet corn 120

(@ a— P (o) &0

70|
70

60
60

50
50

3 w0l

g o0 3

=

S w0 w

8 &

43 Q

820 20 B

Bd

g =S

= 10 0 g

=4

2o | L] - o B

= z

g | ® @ 8

+ 70 I I I l * 1 <1

K5 70 &

[

g — g

g 60 3

£ 2

g 50| 3

[

A 40| =
3 30
20| 20
10 l'—' 10 .
o g o

stems roots leaves stems roots leaves

Fig. 3.10. Dry matter partitioning for (a) SS42 and (b) Jubilee and N partitioning for (c) SS42 and (d) Jubilee between V3 and
V6. Vertical bars represent the pooled standard error for each organ (n=24).

3.3.13 Dry matter and N partitioning between V6 and V12

Stems were the dominant DM sink between V6 and V12, being partitioned about 71% of
available DM (Figs. 3.11a and 3.11b). Leaves and roots were comparatively minor sinks being
partitionedabout 19% and 10% of available DM, respectively. Partitioning of DM to the various

organs was similar between the cultivars.
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SS42 partitioned 65% of available N to leaves between V6 and V12, twice the proportion
partitioned by Jubilee (Figs. 3.11c and 3.11d). Conversely, Jubilee partitioned 61% of available
N to stems, whereas SS42 partitioned 30%. Such different partitioning trends resulted in highly
significant cultivar differences for the partitioning of N to both stems and leaves. Roots of

Jubilee were partitioned a three-fold greater proportion of the available N than those of SS42.
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Fig. 3.11. Dry matter parsitioning for (a) SS42 and (b) Jubilee and N partitioning for (c) SS42 and (d) Jubilee between V6 and
V12. Vertical bars represent the pooled standard error for each organ (n=24).
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3.3.14 Dry matter and N partitioning between V12 and R1

Partitioning of N and DM to ears was detected between V12 and R1. During this period about
35% of available DM was partitioned to ears with a further 39% partitioned to stems (ﬁigs. 3.12a
and 3.12b). Stems and ears were also dominant N sinks, being partitioned 40 and 35% of the
available N, respectively (Figs. 3.12c and 3.12d). Roots and leaves were comparatively minor
sinks, being partitioned about 7 and 20% of the available N and DM, respectively. Partitioning

of both N and DM to the various organs was similar between SS42 and Jubilee.
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Fig. 3.12. Dry matter partitioning for (a) SS42 and (b) Jubilee and N partitioning for (c) SS42 and (d) Jubilee between V12 and
R1. Vertical bars represent the pooled standard error for each organ (n=24).
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3.3.15 Dry matter and N partitioning between R1 and R3

Jubilee partitioned DM to all organs between R1 and R3 (Fig. 3.13b). SS42 also partitioned DM
to all organs except leaves (Fig. 3.13a). Although SS42 remobilised DM from leave(s, cultivar
differences for this organ were not significant. Partitioning to stems, on the other hand, was
significantly different between the cultivars. SS42 partitioned 28% of available DM to stems,
while Jubilee partitioned only 11%. Partitioning of DM to stems was also significantly
influenced by N rate, increasing from 21 to 54% as N rate increased from O to 230 kg/ha. With
the exception of the shank, significant cultivar differences were recorded for partitioning of DM
to all ear fractions. SS42 partitioned 49% of available DM to husks, over twice the proportion
partitioned by Jubilee. In contrast, Jubilee partitioned 34% of available DM to kemels, twice the
proportion partitioned by SS42. Jubilee also partitioned a four-fold greater proportion of DM
torachis than SS42. Shanks of both cultivars were partitioned about 7% of the available DM and

roots about 0.2%.

Jubilee partitioned most N to kernels between R1 and R3 (Fig. 3.13d) while SS42 partitioned
most N to the husk (Fig. 3.13c). Jubilee also partitioned a significantly greater proportion of N
to both rachis and leaves. For both cultivars, partitioning to these sinks was associated with
remobilisation from the stem and roots. The proportion of N remobilised from the stem and roots
was similar between the cultivars. Both cultivars partitioned about 6% of the available N to

shanks within this period.



Effect of nitrogen rate on dry matter and nitrogen partitioning in sweet corn 124

50| (@ — OokgNha [i | © 75
115 kg N/ha
B 230 kg N/ha
- : 50
S v
= 5
[-1] Q
] 25 3
2 E
E =]
] e - g —— _-_ _..__.__. 0 ;’:
g NN s
g — z
2 N v ] O O
-~ =
-t
g .10 &
ot
= 50| (b @ % 9
z :
— [=%
g w0 | [ 1 I I I I =
=) ®
- 50 g
(.5 —— [=]
o 30 =3
=) =
g [‘] =~
ey Il, S/
& _ | W -l = W o
PRI w0 SN U6, S S | 25
i

stems roots leaves husk shank kernels rachis stems roots leaves husk shank kernels rachis
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3.3.16 Dry matter and N partitioning between R3 and R4

Kermels of both cultivars were partitioned about 78% of the available DM between R3 and R4
(Figs. 3.14a and 3.14b). In addition to partitioning DM to kernels, SS42 also partitioned large
proportions of DM to rachis and husks, significantly more than Jubilee. Compared to Jubilee,

SS42 partitioned a five-fold greater proportion of DM to rachis, and a 26-fold greater proportion
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to husks. Jubilee, on the other hand, partitioned a significantly greater proportion of DM to roots
than SS42. Whereas SS42 partitioned 0.1% of available DM to roots, Jubilee partitioned 3.7%.
Dry matter partitioning coefficients for stems, leaves, kernels, and the shank were similar

between the cultivars.

All organs except kernels and rachis of SS42 remobilised N between R3 and R4 (Figs. 3.14c and
3.14d). While largest proportions were remobilised from husks for SS42, largest proportions
were remobilised from stems for Jubilee. Although the proportion of N remobilised from stems
was similar between the cultivars, husks of SS42 remobilised a significantly greater proportion
(over four-fold) of N than those of Jubilee. A significant cultivar x N rate interaction was
recorded for the partitioning of N to rachis. This resulted from SS42 partitioning N to the rachis
while N was remobilised from rachis of Jubilee. Further, partitioning was significantly
influenced by N rate for SS42, but not for Jubilee. Aside from the rachis and husk, NPCs for all

organs were similar between the cultivars and not influenced by N rate.
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3.3.17

Source of DM and N within ontogenetic periods

In the absence of remobilisation of DM up to R1, DM was apparently sourced entirely from

current photoassimilate (cf. Figs. 3.10-3.12). However, remobilisation and current

photoassimilate were both sources of DM after R1. Between R1 and R3, current photoassimilate

accounted for 94% of the DM partitioned (Table 3.5), with remobilisation accounting for the
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remainder. While the proportion derived from current photoassimilate was similar between both
cultivars and N rates, significant N rate effects were detected for the quantity derived from
current photoassimilate. Compared to the control, the quantity derived from current
photoassimilate was 47% higher with 230 kg N/ha. Quantities remobilised were similar between

both the cultivars and N rates.

Table 3.5. Influence of cultivar and N rate on the quantities of DM derived from current
photoassimilate and remobilisation between R1 and R3.

N rate Quantity derived from  Quantity derived from Proportion derived

(kg/ha) remobilisation PS* from PS
---------------------- o0 o)1 | —— (%)

0 5.3 38.3 87.8

115 2.5 494 95.4

230 0.9 72.3 98.8

5% LSD 44 26.8 17.6

Significance levels

N rate NS * NS
Cultivar NS NS NS
Cultivar x N rate NS NS NS

NS, *, **_***; Nonsignificant or significant F test at Ps0.05, 0.01, 0.001, respectively.
¢ Quantity derived from current photoassimilate (PS).
» Data were pooled across cultivars.

Current photoassimilate was also the dominant source of DM between R3 and R4. Jubilee
derived 95% of total DM from current photoassimilate during this period, while SS42 derived
78% (Table 3.6). Although increasing soil N fertility did not influence the proportion of DM
derived from current photoassimilate, significant increases in the quantities remobilised were
detected for SS42. Remobilisation for SS42 increased 52% as N rate increased from O to 230 kg
N/ha. Averaged across N rates, Jubilee remobilisedabout 3 g'DM plant™’. This was significantly

less than the 14 g-plant™ remobilised by SS42. Despite the greater remobilisation by SS42, both
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cultivars derived similar quantities of DM from current photoassimilate. However, quantities
for Jubilee were significantly influenced by N rate, being 41 % higher with 230 kg N/ha than the

control.

Table 3.6. Influence of cultivar and N rate on the quantities of DM derived from current photoassimilate and
remobilisation between R3 and R4.

Cultivar N rate Quantity derived from Quantity derived from Proportion derived
(kg/ha) remobilisation PS* from PS
--------------------- gplant’ —-eeeeeeeeeeeeee (%)
Jubilee 0 1.2 39.9 97.1
115 3.1 63.4 95.5
230 5.5 675 92.4
SS42 0 10.2 48.0 82.5
115 10.8 57.3 84.1
230 214 46.2 68.3
5% LSD 5.8 13.3 10.7

Significance levels

N rate * * NS
Cultivar ** NS ok
Cultivar x N rate NS NS NS

NS, *, ** **x; Nonsignificant or significant F test at P<0.05, 0.01, 0,001, respectively.
¢ Quantity derived from current photoassimilate.

Up to R1, N was sourced entirely from newly assimilated N (cf. Figs. 3.10-3.12). Subsequent
to R1, the proportion of N derived from newly assimilated N declined to about 76% of the N
accumulated between R1 and R3 (Table 3.7). While cultivar differences were not detected for
the proportion of N derived from newly assimilated N, significant differences were observed for
quantities remobilised. In this regard, Jubilee remobilised 55% more N than SS42. Both

cultivars, on the other hand, sourced similar quantities of N from newly assimilated N, although
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significant increases were detected only for SS42, being 46% higher with 230 kg N/ha than the

control.

Table 3.7. Influence of cultivar and N rate on the quantities of endogenous N derived from newly assimilated
N and remobilisation between R1 and R3.

Cultivar N rate Quantity derived from  Quantity derived from Proportion derived
(kg/ha) remobilisation uptake from uptake
------------------- 117 o) Y | — (%)
Jubilee 0 353 599 62.9
115 338 662 66.2
230 209 815 79.7
SS842 0 156 564 78.3
115 21 555 77.1
230 94 1048 91.7
5% LSD 177 231 19.5

Significance levels

N rate NS * NS
Cultivar * NS NS
Cultivar x N rate NS NS NS

NS, *, ** *x*: Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively.

After R3, 72% of the N in plants of Jubilee was sourced from newly assimilated N (Table 3.8).
This proportion was significantly higher than the 42% recorded for SS42. While the proportion
of N derived from newly assimilated N differed significantly between the cultivars, the actual
quantities did not. Although the quantity of N derived from newly assimilated N was
significantly influenced by N rate, the effect was only significant for Jubilee. In this instance,
increasing N rate from O to 230 kg/ha increased the quantity derived from newly assimilated N

by 58%. A significant cultivar x N rate interaction was recorded for the quantity of N derived
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from remobilisation. Whereas the quantity remobilised for Jubilee increased significantly with

increasing N rate, the quantity remobilised for SS42 decreased with increasing N rate.

Table 3.8. Influence of cultivar and N rate on the quantities of endogenous N derived from newly assimilated N
and remobilisation between R3 and R4.

Cultivar N rate Quantity derived from  Quantity derived from Proporsion derived

(kg/ha) remobilisation uptake from uptake

--------------------- 11 1T:000) Y Y — (%)

Jubilee 0 185 369 66.6
115 183 750 80.4

230 404 921 69.6

SS42 0 682 285 29.5
115 469 305 39.4

230 428 597 58.2

5% LSD 99 361 14.4

Significance levels

N rate NS * NS
Cultivar ok NS ok
Cultivar x N rate *x NS NS

NS, *, ** =***. Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively.

3.3.18 Results from additional data analysis using data from Stone et al. (1998)

There was a 10% difference in the amount of solar radiation potentially available for the two
cultivars used in the current study (2065 MJ-m™ for Jubilee and 1850 MJ-m? for SS42), an
influence which was not quantified in this study. However, the magnitude of this difference can
be estimated using data from Stone et al. (1998) in conjunction with data from the current study.
Using regression analysis with dummy variables (Section 2.2.6) data were adjusted using the
variable leaf area. That is, maximum leaf area (which occurred at R1) was determined from

Stone et al. (1998) and then again with 10% less solar radiation. The proportionate difference
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in leaf area was then used as a basis to adjust data in the current study in conjunction with
regression analysis using dummy variables. In the case of Stone et al. (1998), 10% less incident
radiation corresponded to leaf area decreasing from 3.9 m™ per plant to 3.3 m™ per plant (i.e., a
16% reduction). Analysis was confined to DMPCs and NPCs from R1 onwards as fhese were

the most important variables.

Following data adjustment and re-analysis only the significance of one result was changed; N
partitioning to leaves between R1 and R2/R3. In this instance, both cultivars partitioned about
10% of available N to leaves. In the original data set Jubilee partitioned 18% of available N to
leaves with SS42 partitioning 3%. While partitioning of N and DM to other organs was also

reduced (at most 4%) the significance of cultivar differences was not altered.

34 Discussion

This study shows that kernel sink strength of Jubilee during early grain filling is significantly
greater than for SS42. Compared to SS42, kemel sink strength of Jubilee was two-fold greater
for DM and three-fold greater for N (Fig. 3.13). As aconsequence, kemnels of Jubilee contained
34% more DM than those of SS42 at R4 (Figs. 3.7a and 3.7b). The greater sink strength is
unlikely due to plants of Jubilee being significantly larger than those of SS42 (18% based on
DM; Figs. 3.1a and 3.1b) as partitioning coefficients, being standardised by the amount of DM
or N accumulated, eliminate such confounding influences. Anderson et al. (1984a) also
discounted plant size as a variable influencing N and DM partitioning to kernels. Thus, factors

other than plant size must be responsible for the greater kemnel sink strength of Jubilee.

Differences in the amount of radiation available to each hybrid (about 10% more for Jubilee) may
have contributed to the greater kernel sink strength of Jubilee. From this experiment there is no
way to quantify the extent to which these differences influenced results. However, using a data
set from Stone et al. (1988) (Section 3.3.18) and re-analysing data from the current study using
this data set, the influence of the 10% difference in radiation interception can be speculated.

Analysis revealed that both cultivars partitioned similar proportions of N to leaves between R 1
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and R2/R3. Aside from this result, the significance of cultivar differences remained unchanged.
Limited change may be due to several factors. It is possible that analysis was not sensitive
enoughto adequately determine cultivar differences. The only variable measured with ontogeny
in Stone et al.’s (1998) study data was leaf area. Therefore, only leaf DM in the current study
could be adjusted. By only adjusting this variable the effect of source strength (i.e., lower leaf
DM caused by less incident radiation being intercepted) on other plant fractions was not truly
accounted for. It is recognised that the quantity of DM partitioned to plant fractions is influenced
by incident radiation (e.g., leaves, stems, and ears; Cirilo and Andrade, 1994a). However, it is
not well understood how partitioning is altered for ear fractions with ontogeny under varying
degrees of incident radiation. Given that data adjustment generally did not alter the significance
of cultivar differences in the current study, yet it is possible that the confounding influence of
incident radiation levels between the cultivars may remain, only comparisons between the

cultivars where the difference is highly significant are discussed.

It is possible that kernel sink strength of Jubilee was higher than for SS42 between R1 and R3
due to plants of Jubilee being harvested at a more advanced ontogenetic stage; plants of SS42
were harvested at R2/R3, while those of Jubilee were harvested at R3 (Table 3.1). Harvesting
atanadvanced ontogenetic stage would have allowed kemels of Jubilee to accumulate more DM'
(Hanft et al., 1986; Johnson and Tanner, 1972). However, in comparing the GDD accumulated
from R1 to these ontogenetic stages, the difference between the cultivars is only 43 GDD (i.e.,
at most, four days; Fig. 2.1a). Hence, the influence of ontogenetic stage on partitioning

coefficients in this instance is likely negligible.

Tsai et al. (1978a) suggested that kernel sink strength was influenced by the level of zein in the
kernel. Observing that zein level was correlated (r=0.98) with endosperm DM, Tsai et al. (1980)
concluded that zein was associated with kernel DM accumulation, and hence, kernel sink
strength. Genetic mutations influence levels of zein and the accumulation of kernel DM (Boyer
and Shannon, 1984). As discussed above, Jubilee, carrying the sul mutation, contained 34%
more DM in kernels at R4 than SS42, a sh2 mutant (cf. Figs. 3.7aand 3.7b). Similar differences
between these endosperm mutants were reported by Dalby and Tsai (1975) and Tsai et al.

(1978a) who found that su/ mutants contained at least 47% more zein than sh2 mutants.
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Therefore, the greater accumulation of DM in kernels of Jubilee may result from increased sink

strength through greater zein accumulation.

Although kemels of Jubilee are speculated to have accumulated more zein than those of SS42
atbothR3 and R4, partitioning coefficients for the period R3 to R4 indicate that kernels of both
cultivars had a similar sink strength (Fig. 3.14). However, kermel sink strength for Jubilee was
significantly higher than for SS42 between R1 and R3 (Fig. 3.13). Such differences in kernel
sink strength between the cultivars may be explained by differences in the rate of zein synthesis,
as suggested by Tsai et al. (1984). One possible explanation is that zein synthesis in kernels of
Jubilee was initially morerapid than for SS42. Zein would have accumulated until physiological
mechanisms slowed transcription (Singletary and Below, 1989; Tollenaar and Daynard, 1978b)
which would therefore have allowed SS42 to accumulate similar proportions. This may explain
the similar sink strength of both cultivars between R3 and R4 (assuming sink strength is
dependent on the level of zein in the kemnel and not just an association). Misra et al. (1975b)
attributed reduced sink strength in an 02 mutant to delays in the onset of zein synthesis, along

with reduced total zein production.

If greater kernel sink strength of Jubilee gives rise to a greater quantity of kermel DM, it is.
interesting to consider why yields of Jubilee and SS42 in Chapter 2 were generally similar (e.g.,
cf. Figs. 2.9a and 2.16a). This similarity suggests that the results obtained in the current study
were not apparent in the first experiment. The most probable reason why these differences were
not manifested may result from the different procedures used. Whereas kernels were completely
removed from rachis in the current study, only kernels from harvestable ears were removed in
the previous study. Moreover, kemnels in the previous study were not completely removed as
they were cut from the rachis (Fig. 2.3). Yields of SS42 and Jubilee in Chapter 2 were not

directly comparable due to the ears being harvested at different SMCs (Section 2.2.5).

The general lack of hybrid response to N fertiliser in the current study was consistent with results
presented earlier (Section 2.3). As discussed (Section 2.4), the presence of 259 kg N/ha of soil
available N (Table 2.1) largely negated any influence of N fertiliser. Nevertheless, a few

significant effects of N rate were detected. Among these was a significant influence on total N
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and DM accumulation at R4 whereby DM and N contents were 21% higher with 230 kg N/ha
than the control (Figs. 3.1a and 3.1b). With either nil, or a limited response to N rate at earlier
ontogenetic stages, this result is consistent with soil N reserves becoming more depleted with
ontogeny. Thus, even though 259 kg N/ha was available to plants from the soil, the éignificant

response to N rate suggests that additional N was required during late ontogeny (Allison, 1984;

Tsaietal., 1991).

The requirement for additional N during late season growth is consistent with increased zein
accumulation in kernels. Zein is the only protein fraction in the endosperm which dramatically
responds to N supply (Tsai et al., 1980, 1983). Under N restriction, the endosperm of normal
maize genotypes produce only small amounts of zein, with non-zein protein unaffected (Tsai et
al., 1980, 1983). However, when plants are grown with high levels of N, zein is synthesised
preferentially (Frey, 1951; Keeney, 1970; Rendig and Broadbent, 1979; Sauberlich et al., 1953;
Schneider et al., 1952; Tsai et al., 1978a, 1980). Significant increases in total N and DM
contents at R4 are therefore consistent with kernels requiring N for zein production, and hence,
depleting soil N reserves. Significant increases in kernel N and DM content with N fertiliser at
R4 support this hypothesis (Fig. 3.7) as does the linear association between kernel DM content

at R4 and post-anthesis N uptake (Fig. 3.8).

With an apparently greater kernel sink strength, Jubilee was significantly more efficient than
SS42 at translating endogenous N into kernel DM (i.e., NUTE; Table 3.3). Jubilee was also
significantly more efficient at taking up fertiliser N (i.e., NUPE; Table 3.3). The greater
efficiency of Jubilee may be explained by its significantly larger root biomass. Compared to
SS42, roots of Jubilee contained 20% more DM than those of SS42 (cf. Figs. 3.4a and 3.4b).
With Eghball and Maranville’s (1993) study demonstrating that N uptake is partially determined
by the size of the root system, the larger root system of Jubilee (as determined by DM) would
have contributed to a greater NUPE. This is also consistent with Jackson et al.’s (1986)
suggestion that NUSE depends on the extent and size of the root system. The greater efficiency
of Jubilee at transferring endogenous N to kernels was consistent with kernels having a greater

sink strength during early grain filling, as discussed earlier. Together, the larger root system and
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the greater kernel sink strength resulted in Jubilee being 34% more efficient than SS42 at using

N fertiliser.

A distinction must be made here to clarify the ambiguous use of the word ‘efficiehcy’. The
observation that Jubilee is more efficient than SS42 at using N fertiliser contrasts my earlier
suggestion (Section 3.1) that SS42 is more efficient at using N fertiliser than Jubilee. In
Chapter 2 it was observed that yield and yield components of Jubilee responded positively to N
fertiliser, whereas those of SS42 did not (cf. Sections 2.3.1 and 2.3.2). Therefore, in one sense
SS42 is more efficient than Jubilee at using N fertiliser because maximum yield may be attained
at a lower rate of N. However, SS42 is less efficient than Jubilee at both taking up N and
translating fertiliser N into kernel DM (Table 3.3). Although both cultivars were similarly
efficient at these tasks with 230 kg N/ha, Jubilee was significantly more efficient at both tasks
with 115 kg N/ha (Table 3.3). Thus, under low N fertility conditions, kernel DM and hence,
yield of Jubilee will increase more rapidly in response to N fertiliser than SS42, in accord with

the hypothesis of Kamprath et al. (1982).

As N rate increased, NUSE for both cultivars declined significantly (Table 3.3). This trend,
consistent with studies on sweet corn and maize (Eichelberger et al., 1989; Kamprathetal., 1982;'
Moll et al., 1982a; Rhoads and Stanley, 1984; Sabata and Mason, 1992; Salardini et al., 1992;
Tsai et al., 1992) results from the quantity of kernel DM produced per unit of fertiliser N
decreasing as N rate increases. Consequently, the NUSE x N rate function would be expected
to be a declining exponential. Although the decreasing trend was consistent with these studies,
values of NUSE in the current study were notably lower (cf. Table 3.3 with Eichelberger et al.,
1989; Kamprath et al., 1982; Moll et al., 1982a; Sabataand Mason, 1992; Salardini et al., 1992;
Tsai et al., 1992). The lower values may result from sweet corn being harvested substantially
earlier than maize (R4 compared with R6). At R4, kernels have notreached their maximum DM
content (Hanft et al., 1986; Johnson and Tanner, 1972; Maddonni et al., 1998). Reduced DM
accumulation in kernels of endosperm mutants compared to wild types (Dalby and Tsai, 1975;
Doehlert and Kuo, 1994; Misraet al., 1972, 1975a; Tsai et al., 1983) may also have resulted in
lower NUSE values. Further, differences in the densities used (44,000 plants per hectare being

the highest density in these reported studies) may also have contributed to the lower NUSE
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values observed as grain yield per plant decreases with increased density (Andersonet al., 1984a,
1984b, 1985; Edmeades et al., 1979; Poneleit and Egli, 1979; Reed and Hageman, 1980;
Schrader, 1978; Tetio-Kagho and Gardner, 1988b). Despite NUSE values being lower,
proportionate decreases over similar ranges of N were comparable. For example, decreases
calculated from Salardini et al.’s (1992) study with Jubilee (48 %) were consistent with decreases
recorded for Jubilee (51%) and SS42 (47%), as were decreases calculated from Eichelberger et
al.’s (1989) study with maize.

The relative contribution of the two components, NUPE and NUTE, to variation in NUSE
differed notably among the N rates. With 115 kg N/ha, NUTE contributed to 85% of the
variability in NUSE and practically all the variability with 230 kg N/ha (Table 3.4). This trend
contrasts Moll et al.’s (1982a) study on maize where NUTE contributed 95% to variation in
NUSE with 56 kg N/ha, but only 17% with 224 kg N/ha. It similarly contradicts Moll et al.’s
(1987) study. On the other hand, this trend is consistent with studies on both sweet com
(Salardini et al., 1992) and maize (Kamprath et al., 1982; Lafitte and Edmeades, 1994a). It is

unclear why such discrepancy occurs between these studies.

Nitrogen uptake efficiency contributed 15% to variation in NUSE (Table 3.4), even with a’
potential 373 kg N/ha? available to plants from the soil. This finding suggests that both Jubilee
and SS4?2 are inefficient at N uptake. If these cultivars were efficient at N uptake then NUPE
would have contributed nil to variation in NUSE at such a high level of N fertility as root uptake

mechanisms would be saturated with N (Edwards and Barber, 1976).

To suggest that Jubilee is inefficient at N uptake contrasts my earlier statement in Section 3.1
regarding Salardini et al.’s (1992) study. Although they appear to have correctly concluded that
Jubilee is inefficient at N uptake, the process by which they reached this conclusion is dubious.
The assumption that Salardini et al. (1992) had to make when comparing their data with that of
Kamprath et al. (1982) was that levels of soil available N (i.e., residual and mineralizable N)

were similar. Asneither studyquantified mineralizable N levels, this assumptionis questionable.

? Sum of mineralizable-, residual- (Table 2.1), and ferslizer-N
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Moreover, with the proportions of variability in NUSE explained by NUTE for Jubilee being
similar between both the current and Salardini et al.’s (1992) study suggests that mineralizable
N levels in Salardini et al.’s (1992) study were high. Only if levels of soil available N in
Kamprath et al.’s (1982) study were low would the conclusion that Jubilee was inefficient at N

uptake be valid from comparing the two data sets.

Under the high N fertility conditions of the current study, NUSE was probably limited more by
the translation of endogenous N into kernel DM than by the uptake of N. This conclusion is
made because NUTE contributed most (> 85%) to variability in NUSE (Table 3.4). Realising
that the transfer of N to kemels within the plant appears to limit kermel DM accumulation,

discussion now focuses on source-sink relationships through ontogeny.

Leaves were the dominant sink between V3 and V6, being partitioned over 60% of the available
N and DM (Figs. 3.10a and 3.10b). This result is consistent with Simmons and Jones’s (1985)
and Thom and Watkin’s (1978) studies. The sink dominance of the leaves suggests that
establishing a photosynthetic source is a physiological priority. With photosynthesis vital for
seedling survival and growth (Kasperbauer and Karlen, 1994), over 50% of N in leaves is directly'
associated with chloroplasts (Hageman, 1986; Stocking and Ongun, 1962). Thus, expanding
leaves are strong sinks for both N and DM (Fig. 3.11; Cliquet et al., 1990b; Weiland and Ta,
1992). Roots, on the other hand, were comparatively minor sinks during this period, being
partitioned less than 15% of available N and DM, and continued to be a minor sink
(Figs. 3.11-3.14). While this result supports many studies (e.g., Anderson, 1987; Baligar, 1986;
Cliquetetal., 1990b; Mengeland Barber, 1974), it contrasts work by McCullough et al. (1994a).
With roots being partitioned 28-44% of newly reduced N between V4 and V12, McCullough et
al. (1994a) concluded roots were a large sink. However, as they grew plants in a solution culture,
partitioning may have been influenced by the growing method, therefore making results difficult

to compare.

Leaves continued to be a dominant sink for N between V6 and V12 (Figs. 3.11c and 3.11d),
presumably reflecting their continued expansion and development (Crawford et al., 1982; Rendig

and Crawford, 1985; Ta and Weiland, 1992). However, their sink strength for N between V12
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and R1 was considerably lower (atleast 38%) than between V6and V12 (cf. Figs. 3.11 and 3.12).
The decline in sink strength may be characteristic of the ontogenetic stage as maximum leaf area
had probably been reached (Allison, 1969; Hanway, 1962a; Muchow, 1988; Uhart and Andrade,
1995b). Attaining maximum leaf area would therefore be consistent with DM parti'tioning to

leaves essentially ceasing from R1 onwards (cf. Figs. 3.12-3.14).

Stems were the dominant DM sink between V6 and V12 (Figs. 3.11a and 3.11b). As stem
elongation begins at V6 and continues until V18 (Hanway, 1963; Ritchie and Hanway, 1984) the
large DMPCs for stems relative to leaves and roots during this period reflects the high sink
demand for photoassimilate by the growing stem. In addition to stems using photoassimilate for
growth, stems may also begin to store photoassimilate for remobilisation during grain filling
(Daynard et al., 1969; Hume and Campbell., 1972). Stems continued to elongate between V12
and R1, although their sink strength was only about half that between V6 and V12 (cf. Figs. 3.11
and 3.12). While this may be a consequence of stem elongation beginning to slow (Ritchie and
Hanway, 1984), it may also be due to increased competition from developing ears (Alofe and
Schrader, 1975). The appearance of ears between V12 and R1 coincided with DM partitioning
to stems declining from 71% to 38%. With ears being partitioned about 34% of available DM
between V12 and R1, they were strong sinks for DM. Nevertheless, stems appeared to remain'
strong sinks for DM between V12 and R1 (Fig. 3.12), consistent with other studies Alofe and
Schrader, 1975; Cliquet et al., 1990a; Daynard et al., 1969; Hume and Campbell, 1972; Simmons
and Jones, 1985; Treatand Tracy, 1994). Allisonetal. (1975b) considered that such competition
for DM by the stem did not affect ear size. However, an excessively strong stem sink may

restrict ear growth and be detrimental to grain filling (Setter and Meller, 1984; Tietz et al., 1981).

Stems were also a strong sink for N between V6 and R1 (Figs. 3.11 and 3.12). Such activity is
consistent with the stem storing N for remobilisation during grain filling (Below et al., 1981;
Setter and Meller, 1984; Ta and Weiland, 1992). Other studies have also reported stems to be
a dominant sink for N during this period (e.g., Beauchamp et al., 1976; Cliquet et al., 1990a;
Swank et al., 1982; Weiland, 1989b). However, NPCs in the current study, particularly during
early ontogeny, may be inflated. The inflated NPCs may have occurred from stem fractions

including leaf sheath of fullyexpanded leaves, and laminae of emerging leaves. Emerging leaves
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are generally allocated more N to increase their net assimilation rate (McCullough et al., 1994b)
and establish a photosynthetic source more quickly (Greef, 1994). Stem sink strength for both
N and DM may further have been over-represented between V12 and R1 as stem fractions
included the tassel. Reports of cessation of leaf initiation and axillary bud formatioh as tassel
formation begins (Bonnett, 1966) and increased grain yield when the tassel was removed at, or
prior to R1 (Chinwubaet al., 1961; Grogan, 1956; Hunter et al., 1 969; Mostut and Marais, 1982)
indicate that the tassel is a strong sink (Aluko and Fischer, 1987; Hume and Campbell, 1972).

Growth of ears and a consequent increase in sink strength was associated with marked decreases
in the partitioning of DM to the vegetative organs (cf. Figs. 3.12 and 3.13). Partitioning of DM
to vegetative organs further declined as ear sink strength increased between R3 and R4
(cf.Figs.3.13 and 3.14). Nevertheless, stems were continuously partitioned DM between R 1 and
R4, a trend consistent with studies on maize (Crawford et al., 1982; Daynard et al., 1969;
Friedrich and Schrader, 1979; Wolfe et al., 1988a). Aschanges instem DM during reproductive
growth are primarily due to changes in nonstructural carbohydrate content (Below et al., 1981;
Christensen et al., 1981; Setter and Meller, 1984), increases in stem DM largely reflect
photoassimilate not consumed in reproductive growth (Barnett and Pearce, 1983; Campbell,
1964; Hume and Campbell, 1972). This suggests that the photoassimilate supply between R1
and R4 was in excess of ear needs. Numerous studies with maize have suggested similarly
(Allison et al., 1975a; Below et al., 1981, 1984; Cliquet et al., 1990b; Hanway, 1962a, 1962b;
Hay et al., 1953; Prioul et al., 1990; Reed et al., 1988; Swank et al., 1982; Tollenaar, 1977).

In contrast to DM, N was remobilised from vegetative organs between R 1 and R4 (Figs. 3.13 and
3.14). Even if all the newly assimilated N was wanslocated to ears, remobilisation would still
have been required to satisfy their sink demand. Nitrogen was remobilised largely from stem and
husks. Similar findings with maize (Below et al., 1981; Daynard et al., 1969; Fairey and
Daynard, 1978b; Hayet al., 1953; Moutotetal., 1986; Palmeretal., 1973; Rendig and Crawford,
1985; Swank et al., 1982) suggest that aside from structural and protective roles, these organs
have an important role in storing N for remobilisation during grain filling (Cliquet et al., 1990b;
Friedrich and Schrader, 1979; Ta and Weiland, 1992). Further, remobilising N from shanks,

roots, and rachis supports the notion that these organs serve as conduits for temporary storage
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of reduced N (Below et al., 1981; Christensen et al., 1981; Cliquet et al., 1990b; Setter and
Meller, 1984; Uhart and Andrade, 1995b; Weiland, 1989a; Weiland and Ta, 1992).

Large remobilisation of N from vegetative organs for both cultivars between R1 and R4
(Figs. 3.13 and 3.14) suggests that the supply of newly reduced N was inadequate for ear needs.
As the rate of N uptake is dependent on the rate of photoassimilate supply to roots (Fujita et al.,
1994; Jackson et al., 1980, 1986; Pan et al., 1995) the limited supply of N may have resulted
from insufficient DM being partitioned to roots. As photoassimilate supply is dependent on the
photosynthetic rate and use by shoot processes, grain filling and root functions compete for
photoassimilate (Pan et al., 1986). Thus, the ability of Jubilee to partition DM to roots between
R3 and R4 (Fig. 3.14a) may explain the significantly higher post-anthesis N uptake observed for
this cultivar (Table 3.2). The sequential process of limited DM partitioning to roots followed by
decreased N uptake supports the proposed hypothesis (cf. Fig 3.13 with Table 3.7 and Fig. 3.14
with Table 3.8).

Low N uptake after anthesis has been hypothesised (Hageman, 1986; Swanketal., 1982)to place
greater demand on vegetative tissues to supply N. The observation that SS42 remobilised
significantly more N than Jubilee between R3 and R4 (Table 3.8) supports this hypothesis. In’
meeting the sinks requirements, N was remobilised predominantly from the stem, husks and
roots, as found in other studies (Cliquet et al., 1990a; McClung et al., 1990; Rendig and
Crawford, 1985; Weiland, 1989a; Weiland and Ta, 1992). Leaves were also identified as a
source of N for SS42 between R3 and R4 (Fig. 3.14c). In contrast, N was partitioned to leaves
of Jubilee during this period (Fig. 3.14d). Remobilising N from leaves, usually from chlorophyll
(Bouma, 1970; Morita, 1980), may decrease photosynthetic rates (Sinclair and deWit, 1976;
Swank et al., 1982). Therefore, the remobilisation of DM from leaves and shanks of SS42
between R3 and R4 (Fig. 3.14a) may be a consequence of decreased photosynthetic rates from
remobilising N from leaves. The photosynthetic ability of Jubilee, on the other hand, would
likely have been preserved as N was not remobilised from leaves (Fig. 3.14d) and may explain

why Jubilee did not remobilise DM from any organs between R3 and R4 (Fig. 3.14b).
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Limited photoassimilate partitioning to roots followed by reduced N uptake and increased
remobilisation of N from leaves may be the beginning of an inhibitory cycle. A cycle may
develop because remobilising N from leaves resulting in decreased photosynthetic rates would
further limit DM partitioning to roots. To what extent sink strength plays in this cyclé can only
be speculated in this study; particularly given the potentially conf ounding influences of radiation
level and possibly moisture stress (Section 2.2.4). Between R1 and R3, SS42 partitioned large
proportions of DM to both husks and stems, in contrast to Jubilee which partitioned most DM
directly into kernels (Figs. 3.13aand 3.13b). As partitioning DM to vegetative tissue and husks
reflects photoassimilate not consumed in reproductive growth (Below et al., 1981; Hume and
Campbell, 1972; Palmer et al., 1973; Wilson and Allison, 1978b; Wolfe et al., 1988a) excess
photoassimilate resulting from limited sink strength has the potential to decrease photosynthetic
rates through ‘feedback’ inhibition (Neales and Incoll, 1968). Although Jubilee also partitioned
DM to stems and husks, the proportion partitioned was significantly less than for SS42
(Figs. 3.13 and 3.14). The ability of Jubilee to partition DM to roots between R3 and R4 in

contrast to SS42 may reflect inhibited photosynthesis for SS42.

With the lower sink strength of SS42 during early grain filling implicated as an indirect cause
of reduced DM partitioning to roots, and resultant limited N uptake, the inhibitory cycle may help
explain the physiology of DM and N partitioning to kernels. Therefore, with the potential that
the inhibitory cycle offers to identifying ways to increase yield of SS42 and Jubilee, further

research on this cycle is warranted.



Chapter 4

Effects of nitrogen rate on yield

and yield components of sweet corn
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4.1 Introduction

Nitrogen commonly limits vegetative growth and grain yield in maize (Lemcoff and Loomis,
1986; Tsaietal., 1991; Welch, 1979). As aconsequence, applying N fertiliser onto séils of low
N fertility can dramatically increase yield (Iragavarapu et al., 1997; Jacobs and Pearson, 1991;
Muchow and Sinclair, 1995; Nunez and Kamprath, 1969; Roberts et al., 1980b; Sanchez et al.,
1989; Wienhold et al., 1995). In many instances, yield increases in the order of 4-11 t/ha are
achieved (Balko and Russell, 1980a; Fox; 1973; Lang et al., 1956; Sanmaneechai et al., 1984;
Steele et al., 1982) through increased weight and number of both primary and secondary ears
(Anderson et al., 1985; Krantz and Chandler, 1954; Salardini et al., 1992; Wong et al., 1995).
In contrast to these reports, yield of SS42 and Jubilee (to a lesser extent) in the previous study
(Chapter 2) generally did not increase in response to N fertiliser. Further investigation revealed
that the lack of response was probably due to having 259 kg/ha of N already available in the soil
at sowing (Table 2.1).

Sweet corn obtains N from three sources: N present in the soil at planting (residual N); N
mineralized during the growing season; and from N fertilisers (Steele et al., 1982). The
importance of these three sources of N for yield was recognised by Tsai et al. (1992) who,
suggested that when their combined levels are greater than 175 kg/ha grain yield would not
increase significantly with fertiliser N. A similar result was indicated in Chapter 2, as discussed
earlier. Such results highlight the importance of residual- and mineralizable-N for estimating
fertiliser N requirements (Roberts et al., 1980b; Stanford and Hanway, 1955; Stanford and Smith,
1972). Moreover, withreports that soils with a history of high N fertilization or cropped straight
from pasture may contain sufficient N for maximum yield, removing the need for supplementary
applications (Cumberland and Douglas, 1970; Olson and Kurtz, 1982; Roberts et al., 1980b), soil

analyses may prove highly cost effective.

Despite the apparent importance of mineralizable N for estimating fertiliser N requirements,
levels are not commonly measured for sweet corn production in Gisborne. This is due primarily
to a lack of knowledge among growers about mineralizable N and its importance to cropping.

Instead, growers generally rely on residual N tests and their own experience as a basis for
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estimating fertiliser N requirements (Steele, 1983; Steele et al., 1982). The consequence of
failing to account for mineralizable N levels is that some growers in Gisborne may be applying
excess fertiliser N (Steele, 1983). Excess fertiliser application not only reduces grower profit but
increases the potential for nitrate pollution of water supplies (Balko and Russell, 1 9805; Guillard

et al., 1995; Jokela, 1992; Jokela and Randall, 1989; Roth and Fox, 1990).

Increases in yield for Jubilee with N fertiliser (Fig. 2.11), despite high levels of soil available N
(259 kg/ha; Table 2.1) suggests that Jubilee requires more N for maximum yield than SS42.
Confirming this would have important ramifications for both the management of these cultivars
and grower profit. For example, the base N fertility of a site could potentially determine which
cultivar was planted there and the fertiliser regime for that crop. Furthermore, a lower

dependence on soil N fertility by SS42 would entail lower fertiliser and application costs.

Hybrid differences in the N requirement for maximum yield (e.g., Albus and Moraghan, 1995;
Czyzewicz and Below, 1994; Sabata and Mason, 1992; Thiraporn et al., 1987; Tsai et al., 1984,
1992) have been attributed to differences in both the utilization of N by kernels and kernel sink
strength (Chapter 3; Anderson et al., 1984b; Balko and Russell, 1980a; Smiciklas and Below,_
1990). Chapter 3 not only showed thatkernels of Jubilee had a significantly higher sink strength
for both N and DM during early grain filling than those of SS42 (Fig. 3.13) but that the greater
kernel sink strength contributed to Jubilee being significantly more efficient at sransferring N to
kemnels (Table 3.3). Further investigation of the efficiency with which kermels of Jubilee and

SS42 utilise N and their respective sink strengths is reserved for Chapters 5 and 6.

Although manipulating N rate may increase marketable yield of SS42 and Jubilee, their yield will
unlikely increase further unless their yield potential is increased. Thus if yield is to be increased
beyond manipulating fertiliser regimes, physiological barriers limiting yield must be identified
so breeders can select for the right atawibutes. Clues to the nature of these barriers can be found
by studying the association between yield and yield components (e.g., silk delay, stalk diameter,
tillers per plant), and how they adjust to swess. Understanding how these variables influence
yield under N swess conditions is further highlighted by the possibility that if growers are

applying excessive quantities of fertiliser, and recommendations state that such applications
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should be reduced, then the safety margin of high soil available levels will be reduced. As a

consequence, growers who apply less fertiliser would be operating closer to the verge of N stress.

Silk delay, which increases with increasing N stress (Anderson et al., 1984b), rhay be an
important yield determinant. Long delays may not only lead to barrenness (Hashemi-Dezfouli
and Herbert, 1992), but also to significant yield reductions (Edmeades et al., 1993). However,
little information exists on how silk delay for primary and secondary ears is influenced by N
supply. With silk delay suggested to reduce sink strength of secondary ears (Section 2.4), and
results of Chapter 3 indicating that excess photoassimilate inhibits N uptake, leading to reduced

sink strength of kernels, long delays may have important physiological consequences to yield.

Tillers were implicated as being an important yield determinant in the previous study (Chapter 2)
as positive correlations between tillers and kernel recoveries from both primary and secondary
ears (Table 2.7a) suggested tillers were a source of photoassimilate. With tiller number and stalk
diameter increasing with N (McClelland, 1928; Wu et al., 1993), N fertility may prolong their
ability to contribute photoassimilate. However, under low N fertility, tillers may be a sink for
photoassimilate as suggested by studies with barley and wheat (Gu and Marshall, 1988; Kirby
and Jones, 1977; Mohamed and Marshall, 1979). Hence, while tillers may be physiologica]ly-
important for yield at high N fertility levels, they may be a sink for N stressed plants. To my
knowledge no studies have been published which have investigated the association between

tillers and yield as influenced by N rate for sweet corn.

Yield by itself is not an important variable to growers of process sweet corn because it normally
contains ears considered waste by processors (Pickett, 1944) and such ears are deducted from
crop payments. Rather, marketable yield is more important. In particular, marketable cob and
marketable kernel yield are the most important variables as these are the processor’s saleable
products. Althoughitwas suggested in Chapter 2 that the density range of 69-77,000 plants per
hectare maximised marketable cob yield, the absence of measures of tip fill meant that it was not
possible to conclude whether all cobs produced within this “optimum” range were suitable for
‘whole-cob corn’, and hence, marketable cob yield. For whole-cob corn produced at Heinz

Wattie’s Gisborne factory, cobs must carry consistently mature kernels over at least 180 mm of
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length. Thus, 69-77,000 plants per hectare may not be the density range which maximises
marketable cob yield of Jubilee and SS42.

Confirming the finding that Jubilee requires more fertiliser N than SS42 would havelimportant
consequences for increasing grower profitability, particularly for SS42. Thus the first objective
of this experiment was to investigate the relationship between yield and N rate for SS42 and
Jubilee. The second objective was to examine the influence of yield components (e.g., tillers,
stalk diameter, silk delay) on ear weights at varying levels of N stress. The final objective was
to assess the suitability of primary and secondary ears for processing as whole-cob corn and

hence, their contribution to marketable cob yield.

4.2 Materials and methods

This experiment, located near Gisborne, New Zealand (longitude 178°, latitude 38.7°) began
during spring 1996. Twelve sites were initially chosen, with emphasis on selecting a site with
both low residual- and mineralizable-N. Three samples to 150 mm were taken from each site,
from which, levels of residual N were determined following the method of Keeney and Nelson'
(1982). On identifying three sites with low residual N, levels of mineralizable N (determined
using aerobic incubation for two weeks following the method of Craighead and Clark, 1989),
macro- and micro-nutrient levels, pH, CEC, and organic matter content were determined. A site

was selected based on this information.
4.2.1 Soil characteristics

The site chosen was a Waihirere heavy silt loam (Pullar, 1962) with a cropping history of
tomatoes and pasture. Sweet corn had been used as a rotational crop every 2-3 years. During
October 1996 the field was ploughed and disced to 150 mm. Immediately after sowing, soil in
each plot was sampled to a depth of 150 mm. Ammonium- and nitrate-N were extracted from
each sample using 2M KCl, as described by Keeney and Nelson (1982). Mineralizable N levels

were determined using aerobic incubation for two weeks following the method of Craighead and
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Clark (1989). The mineralizable N level and residual N level (i.e., ammonium- plus nitrate-N)
for each plot were used to explain some of the between-plot variation (i.e., analysis of
covariance; Section 4.2.6). A further nine samples were analysed for mineralizable N using
anaerobic incubation for two weeks (Craighead and Clark, 1989), after first being frozen (-18C)
for two months. Quantifying mineralizable N both aerobically and anaerobically permitted the
two methods to be compared. This was important as mineralizable N in Chapter 2 was quantified
using the anaerobic incubation method, whereas it was quantified using aerobic incubation in the
current study. Analysis (PROC TTEST; SAS Institute, 1989) confirmed that both incubation
methods gave similar estimates of mineralizable N levels, and therefore validated comparison
of N fertility levels between the two studies. Results of soil analyses (Table 4.1) were expressed
on an air-dried basis and converted tokg/ha following the method of Lemcoff and Loomis (1986)
(i.e., nutrient concentration (pg/g) x depth sampled (m) x bulk density' (g soil/cm®) x 10).
Chi-square analysis of nutrient levels for the field indicated that no nutrient gradients were

present.

! Soil correction factor (g/ml) was substituted for bulk density.
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Table 4.1. Summary of soil test results.

Nutrient kgrha?
Ammonium N 11.9 (1.04)
Nitrate N 26.7 (3.45)
Mineralizable N 53.5(1.75)
Phosphorous 62.8 (4.39)
Sulphate 43.9 (3.21)
meq/100g
Potassium (exchangeable) 0.35 (0.08)
Calcium (exchangeable) 22.5(1.11)
Magnesium (exchangeable) 1.09 (0.20)
Sodium (exchangeable) 0.15 (0.01)
Cation exchange capacity 32.1 (4.18)
pH 6.8 (0.21)
Organic matter (%) 3.31(0.74)

* Brackets represent SE (n=45)

4.2.2 Experimental design

The experiment comprised a randomized complete block design with three blocks. Nitrogen
rates were 0, 74, 115, 172, or 230 kg/ha. Each plot was 12 rows wide and 30 m long with the
outer three rows serving as guard plants (Douglas et al., 1982). Blocks were separated by 6 m
of plants with the experiment bounded on all four sides by a 24-row headland. Cultivars were

not included in the treatment structure due to the risk of cross-pollination between the genotypes.
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4.2.3 Crop management

On November 9 the field was sprayed with 2.7 kg atrazine/ha and harrowed. SS42, Jubilee, and
Furio’ (Zea mays ‘Furio’) were planted November 12, December 19, and J aﬁuary 10,
respectively, to a depth of 25 mm using a John Deere four-row finger planter. Seed was sown
at intervals of 188 mm in rows 760 mm wide to give a density of 70,000 plants per hectare.
Counter 20G® (terbufos) granules were soil-incorporated above the seed at 1.0 kg a.i./ha for
Argentine stem weevil (Listronotus bonariensis) control. No fertilizers were included at

planting.

Urea (46% N) was side-dressed at 0, 74, 115, 172, or 230 kg N/ha at V4, being applied
50-100 mm either side of the plant and incorporated to a depth of 50 mm. Control N treatments

were also cultivated. Weeds remaining after side-dressing were removed manually.

4.2.4 Growing degree days, rainfall distribution, and incident solar radiation
during ontogeny

Meteorological data were recorded 21 km from the experimental site at a NIWA station. From’

planting to harvest SS42, Jubilee, and Furio accumulated 1323, 1242, and 1253 GDD (base 6 C),

respectively (Fig. 4.1a). During this period, 258, 392, and 329 mm of rain fell for SS42, Jubilee,

and Furio, respectively (Fig. 4.1b). Further, SS42, Jubilee, and Furio were exposed to a total of

2362, 1925, and 1788 MJ-m™ of solar radiation, respectively.

7 Although not discussed in this chapter, cultural practices and environmental conditions for Furio are presented to avoid
repetition in Chapters 5 and 6.
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Fig. 4.1. Distribution of (a) growing degree days and (b) rainfall during the cropping period. Arrowsx, y, and z
indicate the date at which 50% of plants of SS42, Jubilee, and Furio, respectively had ‘silked’; February 1,
February 25, and March 20, respectively.

4.2.5 Pre- and post-harvest measurements

Twenty plants from each plot were labelled at the early stage of V6 to avoid possible bias in plant
selection at later ontogenetic stages. The date of anthesis and silking, the number of ears which
‘silked’, stalk diameter, the number of tillers, and lodging wererecorded for each of the 20 plants

as previously described in Section 2.2.5.
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Plots selected at random daily were used to assess seed moisture content (SMC). SS42 and
Jubilee were harvested when SMCs of primary ears were 74 (March 2) and 72% (April 1),
respectively, as set by processors. Ears were labelled according to position on the plan_t and were
hand harvested. Harvested ears were graded as either harvestable or non-harv;:stable; a
harvestable ear being either wider than 40 mm or longer than 150 mm (i.e., mechanically
harvestable; Davis, pers. comm.). Non-harvestable ears were discarded. Plants for which the
primary ear was discarded were classified as barren, while those for which the secondary ear was
discarded were classified as secondary ear barren. Procedures and data collection for harvestable
ears were as described in Section 2.2.5, with the exception of cob length. Rather than measuring
cob length from the butt of the cob to the tip, cob length was measured from the butt to the where
kernels were no longer marketable. Figure 2.30 is reproduced again (Fig. 4.2) to illustrate the

point of transition between marketable and non-marketable kerels.

Fig. 4.2. A secondary cob illustrarning the point at which kerneis are no longer marketable.
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4.2.6 Data analysis

Means for each plot were calculated and treatment effects analysed using ANOVA, with
regression analysis used to model trends. Regression models were selected based on biological
relevance, significance of coefficients at the 5% level, and reduction in RSS. Neither covariate
(i.e., mineralizable- or residual-N) explained a significant proportion of the between-plot
variation in any of the models. Chi-square analysis, logistic regression, and z-scores were also
used to analyse data. Assumptions and data preparation for these data analysis techniques were

described in Section 2.2.6.

Recoveries < 70 g were of unacceptable quality, consistent with the previous study
(Section 2.2.6). To determine whether the marketability criteria for rejecting ears and cobs in
this previous study were also appropriate for the current study, logistic regression analysis was
conducted with the explanatory variables cob length and cob weight. This analysis revealed that
cob weight was a good predictor of whether a cob was marketable or not but cob length was not.
This finding was consistent with the previous study (Section 2.4). Using simple linear
regression, cob and ear weights giving recoveries of 70 g were estimated. As both the estimates
and the variability of the predicted value were similar to the previous study, the marketability

criteria of Sections 2.3.1 and 2.3.2 were also used in the current study.

Non-linear regression

Many of the N rate x yield relationships were modelled using an exponential term to represent
an asymptotic tendency (Mitscherlich, 1909; Equation4.1). Where an asymptotic tendency was

not evident the square root quadratic model (Colwell, 1994, Equation 4.2) was used.

y=a+be ™ 4.1

y =a+ byx +cx 4.2)
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Where non-constant variance was detected, models were weighted by the inverse of the SEof the
mean for each N rate (Chatterjee and Price, 1991). Coefficients of determination for models with

more than two parameters were calculated using Equation 4.3.

2 -1 RSS
R, =1 - ?'I_ | gnaing
i (n—p TSS) (43)

where R?,,; is the adjusted coefficient of determination; n is the total degrees of freedom; p is the number
of parameters in the model; RSS and TSS are the residual and total sums of squares for the model,
respectively.

4.2.7 Commercial validation of the optimum density

In the same growing season an experiment was established to investigate the effect of density on
yield of SS42. The experiment comprised three unreplicated densities; 51,000, 68,350, or
96,610 plants per hectare. Seed was sown on November 14 over approximately 1 ha for each
density and the experiment was surrounded by a 24-row headland. The soil type was as
described in Section 2.2.1 with crop management and environmental conditions as described in-
Sections 4.2.3 and 4.2.4. Urea was incorporated at planting to supply 30 kg N/ha with a further
115 kg N/ha side-dressed at V5.

Each area was mechanically harvested using a Byron 8400 corn harvester with a Byron 1630c
six row header at 74% SMC (i.e., March 4). From the harvested bulk for each density, 40 ears
were randomly selected. Each ear was weighed, husked, and then re-weighed. Cobs < 164 g
were discarded (Section 2.3.1.4). Kemels were cut from the remaining cobs to give an estimated
recovery. Actual ear yields and kernel recoveries were determined from commercial harvesting

and processing.
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4.3 Results

4.3.1 Analysis of SS42 harvest data

Seed moisture content of kernels from primary and secondary ears at harvest were 74.3%
(SE 0.91) and 76.6% (SE 1.07), respectively, and were independent of treatment. Kernel loss

during processing was negligible.

4.3.1.1 Barrenness

Increasing N rate significantly decreased barrenness; 27% of plants were barren with the control
N treatment, increasing to 13% with 230 kg N/ha (Table 4.2). Those plants primary ear barren
were also secondary ear barren. However, the number of plants barren for the secondary ear were
not influenced by N rate. Pooled across N rates, 82% (SE 1.7) of plants were barren for the

secondary ear.

Table 4.2. Proportions of harvestable and non-harvestable primary ears of SS42 as affected by N rate.

Niwogen rate (kg/ha)

0 74 115 172 230 Total
Non-harvestable ears (%) 26.7 13.3 5.0 8.9 133 67.2
Harvestable ears (%) 73.3 86.7 95.0 91.1 86.7 432.8
Total 100.0 100.0 100.0 100.0 100.0 500.0

1 =13.6""

NS * =
s

, ™, "™ Nonsignificant or significant ¥* test at P < 0.05, 0.01, and 0.001, respectively.
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4.3.1.2 Harvestable ear yield

Maximum harvestable ear yield of 22.20 (SE 2.14) tonnes with 162 kg N/ha was significantly
higher than the 15.22 (SE 1.84) tonnes recorded for the control (Fig. 4.3a). However,‘almost all
of this yield increase was achieved between O and 74 kg N/ha. Thus, although yield was
maximised with 162 kg N/ha, yield of 21.46 (SE 2.03) tonnes with 74 kg N/ha was not

significantly different.

Yield of primary ears followed a similar trend to that of total yield (cf. Figs. 4.3a and 4.3b).
Maximum yield of 20.10 (SE 1.67) tonnes with 136 kg N/ha was significantly higher than the
13.04 (SE 1.51) tonnes recorded for the control, but was similarto the 21.51 (SE 1.61) tonnes with
74 kg N/ha. A difference of 2.11 tonnes between total yield and that of primary ears with
136 kg N/ha was consistent with the 2.14 tonne (SE 0.41) contribution by secondary ears.
However, unlike total yield or that of primary ears, yield of secondary ears was not influenced

by N rate.

As yield data were based on harvestable weights for the 20 plants in each plot, means calculated
may have included plants whose harvestable weight was nil (i.e., barren plants). Hence,’
inference regarding the distribution of weight of primary ears from Fig. 4.3b may be biased. To
avoid this bias, non-harvestable ears were treated as missing values. This enabled variability

between ears, and ear components to be examined.
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Fig. 4.3. Harvestable ear yield of SS42 as affected by N rate for (a) total and (b) primary ears. Data are the
means for each N rate and block. Fitted function for (a) is Y=15.22+1.10X°4-4.30x107?X (R?,,=0.68). Fitted
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4.3.1.3 Kernel recoveries

Kemel recoveries from primary ears increased 33% as N rate increased from O to 230 kg/ha
(Fig. 4.4). However, only the first increase in N rate significantly increased recoveries,
increasing from 100 g (SE 12.3) to 138 g (SE 13.0) as N rate increased from O to 74 kg N/ha.
Thus, recoveries of 148 g (SE 13.5) with 230 kg N/ha were of similar weight to those with
74 kg N/ha. Recoveries from secondary cobs, on the other hand, were not influenced by N rate.

Pooled across N rates, recoveries from secondary cobs were 43 g (SE 4.6).

Using the criteria that cobs giving recoveries < 70 g would be rejected by processors
(Section 4.2.6), an estimated 28% of primary cobs (SD 56.3)* for the control N treatment would
have been discarded. With recoveries increasing with N rate (Fig. 4.4), only 7% of cobs
(SD 48.9) for the 230 kg N/ha treatment would have been discarded. In contrast, the lower
recoveries from secondary cobs entailed that 89% would have been unacceptable for processing.
Examples of secondary cobs expected to give arecovery of 70 g, and hence ‘borderline’ forbeing

marketable are presented in Fig. 4.5.

3 Standard deviations refer to the distribution of kernel recoveries at the N rate under discussion.
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Fig. 4.4. Kemel recovery from primary ears of SS42 as affected by N rate. Data are the means for each N rate
and block. Fitted function is Y=148.4-48.84¢*" (R?,,=0.42).
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Fig. 4.5. Secondary cobs of SS42 borderline for being marketable. Each weighs 151 +3 g with an estimated
kernel recovery of 70 g.
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4.3.14 Harvestable ear and cob weights

Weight of primary ears increased 55 g as N rate increased to 74 kg N/ha, but only a further 8 g
between 74 and 230 kg N/ha (Fig. 4.6). Thus, while the first increase in N rate sighiﬁcantly
increased weight of primary ears, weights did not increase significantly with further increases.
Nevertheless, with 230 kg N/ha, primary ears weighed 318 g (SE 11.2), 64 g heavier than those
of the control N treatment (255 g (SE 10.1)). Weight of secondary ears were not influenced by

N rate, averaging 165 g (SE 8.6).

Similar results were observed for the weight of primary cobs (cf. Figs. 4.6 and 4.7). Between O
and 115 kg N/ha the weight of primary cobs increased 21%, but only a further 2% between 115
and 230 kg N/ha (Fig. 4.7). Thus, although primary cobs weighing 270 g (SE 11.2) for the
74 kg N/ha treatment were significantly heavier than the 220 g (SE 10.7) cobs of the control N
treatment, they were of similar weight to those of higher N treamments. Weight of secondary
cobs, on the other hand, were not influenced by N rate. Pooled across N rates, secondary cobs

weighed 113 g (SE 7.9).

Applying the marketability criteria of Section 2.3.1.4 (i.e., that primary ears, < 187 g, or
secondary ears, < 182 g would be discarded by processors) gave rejection rates similar to those
for kernel recoveries (Section 4.3.1.3), and hence are not reported. Rejections rates for cobs

using the marketability criteria of Section 2.3.1.4 were also similar, and hence also not reported.
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Fig. 4.6. Weight of primary ears of SS42 as affected by N rate. Data are the means for each N rate and block.
Fitted function is Y=317.7-63.13e %% (R?,,=0.81).
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Fig. 4.7. Weight of primary cobs of S542 as affected by N rate. Data are the means for each N rate and block.
Fitted function is Y=281.9-62.08¢%%* (R%,,=0.78).



Effects of nitrogen rate on yield and yield components of sweet corn 161

4.3.1.5 Marketable kernel yield

Highest marketable kernel yield was achieved with 230 kg N/ha (Fig. 4.8a). Yield of 9.75
(SE 1.11) tonnes with this N rate was 48% greater than the 5.10 (SE 1.05) tonnes recorded for the
control. Although yield was highest with 230 kg N/ha, yield of 8.80 (SE 1.16) tonnes with
74 kg N/ha was not significantly different.

Marketable kerel yield from primary ears followed a trend similar to that for total kernel yield
(cf. Figs. 4.8a and 4.8b). Although a significant yield increase of 3.61 tonnes was achieved
between O and 74 kg N/ha, yield did not increase significantly with further increases in N rate.
Similar trends for kernel recovery from primary ears and total kemel yield resulted from
secondary ears contributing only 0.21 (SE 0.08) tonnes to total yield. Kemel recovery from

secondary ears was not influenced by N rate.
4.3.1.6 Marketable cob yield

As N rate increased from O to 230 kg/ha, marketable cob yield increased 45% (Fig. 4.9a).
Despite yield with 230 kg N/ha being significantly higher than the 10.07 (SE 1.85) tonnes'
recorded for the control, yield of 16.24 (SE 2.04) tonnes with 74 kg N/ha was not significantly
different. Secondary cobs contributed only 0.61 tonnes (SE 0.15) to total yield and were
unaffected by N rate. Thus, primary cobs were the main constituent of total yield. Moreover,
yield of 17.46 (SE 1.84) tonnes of primary cobs with 230 kg N/ha was similar to the 15.68
(SE 1.92) tonnes recorded with 74 kg N/ha. Yield of 9.71 (SE 1.74) tonnes recorded for the
control N treatment, on the other hand, was significantly lower than the yields recorded with

higher N rates.
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Fig. 4.8. Marketable kemel yield of SS42 for (a) total and (b) primary ears as affected by N rate. Dataare the
means for each N rate and block. Fitted function for (a) is Y=5.10+0.59X**-1.90x102X (R%,=0.65). Fitted

100 150 200
Nitrogen rate (kg/ha)

function for (b) is Y=5.02+0.59X"5-1.93x10"X (R%,=0.64).

250



Effects of nitrogen rate on yield and yield components of sweet corn

163

Tonnes per ha

Tonnes per ha

Fig. 4.9. Marketable cob yield of SS42 for (a) total and (b) primary cobs as affected by N rate. Data are the
means for each N rate and block. Fitted function for (a) is Y=10.08+0.95X%-2.74x102X (Rz_”=0.62). Fitted
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function for (b) is Y=9.71+0.94X%-2.81x10?X (R%,;=0.64).
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4.3.2 Analysis of Jubilee harvest data

As only three secondary ears from a total of 300 plants met the criteria for being harvestable
(Section 4.2.5) only results for primary ears are presented. Notwithstanding the lack of data to
perform significance tests on secondary ears, all three ears were rejected when marketability

criteria were applied.

The SMC of kernels from primary ears was 72.1% (SE 0.80) and was not influenced by the N

treatments. As with SS42, kernel loss during processing was negligible.
4.3.2.1 Barrenness
Although barrenness was significantly influenced by N rate, similar numbers of plants were

barren with 230 kg N/ha as for the control (Table 4.3). While over 33% of plants were barren

for these treatments, less than 7% were barren with 74 kg N/ha.

Table 4.3. Proportions of harvestable and non-harvestable primary ears of Jubilee as affected by N rate.

Nitrogen rate (kg/ha)
0 74 115 172 230 Total
Non-harvestable ears (%) 333 6.7 8.3 25.0 39.7 113.0
Harvestable ears (%) 66.7 93.3 91.7 75.0 60.3 387.0
Total 100.0 100.0 100.0 100.0 100.0 500.0

¥ =30""

NS ** ™ Nonsignificant or significant y* test at P < 0.05, 0.01, and 0.001, respectively.
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4.3.2.2 Harvestable ear yield

With barrenness of over 30% recorded for both the control and 230 kg N/ha treatments compared
to 8% with 115 kg N/ha (Table 4.3), the yield response to N rate was parabolic (Fig. 4.10).
Maximum yield of 20.40 (SE 2.54) tonnes with 116 kg N/ha was 34% higher than with either 0
or 230 kg N/ha. While yield with N rates between 74 and 172 kg N/ha was similar to that with
116 kg N/ha, yield of 13.21 (SE2.61) and 13.43 (SE 2.95) tonnes for the control and 230 kg N/ha

treatments, respectively, was significantly lower.
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Fig. 4.10. Yield of primary ears of Jubilee as affected by N rate. Data are the means for each N rate and block.
Fitted function is Y=13.21+1.24x10"'X-5.35x10X? 2.,,=0.46).
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4.3.2.3 Kernel recoveries

Kemel recoveries from primary cobs increased from 111 g (SE 8.2) to 141 g (SE 8.9) per cob as
N rate increased from O to 230 kg N/ha (Fig. 4.11). While recoveries for the coﬁtrol were
significantly lower than with 230 kg N/ha, they were not significantly different from those with
74 kg N/ha (i.e., 137 g (SE 9.7)). Recoveries with 74 kg N/ha were of similar weight to those
with 230 kg N/ha.

When marketability criteria (i.e., that cobs giving recoveries < 70 g would be rejected;
Section 4.2.6) were applied to kernel recoveries, an estimated 12% of primary cobs (SD 46.5)*
would have been rejected with 230 kg N/ha. In comparison, about 22% would have been

discarded (SD 37.3) for the control.
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Fig. 4.11. Kernel recovery from primary ears of Jubilee as affected by N rate. Dataare the meansforeach N rate
and block. Fitted function is Y=141.4-30.41¢°"* (R?,,=0.52).

* Standard deviations in this and the next Section refer to the diswibution of the variable at the N rate under discussion.
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4.3.2.4 Harvestable ear and cob weights

Although weight of primary ears increased almost linearly between 0 and 230 kg N/ha, their
maximum weight was not identified in this study (Fig. 4.12). Nevertheless, primary.ears from
the 230 kg N/ha treatment weighed 334 g (SE 7.9), significantly heavierthan those of the control
(i.e., 269 g (SE 7.7)y and 74 kg N/ha (i.e., 297 g (SE 8.6)) treatments.

Weight of primary cobs followed a trend similar to that for ears in response to N rate
(cf. Figs. 4.12 and 4.13). Thus, although primary cobs were heaviest with 230 kg N/ha (287 g
(SE9.8)) their maximum weight was not identified in this study. Nevertheless, with 230 kg N/ha,
cobs were significantly heavier (23%) than those of the control N treatment (i.e., 221 g (SE9.5)).
While they were also significantly heavier than those with 74 kg N/ha, they were of similar

weight to those from higher N rates.

With primary ears < 187 g expected to give a recovery less than 70 g (Section 2.3.2.4), 18 % of
ears (SD 65.7) for the control N treatment would have been discarded. With ear weights
increasing with N rate (Fig. 4.12), only 2% of ears (SD 58.1) would have been discarded for the’
230 kg N/ha treatment. Similar results were observed for primary cobs. An estimated 22% of
primary cobs (SD 58.9) for the control N treatment would have been < 157 g, and hence, not
marketable. In comparison, fewer than 3% would not have met marketability criteria for the

230 kg N/ha treatment (SD 56.5).
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Fig. 4.12. Weight of primary ears of Jubilee as affected by N rate. Data are the means for each N rate and block.
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Fig.4.13. Weight of primary cobs of Jubilee as affected by N rate. Data are the means for each N rate and block.
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4.3.2.5 Marketable kernel yield

Marketable kernel yield increased as N rate increased to 114 kg/ha before declining (Fig. 4.14).
This parabolic response was similar to the response exhibited by ear yield (Fig. 4.i0). With
maximum kemnel yield of 8.48 (SE 1.07) tonnes recorded with 114 kg N/ha, yield was 50% higher
than the control, and 52% higher than with 230 kg N/ha. While these yield differences were
significant, the higher yields of 7.96 (SE 1.11) and 7.37 (SE 1.16) tonnes recorded with 74 and

172 kg N/ha, respectively, were not.

Tonnes per ha
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Fig. 4.14. Marketable kernel yield from primary ears of Jubilee as affected by N rate. Data are the means for
each N rate and block. Fitted function is Y=4.28+7.38x10?X-3.24x10"X? (R%4=0.71).
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4.3.2.6 Marketable cob yield

As with marketable kernel yield (Fig. 4.14), marketable cob yield also exhibited a parabolic
response to N rate (Fig. 4.15). Maximum yield of 16.35 (SE 1.94) tonnes with 118 kg'N/ha, was
43% higher than the 9.31 (SE 1.92) tonnes recorded for the control, and 38% higher than the
10.18 (SE 2.13) tonnes recorded with 230 kg N/ha. Yield for the 115 and 172 kg N/ha treatments,

on the other hand, was similar to that with 118 kg N/ha.
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Fig. 4.15. Yield of marketable primary cobs of Jubilee as affected by N rate. Data are the means for each N rate
and block. Fitted function is Y=9.31+1.19x10"X-5.03%10*X* (R%,;=0.62).
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4.3.3 Cob lengths of SS42 and Jubilee

Primary cobs of SS42 carried marketable kernels consistently over 195 mm (SE 7.2) of length
even with no added N fertiliser (Fig. 4.16). Adding N fertiliser significantly increased this
length, with primary cobs grown with 230 kg N/ha carrying marketable kernels consistent over
215 mm (SE 6.7). However, most of this 20 mm increase was achieved at lowest N rates. Thus,
while cob lengths with 74 kg N/ha were significantly greater than those of the control, they were

similar to those with higher rates of N.

Unlike SS42, length of primary cobs of Jubilee was not influenced by N rate, the pooled average
being 194 mm (SE 4.6). Similarly, length of secondary cobs of SS42 was not influenced by N

rate, averaging 133 mm (SE 12.5).
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Fig. 4.16. Effect of N rate on length of primary cobs of SS42. Data are the means for each N rate and block.
Fitted function is Y=215.6-20.40e %" (R?,4=0.76).
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4.3.4 Analysis of pre-harvest variables

Heavy rainfall and high winds at R2/R3 resulted in over 95% of Jubilee plants lodging. SS42,

on the other hand, having been harvested before the bad weather, had no incidences of lodging.

Lodging incidences were not significantly different among the N rates.

As with lodging, none of the pre-harvest variables were influenced by N rate. A summary of the

data for these variables is presented in Table 4.4.

Table 4.4. Means and standard errors for the pre-harvest variables of SS42 and Jubilee. (n=15).

Variable 5842 Jubilee
X SE X SE
Tillers per plant 1.7 0.05 2.1 0.06
Stalk diameter (tnm) 21.7 0.35 22.1 0.58
Number of ears which ‘silked’ 1.9 0.17 1.7 0.19
Silk delay; primary ear (days) 1.1 0.16 1.0 0.09
Silk delay; secondary ear (days) 3.0 0.27 43 0.20
4.3.5 Commercial validation of the optimum density

While ear and cob weights were influenced by density, yield and SMC were not (Table 4.5). As

cob and ear weights declined with density, fewer cobs met marketability criteria. Those cobs

discarded for the 51,000 plants per hectare treasment appeared to be secondary cobs, whereas at

96,610 plants per hectare the discards appeared to under-sized primary cobs. As fewest cobs

were discarded for the 68,350 plants per hectare treatment, highest estimated recovery was

observed for this density. This was supported by results of normal factory processing in which

highest recoveries were also with 68,350 plants per hectare.
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Table 4.5. Commercially important yield and yield components for SS42 as influenced by density.

Variable Plants per hectare

51,000 68,350 96,610
Yield (t/ha) 21.66 21.81 21.57
Seed moisture content (%) 76.3 77 76.9
Ear weight (g) 321 (11.8) 317 (8.0) 274 (10.0)
Cob weight (g) 261 (9.9) 269 (6.6) 231 (10.9)
Number of cobs < 164 g 3 0 8
Estimated recovery (%) 37.0(3.5) 422 (3.1) 41.0(3.4)
Actual recovery (%) 30.1 322 29.6

¢ Brackets represent SE (n=40)

4.4 Discussion

Nitrogen fertiliser almost doubled marketable cob and kernel yields in many instances (e.g.,
Figs. 4.8, 4.9, 4.14, and 4.15). Such large increases were consistent with the numerous studies
investigating the yield x N rate relationship for sweet corn (Dolan and Christopher, 1952; Fox,
1973; Roberts et al., 1980b; Rudert and Locascio, 1979; Salardini et al., 1992; Sanmaneechai
et al., 1984; Smith, 1984; Taber and Cox, 1983; Yodpetch and Bautista, 1984).

Although marketable cob yield increases in the order of 7-8 tonnes (Figs. 4.9a and 4.15) were
achieved with N fertiliser, the greatest response in this and many other instances, was with lowest
rates of N (Figs. 4.3-4.15). This trend, consistent with other studies on sweet corn and maize
(Sanmaneechai et al., 1984; Smith, 1984; Taberand Cox, 1983) was suggested by Donald (1963)
to result from N most limiting growth atlow N fertility. At higher fertility levels other factors
(e.g., moisture (Fulton, 1970)) limit yield. Thus, significant yield increases were achieved as N
rate increased to 74 kg/ha, but not with higher N rates. After taking account of the 92 kg N/ha

supplied by the soil (Table 4.1), maximum yield was attained with 166 kg N/ha. This result is
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consistent with the previous study (Chapter 2) in which 259 kg/ha of soil available N appeared
to mask the effect of N fertiliser. Combining the two year’s results suggests that maximum yield
may be achieved when soil available N is 213 kg N/ha (i.e., the average of the levels of N above
which no further significant response to N rate was recorded in the two studiesi This 1s
consistent with Tsai et al.”s (1992) suggestion that when soil available N is > 175 kg/ha, yield

response to fertiliser N will be limited.

Soil tests prior to planting aimed to select a site with low levels of soil available N. Despite
sampling to 150 mm, it is possible that roots extended below this depth. Penetrating deeper
would have enabled roots to extract N unaccounted for in sampling (Durieux et al., 1994; Gass
etal., 1971). Fox et al. (1953) reported roots to penetrate to 2.4 m in a sandy soil, while roots
in Linscott et al.”s (1962) study were found at 1.2 m in assilty clay loam. Equally plausible is the
hypothesis of Jenkinson et al. (1985) that fertilizer N may have stimulated mineralization of N
through a priming effect. While there may be many explanations for the limited response to N,
results of both the current and previous study (Chapter 2) strongly suggest that in the absence of
mineralizable N tests, some growers in Gisborne are applying fertilizer N in excess of crop
requirements. With the potential to increase grower profit and reduce ground water pollution_
through reducing fertiliser applications, further research to investigate the relationship between

soil available N and yield is warranted.

An objective of the current study was to compare the yield response of Jubilee and SS42 to N
rate. However, a high incidence of lodging for Jubilee (> 95%; Section 4.3.4) as well as different
incident radiation levels confounded results making it difficult to compare the cultivars. If
Jubilee was more sensitive to N rate than SS42, yield of SS42 would have plateaued (i.e., became
maximum) at a lower N rate than for Jubilee. This only occurred for ear and cob weights
(cf. Figs. 4.6 with 4.12 and 4.7 with 4.13). In these instances ear and cob weights of Jubilee
continued to increase, even with 230 kg N/ha, while they plateaued for SS42 at N rates greater
than 74 kg/ha. Although this evidence suggests that Jubilee requires more N for maximum yield
than SS42, it is not strong. However, results from both the current and previous studies
(Chapters 2 and 3) collectively suggest that yield of Jubilee is more responsive to soil N fertility
than that of SS42.



Effects of nitrogen rate on yield and yield components of sweet corn 175

In the numerous studies which have reported cultivar differences in the response to N rate (Dalby
and Tsai, 1975; Eghball and Maranville, 1991; Friedrich and Schrader, 1979; Pollmer et al.,
1979; Reed and Hageman, 1980; Smith, 1934; Tsai et al., 1978b, 1992) a common explanation
for such differences was a difference in sink strength of the cultivars. Chapter 3 confirmed that
kemels of Jubilee and SS42 differ in their sink strength not only for DM but also for N
(Fig. 3.13). Such higher sink strength may be attributed to Jubilee (su/ mutant) accumulating
significantly more zein (a hypothesised measure of sink strength; Russelleetal., 1983; Tsaietal,,
1978a, 1980) than SS42 (sh2 mutant). As zein synthesis dramatically responds to N supply
(Frey, 1951; Keeney, 1970; Rendig and Broadbent, 1979; Sauberlich et al., 1953; Schneider
et al., 1952; Tsai et al., 1978a, 1980, 1983), the differential response of Jubilee and SS42 to N
rate may reflect the higher demand for N. Further research would be required to verify this

hypothesis.

While yield data for SS42 correlate well with those of the previous study at the same density
{e.g., cf. Figs. 4.3 and 2.4) data for Jubilee do not. These inconsistent results for Jubilee are
likely due to there being fewer secondary ears of a harvestable size. Only 1% of secondary ears
were harvestable in the current study (Section 4.3.2) compared to 19% in the previous study
(Table 2.5). Although plants still carried secondary ears, they were too small for mechanical’

harvesting (i.e., they were less than 150 mm and less than 40 mm wide)”

Reduced size of secondary ears of Jubilee may be due to damage incurred from severe lodging
at R2/R3. Heavy rainfall combined with high winds resulted in over 95% of Jubilee plants
lodging. High incidences of lodging were reported in studies by Genter and Jones (1970) and
Robertson et al. (1968), but only those of Hume and Campbell (1972) and Krantz and Chandler
(1951) have reported lodging torestrictear development. Hume and Campbell (1972) attributed
such restricted ear growth to the physical damage to roots and leaves incurred during lodging.
While plants in the current study also exhibited similar damage, in laying almost parallel to the
ground, leaves on one side of the plant were almost completely shaded. With damage and
shading reducing the photosynthetic capacity of the plant (Andrade et al., 1993a; Cirilo and
Andrade, 1994; Early et al., 1967), as well as impairing other physiological processes (e.g.,
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nutrient and water uptake; Jackson et al., 1980; Lizaso and Ritchie, 1997; Yoshida, 1972) the

reduced size of secondary ears observed is likely the consequence.

While the size of secondary ears was reduced with lodging, the size of primary eafs was not
obviously affected. This observation is evidenced by the number of plants barren for the primary
ear generally being similar to that of the previous study (cf. Tables 4.2,4.3,2.2 and 2.4). With
levels of secondary ear barrenness notably higher (cf. Section 4.3.2.1 and Table 2.5), however,
suggests that stress is more likely to impact on the secondary ear than the primary ear. Other
workers concluding similarly (Jacobs and Pearson, 1991; Otegui, 1997; Tetio-Kagho and
Gardner, 1988b) suggested that ear priority for photoassimilate is in the order of ear
1 > ear 2 > ear 3 (Tetio-Kagho and Gardner, 1988a; Tollenaar, 1977). Consequently, reduced
size of secondary ears is attributed to the dominance of the primary ear (Bauman, 1960; Durieux
et al.,, 1993; Harris et al.,, 1976; Pinthus and Belcher, 1994; Prine, 1971) for attracting

photoassimilate under the stress conditions imposed by lodging.

The dominance of the primary ear for attracting photoassimilate may explain, in part, the longer
cob lengths observed for primary ears than secondary ears (Section 4.3.3). Whereas primary’
cobs, even for the control N treatment carried marketable kemnels over 180 mm of length (the
defining length for whole-cob corn), secondary cobs carried marketable kernels over only
130 mm. With primary cobs suitable for whole cob corn, yet secondary cobs were not, casts
doubt on whether the conclusion drawn in Chapter 2 that 69-77,000 plants per hectare is the

optimum density range for marketable cob yield.

Both primary and secondary cobs were longer than presented in Section 4.3.3. as nonmarketabie
kemnels were not included in the measurement. Nonmarketable kernels generally reflect kernels
that have aborted, the result of an inadequate photoassimilate supply (Early et al., 1967; Frey,
1981; Jones and Simmons, 1983; Reed et al., 1984, 1988; Schoper et al., 1982; Tollenaar and
Daynard, 1978a). Reed and Singletary (1989) suggest that while the photoassimilate supply
influences kernel abortion, the influence is indirect as it does not initiate the abortion process
(Tollenaar and Daynard, 1978b). Rather, studies with in vitro kernel culture (Hanft et al., 1988)

and on ears of field grown maize (Dill et al., 1987) have shown that ethylene induces kernel
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abortion. Since ethylene is generated in the ear when silks/ovules are pollinated (Dill et al.,
1987), ethylene may initiate abortion of slower growing kemels at the ear tip (Reed and
Singletary, 1989). Increased length of marketable kernels on primary cobs with N rate is
therefore consistent with these N treatments preserving the photosynthetic capacity (Gifford,
1987, Greef, 1994) and thus maintaining a high photoassimilate supply. Greater kernel abortion
for secondary ears than primary ears, on the other hand, is consistent with being less competitive

for photoassimilate as discussed earlier.

Levels of barrenness were generally consistent with the previous study, although the 172 and
230 kg N/ha treatments for Jubilee were an exception. Compared to the previous study
(Chapter 2) where 88% of plants carried a harvestable primary ear (Table 2.4), only 75% were
of a harvestable size for the 172 kg/ha treatment, and only 60% for the 230 kg N/ha treatment
(Table 4.3). In contrast, over 91% of plants in the 74 and 115 kg N/ha treatments carried a
harvestable ear (Table 4.3). The greater incidence of barrenness for these treatments may be
attributed to a greater susceptibility to, and increased damage fromlodging. Enhanced N fertility
is associated with heavier ears (Figs. 4.6 and 4.12; Durieux et al., 1993; Mack, 1972; Moss and
Mack, 1979), which tends to make plants ‘top heavy’, and thus more susceptible to lodging
(Below et al., 1984; Campbell, 1964; Krantz and Chandler, 1951). With the 172 and 230 kg
N/ha treatments likely being associated with heavier ears at R2/R3, plants in these treatments
(presumably those which were later deemed barren) may have made them more susceptible to
lodging. Moreover, damage to roots during the lodging process for these treatments may have
been more severe through more vigorous plant movement. A high incidence of barrenness for
the control N treatment of Jubilee (Table 4.3), on the other hand, was probably due to N stress

as found by Swank et al. (1982) rather than a direct effect of lodging.

Not only were the two highest N rates of Jubilee associated with greater barrenness but also
depressed yields. Examining Figs. 4.10, 4.14, and 4.15 may initially suggest that high N rates
caused a N toxicity, thereby inhibiting yield. However, a toxic effect would have reduced the
weight of primary ears, cobs, and kernel recoveries. As these yield components increased with
N rate (Figs. 4.11-4.13), the decreased yields observed for the 172 and 230 kg N/ha treatments

are attributed to greater damage from lodging leading to barrenness rather than N toxicity.
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Although ear and cob weights of Jubilee were consistent with the previous year’s results
(cf. Figs.4.12 with 2.13aand 4.13 with 2.14a), kemel recoveries from primary cobs were about
13% lower (cf. Figs. 4.11 and 2.12a). A lower recovery may have resulted from kemnels having
a lower sink strength. Sink strength, which appears to be associated with zein accﬁmulation
(Russelle et al., 1983; Tsai et al., 1978a, 1980), may have been reduced due to a limited supply
of N. With lodging damaging vascular bundles involved in the movement of absorbed nutrients
(Yoshida, 1972), the supply of N for zein accumulation (Rendig and Broadbent, 1979; Schneider
etal., 1952; Tsai et al., 1978a, 1980) may have been limited. Reduced zein accumulation may
also explain the lower biomass of secondary ears. Further research would be required to test this
hypothesis, however. As similar cumulative levels of incident radiation were received by Jubilee
in each of the two experiments differences in kemel recoveries were not attributed to this

variable.

The only yield variable for SS42 inconsistent with the previous study (Chapter 2) was kernel
recovery from secondary ears. Depending on N rate, recoveries were up to 45% lower
(cf. Section 4.3.1.3 and Fig. 2.5b), despite secondary ears and cobs being of similar weight with
the previous study (cf. Section 4.3.1.4 with Figs. 2.6b and 2.7b) and a greater amount (20%) of
solar radiation intercepted. Such low recoveries resulted in only 11% of secondary ears meeting
marketability criteria, four-fold fewer than the previous study (cf. Sections 4.3.1.3 and 2.3.1.3).
Lower recoveries in the current study may have resulted from moisture stress. Between R1 and
R4 only 41 mm of rain fell, with only S mm falling during the two weeks prior to R1 (Fig. 4.1b).
In contrast, 119 mm fell between R1 and R4 for SS42 in 1996, with a further 63 mm falling
during the week priorto R1 (Fig. 2.1b). The correlation between reduced water availability and
lower recoveries suggests that plants in the current study were moisture stressed between R1 and
R4. Moreover, with moisture stress imparting an effect primarily on kernels suggests they are
more sensitive to moisture stress than other ear components. Many workers have concluded that
R1 is the most sensitive stage for moisture stress because this is when embryo fertilization and
enlargement occur, both of which may be severely inhibited by moisture stress (Frederick et al.,
1990; Herrero and Johnson, 1981; Shaw, 1974; Westgate and Boyer, 1986). Inhibited
development leads to both reduced kernel number and biomass (Chotena et al., 1980; Claassen

and Shaw, 1970; Frederick et al., 1990; Harder et al., 1982; Schussler and Westgate, 1994;
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Thompson, 1988). However, with moisture stress reported to reduce the number of ears which
‘silk’ (Earley et al., 1974; Prine, 1971), yet the number of ears which silked was similar between
the two studies (cf. Table 4.4 and Fig. 2.22b) suggests that any moisture stress influenced
secondary ears during grain filling. Similarly, with silk delays for both primary and éecondary
ears of SS42 consistent with the previous study (cf. Table 4.4 with Fig. 2.20), despite reports that
silk delay increases with moisture stress (Barnes and Woolley, 1969; Bennett et al., 1989;
DuPlessis and Dijkhuis, 1967; Edmeades et al., 1993), further suggests that any moisture stress

influenced grain filling rather than kernel set.

Due to the lack of replication of the commercial trial, inference from this data is limited.
Nevertheless, data presented in Table 4.5 support the conclusion drawn in Chapter 2 that the
density range of 69-77,000 plants per hectare is optimum for marketable yield of cobs and
kemnels. Support comes from both the actual and estimated kernel recoveries being highest with
68,350 plants per hectare. Further, with all 40 ears sampled meeting marketability criteria at this
density indicates that marketable cob yield would also have been highest at this density. It also
suggests that processors may be advantaged through reduced waste and, perhaps, a more
consistent product. With kernels from secondary ears generally having a higher SMC than those
from primary ears, a greater consistency would arise from their lower contribution to total yield

within the 69-77,000 plants per hectare density range (Fig. 2.9).

This study has not only highlighted the need to further investigate the relationship between soil
available N and yield, but raised important questions regarding the physiology associated with
these responses. In particular, questions concerning sink strength in these genotypes and how
this relates to N and DM partitioning to kernels remain unanswered. By further investigating
source-sink relationships in these genotypes, hypotheses proposed in this discussion may be

further elucidated.



Chapter 5

Nitrogen and dry matter

partitioning in sweet corn
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5.1 Introduction

High economic yield of grain depends on efficient translocation of assimilates to kernels (Koch
et al., 1982). Thus, economic yield of a given corn genotype depends on sink size Aper plant,
photoassimilate supply, and efficient partitioning of N and DM to kernels (Anderson et al.,
1984a). Frequently, however, kernel sink strength for DM is limiting (Belowetal., 1981, 1984;
Cliquet et al., 1990b; Poneleitand Egli, 1979; Reed et al., 1988; Swank et al., 1982; Tollenaar,
1977). Such limitation is indicated by DM being partitioned to the stem and husks during
reproductive growth (Campbell, 1964; Fairey and Daynard, 1978a, 1978b; Hume and Campbell,
1972; Uhart and Andrade, 1995a; Wilson and Allison, 1978b). The observation that DM was
partitioned to the stem and husks of Jubilee and SS42 during reproductive growth (Chapter 3)
therefore indicates that kernel sink strength was limiting in these cultivars. Source strength for
newly assimilated N was also limiting for these cultivars. This conclusion was drawn from the
observation that during reproductive growth N was remobilised from vegetative organs.
Although numerous workers have reported similar source and sink limitations (Below et al.,
1981, 1984; Cliquetetal., 1990b; Hanway, 1962a, 1962b; Lemcoff and Loomis, 1986; Maddonni
et al., 1998; Poneleit and Egli, 1979; Reed et al., 1988; Swank et al., 1982; Tollenaar, 1977),'
most have considered the limitations as independent events. Chapter 3 provided evidence that
the two events may be linked through what was termed an inhibitory cycle. This cycle stems
from the premise that the reproductive organs (in particular, kernels and rachis) have a limited

capacity to accumulate photoassimilate during early grain filling.

Maximum leaf area in maize and sweet corn is reached around R1 (Alofe and Schrader, 1975;
Muchow, 1988; Uhart and Andrade, 1995b) and coincides with maximum carbon fixation (Prioul
etal., 1990). However, at this ontogenetic stage, the ear is a relatively weak sink (Edmeades and
Daynard, 1979a; Prioul et al., 1990; Setter and Meller, 1984; Schussler and Westgate, 1991a),
and hence unable to accumulate all the photoassimilate being produced (Tanaka and Yamaguchi,
1972). Although the excess is partitioned to stems and husks, these organs can only accumulate
a limited quantity before they become saturated. In Bamnett and Pearce’s (1983) study, stem
reserves were saturated in only 6-12 days after ear removal. When the stem and husks become

saturated, photoassimilate may accumulate in leaves (Farrar and Gunn, 1996; Thomas and
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Stoddart, 1980), causing feedback inhibition of photosyntheticenzymes (Neales and Incoll, 1968)
to reduce the supply of photoassimilate (Thomas and Stoddart, 1980). However, N assimilation
rate is dependent on the rate of photoassimilate supply toroots (Panetal., 1995). Thus, inhibited
photosynthesis reduces N uptake (Karlen et al.,, 1988; Wild and Breeze, 1981 ),. and as a
consequence, remobilisation of N is stimulated (Hageman, 1986; Reed et al., 1988). Excessive
remobilisation of N from leaves may impair photosynthetic activity (Hageman, 1986; Muchow,
1988; Sinclair and deWit, 1976; Swank et al., 1982), thereby restricting photoassimilate supply
for root and shoot functions including grain filling (Hageman, 1986). Hence, an inhibitorycycle

may evolve from the limited capacity of kemels and rachis to accumulate photoassimilate.

This proposed sequence of events is consistent with studies on sweet corn and maize (Fakorede
and Mock, 1978; Geiger, 1976; Huelsen, 1954; Koch et al., 1982; Tanaka and Yamaguchi, 1972;
Tollenaar, 1977; Treat and Tracy, 1994) as well as other crops (e.g., soybean (Clough et al.,
1981; Mondal et al., 1978) and barley (Natr et al., 1974)) which suggest that the production,
translocation, and partitioning of photoassimilate is influenced by the sink capacity of
reproductive organs. Koch et al. (1982) suggested that decreased translocation of
photoassimilate from leaves of endosperm mutants was due to starch accumulation (Geiger,
1979; Thorne and Koller, 1974) caused by an inadequate sink. Conversely, the low rate of starchF
accumulation and effective translocation out of source leaves of non-mutants was attributed to
their higher sink strength (Tripathy et al., 1972), consistent with Greenwood’s (1976) suggestion
that bigger sinks demand more assimilate. In Chapter 3 the greater kemnel sink strength of the
sul mutant was speculated to result from photosynthetic rates being less inhibited by excess

photoassimilate than for the sh2 mutant.

Sink strength is associated with the level of the kernel storage protein zein (Tsai et al., 1978a,
1980). The contention that the level of zein may influence kemnel sink strength is supported by
observations that kernels of zein deficient mutants accumulate significantly less DM than wild
types (Tsai et al., 1978b). In sul and sh2 mutants kernel DM contents were reported by Tsai et
al. (1978b) to be 27 and 57% lower than the wild type, respectively, corresponding to a 17 and

62% decrease in zein content, respectively.
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As sh2 and sul mutants substantially reduce zein content relative to their normal counterparts
(Dalby and Tsai, 1975; Ma and Nelson, 1975; Mertz et al., 1964; Misra et al., 1972, 1975a;
Nelson et al., 1965; Tsai et al.,, 1978b), they provide a valuable tool for elucidating the
physiology of source-sink relationships. As Koch et al. (1982) pointed out, there are several
advantages to using plants with mutations affecting sink metabolism. First, mechanical
manipulation of source or sink tissues is avoided, thus avoiding atypical changes in the hormonal
balance (Hew et al., 1967) or impaired phloem transport (Gersani et al., 1980). Second,
inhibitors are not used, thus avoiding other secondary effects (Wardlaw, 1980). Third, the sh2
mutation only affects the activity of ADP-glucose pyrophosphorylase in the endosperm (Preiss
et al., 1981) and does not affect activity in the embryo, or sporophytic generation (Koch et al.,
1982). For this reason, differences in photoassimilate partitioning for plants carrying the sh2
mutation would result from reduced zein and starch synthesis in the endosperm, rather than a
genetic change in the source leaf (Koch et al., 1982). While such localized activity has not been
confirmed for su/ mutants (Doehlert et al., 1993), localized activity was suggested in Treat and

Tracy’s (1994) study, and hence is assumed here.

Zein becomes increasingly abundant in the endosperm as soil N fertility increases (Rendig and
Broadbent, 1979; Schneider et al., 1952; Singletary and Below, 1989; Tsai et al., 1978a, 1980,.
1983, 1984; Wolfson and Shearer, 1981), and as a consequence, potential sink strength also
increases (Tsai et al., 1980, 1984). However, an excessively strong sink may be detrimental to
yield (Moll et al.,, 1994; Pan et al., 1984; Raper et al., 1978) because it reduces the
photoassimilate available for N assimilation. As the rate of N assimilation is dependent on the
rate of photoassimilate partitioning to roots (Pan et al., 1984) there is an inverse relationship
between reproductive sink size and the quantity of photoassimilate partitioned to roots (Pan et
al., 1995). Hence, N assimilation may be limited more by the amount of photoassimilate
partitioned to roots than the availability of N in the soil (Pan et al., 1984; Reed et al., 1988).
Allison (1984) showed that removal of laminae significantly reduced the photoassimilate supply

and resulted in significantly less N being assimilated.

As zein accumulation is dependent on N supply (Tsai et al., 1990), continued N uptake during

ear development is critical for maximising yield (Friedrich and Schrader, 1979; Moll et al.,
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1982a; Panet al., 1984). A deficiency of soil N, while restricting the amino acid supply for zein
accumulation (Tsai et al., 1990), may also cause a premature termination of photosynthesis to
affect kernel DM accumulation (Tsai et al., 1985). This termination may result from severe
proteolysis of leaf proteins as N is remobilised (Tsai et al., 1986), and as such, will begin earlier
under severe N deficiency (McClung et al., 1990; Weiland and Ta, 1992). Severe proteolysis
may even stimulate an early onset of senescence (Pan et al., 1984; Sinclair and DeWit, 1976;
Swanketal., 1982; Wolfeetal., 1988a). However, Hayetal. (1953) and Sayre (1948) found that
hybrids continued to remobilise N despite high soil N fertility. Such a response may be
consistent with the inverse relationship between reproductive sink size and the quantity of
photoassimilate partitioned to roots (Pan etal., 1995). Palmeret al. (1973) found that by partially
fertilizing the ear to reduce reproductive sink size that the translocation of photoassimilate to the
root was enhanced. Thus, while N assimilated prior to R1 may later comprise most of the N in
the ear (Anderson et al., 1984b; Crawford et al., 1982; Friedrich and Schrader, 1979; Pan et al.,
1984, 1986; Reed et al., 1980) continued N assimilation during grain filling is fundamental to

maximising yield.

The amount of corn grain produced per unit of fertiliser N depends not only on the accumulation
of fertiliser- and soil-N in the plant but also on the utilization of this N in producing grainﬁ
(Beauchamp et al., 1976; Pollmer et al., 1979). Together, these components determine how
efficiently fertiliser N is used to produce grain (Kamprath et al., 1982; Moll et al., 1982a) and
thus can be used to compare hybrids (Moll et al., 1987; Rhoads and Stanley, 1984). Chapter 3
demonstrated that Jubilee was significantly more efficient than SS42 at translating fertiliser N
into kemel DM. While a higher sink swength and a larger root system were implicated as being
responsible for Jubilee’s greater efficiency, the inhibitory cycle theory may offer an alternative
explanation. That is, the greater NUSE of a genotype may be a consequence of a higher uptake
efficiency through greater DM partitioning to roots for N acquisition. The objective of this study
was, therefore, to further elucidate the physiology of N and DM partitioning to kernels by
understanding the influence of N nusrition on the source-sink relationships of a sh2, sul, and a

normal maize genotype.
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5.2 Materials and methods

5.2.1 Cultural

Data presented in this chapter were derived from the experiment described previously
(Section 4.2). In addition, data from the maize cultivar Furio (Zea mays ‘Furio’), which has a
similar ontogeny to SS42 and Jubilee, were included. Furio was grown under the same
conditions as Jubilee and SS42 until R4 (72% SMC), the ontogenetic stage at which kemnels of

sweet corn are generally considered ‘too old’ for processing.

5.2.2 Plant sampling

Three plants from each of the 0, 115, and 230 kg N/ha plots were removed at sequential
ontogenetic stages (Table 5.1). Soil was shaken from roots and the remainder removed with
water. Plants were fractioned immediately after harvesting into laminae, stem (including leaf
sheaths and tassel), shank, husk, kernels, cobs, and roots. Roots were severed at the root crown.
Fractioned material was stored at -18 C. At three specified stages (Table 5.1), only ears were

harvested to permit a more detailed account of the ontogenetic changes in ear components.

5.2.3 Tissue analysis

Tissue was dried to constant weight in a forced air oven at 80 C. Dried cobs were fractioned into
kemnels and rachis. Tissue was weighed, sub-sampled, and a 15 g sub-sample ground to pass a
0.5 mm screen. The concentration of N in each fraction was determined from a 0.1 g sample

using the semi-micro Kjeldahl method (Bremner, 1960).
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Table 5.1. Relationship between accumulated GDD and ontogenetic stage.

SS42 Jubilee Furio
Ontogenetic Accumulated Ontogenetic Accumulated Ontogenetic Accumulated
stage GDD stage GDD stage GDD
V3 346 V4 412 V4 269
V7 530 v7 532 V7 464
Vi2 700 V13 727 Vi3 653
R1 877 R1 828 R1 846
R2: 939 R2? 956 R2 980
R2/R3 1061 R2/R3 1053 - -
R3* 1172 R3¢ 1187 R3* 1072
R4 1323 R4 1242 R4 1253

¢ Onlyears were harvested

5.2.4 Data analysis

Data for SS42, Jubilee, and Furio were combined to test genotypic differences. Pooling was'
possible because the cultivars were at a similar ontogenetic stage and GDD at each harvest
(Table 5.1). However, a missing harvest for Furio at R2/R3 meant that the data set was
incomplete. To achieve a complete data set, the harvest at R2 for Furio was reclassified as
R2/R3. Asreclassifying this harvest may have influenced results, data were analysed both with
and without this harvest. When pooling the data sets, data for each cultivar were standardized
to rate of N or DM accumulation per GDD. However, in doing this, genotypic differences
become confounded with differences in incident radiation levels (2362 MJ-m™ for SS42, 1925
MJ-m™ for Jubilee, and 1788 MJ-m? for Furio). To determine the effect of this confounding
influence, data were analysed using regression analysis with dummy variables as described in
Sections 2.2.6 and 3.3.18. In addition, both raw and standardized data were analysed as a
randomised complete block design (i.e., a factorial arrangement of three N rates and three
cultivars in three blocks) by ANOVA. Both raw and standardized data were analysed to check

whether differences in accumulated GDD influenced results. As analyses on raw and
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standardised data provided similar results only results from analysis of raw data are presented.
For ease of discussion, ontogenetic stages in Table 5.1 were classified as V3, V7, V13, R1, R2,

R2/R3, R3, and R4 for the pooled data set.

Nitrogen use efficiency components, partitioning coefficients, and the source of DM or N within
ontogenetic stages were calculated as previously described (Section 3.2.4). Partitioning
coefficients were only calculated for harvests where entire plants were harvested (Table 5.1).

Otherwise data analysis procedures were identical to those described in Section 3.2.4.

5.3 Results

5.3.1 Nitrogen use efficiency and component traits

Furio was significantly more efficient than both Jubilee and SS42 at using N fertiliser (Table
5.2). Compared to SS42, Furio was 49% more efficient at converting applied N into kernel DM,
and 23% more efficient than Jubilee. Jubilee was also significantly more efficient (34%) than
SS42 at using N fertiliser. As NUSE is a function of NUPE and NUTE, the greater efﬁciency'
of Furio was due to being both significantly more efficient at taking up N and translating this N
into kernel DM. Furio was about 27% more efficient than SS42 at each of these tasks.
Increasing N rate was, however, associated with significant declines in NUSE for all three
cultivars (Table 5.2). Averaged across cultivars, NUSE declined 36% as N rate increased from
115 (1.64 g-plant™) to 230 kg N/ha (3.28 g.plant™). This decline was due to a significant decrease
in uptake efficiency. Averaged across cultivars, plants in the 230 kg N/ha treatment took up
fertiliser N 43% less efficiently than those in the 115 kg N/ha treatment. Nitrogen rate did not

influence the efficiency with which endogenous N was translated in kernel DM.
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Table 5.2. Effect of N rate on N use efficiency and efficiency components for Jubilee, SS42, and Furio.

Source of variation NUSE: NUPE’ NUTE”*
P>F

Cultivar > * *

N rate > okk NS

Cultivar x N rate NS NS NS

Means N rate (g-plant™) NUSE NUPE NUTE

SS42 1.64 19.8 1.78 11.6
3.28 10.7 0.98 11.0

Jubilee 1.64 279 2.04 13.8
3.28 18.3 1.37 13.5

Furio 1.64 359 2.38 15.1
3.28 24.1 1.42 169

5% 1L.SD 5.6 0.28 3.8

NS, *, ** s Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively.
* Nitrogen use efficiency

¥ Niwogen uptake efficiency

* Nitrogen utilization efficiency

Variation in NUSE was due primarily to NUTE (Table 5.3), with the proportion of variability
explained by NUTE increasing as N rate increased. With 115 kg N/ha, NUTE explained about
79% of the variability in NUSE, but over 89% with 230 kg N/ha. Although SS42 and Jubilee
had a significantly lower NUSE than Furio (Table 5.2), the proportion of variability explained
by NUTE at each N rate was similar among the cultivars. The 230 kg N/ha treatment of SS42

was an exception, however, as NUTE explained all of the variability in NUSE.
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Table 5.3. Contribution of efficiency components to variation in N use efficiency for Jubilee, SS42, and

Furio.
Efficiency trait
Cultivar N rate NUSE* NUPE’ NUTE"
(g'plant’’} Y) ) (X2}
----------------------- YXYIYY?
Jubilee 1.64 - 0.21 0.79
3.38 - 0.11 0.89
SS42 1.64 - 0.19 0.81
3.38 - 0.00 1.00
Furio 1.64 - 0.24 0.76
3.38 - 0.11 0.89

* Nitrogen use efficiency
" Nitrogen uptake efficiency
* Nitrogen utilization efficiency

As N rate did not influence partitioning coefficients between R1 and R2/R3 or between R2/R3
and R4, data were pooled across N rates. Ontogenetic changes in the N and DM content of*
organs from which partitioning coefficients were calculated are presented later

(Sections 5.3.5-5.3.13).

5.3.2 Dry matter and N partitioning between R1 and R2/R3

All organs, except leaves of SS42, were sinks for DM between R1 and R2/R3 (Figs. 5.1a-c).
Although DM was remobilised from leaves of SS42, cultivar differences were not significant.
Significant cultivar differences were, however, observed for the partitioning of DM to all other
organs. Stems were the dominant sink for Furio, being partitioned about 50% of available DM.
This was a significantly higher proportion than partitioned by either Jubilee or SS42. With SS42
partitioning twice the proportion of DM to stems than Jubilee, this difference was also

significant. Husks were the dominant DM sink for SS42 being partitioned 38% of the available
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DM. This proportion was significantly greater than the 25% partitioned to those of Jubilee and
Furio. Jubilee partitioned a significantly greater proportion of DM to kernels than either SS42
or Furio. Both Jubilee and SS42 partitioned significantly more DM to shanks and rachis than
Furio. Compared to Furio which partitioned about 8 % of the available DM to rachis, SS42 and
Jubilee partitioned about 18%. Roots of both Jubilee and Furio were partitioned a significantly
greater proportion of DM than those of SS42. Whereas SS42 partitioned about 1.5% of the

available DM to roots, Jubilee and Furio partitioned about 5%.

The cultivars differed significantly in their partitioning of N to stems and leaves. Whereas SS42
and Jubilee remobilised N from leaves, Furio partitioned N to leaves (Figs. 5.1d-f), SS42 also
remobilised N from stems, which contrasted both Furio and Jubilee. Although all three cultivars
partitioned N to husks between R1 and R2/R3, husks of SS42 were partitioned a significantly
greater proportion of the available N. Husks of SS42 were partitioned about 53% of the available
N, compared to about 21% for Jubilee and Furio. Kernels were the only other organ for which
the partitioning of N differed significantly among the cultivars. While kernels of SS42 and
Jubilee were partitioned about 51% of the available N, those of Furio were partitioned about 16%
of the available N. Averaged across cultivars, roots, rachis and shanks were partitioned about

-3.3, 8.8, and 27% of the available N, respectively.
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Fig. 5.1. Dry matter partitioning for (a) SS42, (b) Jubilee, and (c) Furio, and N partitioning for (d) SS42, (e) Jubilee, and (f) Furio
between R1 and R2/R3. Vertical bars represent the pooled standard error for each organ (n=27).
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5.3.3 Dry matter and N partitioning between R2/R3 and R4

While kernels were the dominant sink for DM between R2/R3 and R4 (Fig. 5.2a-c) the cultivars
differed significantly in the proportions of DM partitioned to this organ. Whereas kernels of
SS42 and Jubilee were partitioned about 84% of the available DM, those of Furio were
partitioned 56%. Cultivar differences were also detected for DM partitioning to rachis, with
SS42 partitioning a significantly greater proportion to this organ than either Jubilee or Furio.
This high sink demand for SS42 was associated with greater remobilisation. Whereas Jubilee
and Furio partitioned DM to stems, SS42 remobilised DM from this organ. The cultivars also
differed for the partitioning of DM to roots. Unlike Furio which partitioned DM to roots, SS42
remobilised DM from this organ. Jubilee also remobilised DM from roots, although the
proportion (about 1 %) was not significantly different from either SS42 or Furio. Partitioning to

leaves and shanks was also similar among the cultivars.

Kemels were also the dominant sink for N between R2/R3 and R4, with similar proportions
(about 104 %°) partitioned forall three cultivars (Fig. 5.2d-f). Partitioningto all other organs with
the exception of shanks and stems was similar among the three cultivars. In contrast to SS42 and
Jubilee which remobilised about 33% of the N partitioned within this period from stems, Furio
neither partitioned nor remobilised N from this organ. A similar contrast was observed for

shanks.

* Figure exceeds 100% as kernels accumulated more N than was assimilated during this period.
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5.3.4 Source of DM and N within ontogenetic periods

Current photoassimilate accounted for about 96% of the DM partitioned between R1 and R2/R3,
irrespective of cultivar or N rate (Table 5.4). While the proportions were similar among the N
rates, the actual quantities were not. Plants in the 230 kg N/ha treatment derived almost twice
the quantity of DM from current photoassimilate as those of the control. Quantities of DM
remobilised during this period were similar among the cultivars and were not influenced by N

rate.

Table 5.4. Influence of cultivar and N rate on the quantities of DM derived from current photoassimilate and
remobilisation between Rl and RZ/R3.

N rate Quantity derived from Quantity derived from  Proportion derived from

(kg/ha) remobilisation PS§* PS
-------------------- [R5 11 gL (%)

0 LYy 327 94.5

115 1.7 29.1 94.5

230 1.3 57.9 97.8

5% LSD 24 18.2 9.6

Significance levels

N rate NS b NS
Cultivar NS NS NS
Cultivar x N rate NS NS NS

NS, *, **_ **x; Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively.
¢ Current photoassimilate.
¥ Data were pooled across cultivars.

There was an inverse relationship between the quantity of DM remobilised and the quantity
sourced from current photoassimilate between R2/R3 and R4 (Table 5.5). Generally, the higher
the quantity of DM sourced from photoassimilate, the lower the quantity remobilised. However,

only the quantities derived from current photoassimilate were significantly different among the
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cultivars. When quantities were standardised by plant size, Furio remobilised less than 1% of
DM during this period, compared to 16% for SS42. Jubilee remobilised a proportion similar to

both SS42 and Furio during this period.

Table 5.5. Influence of cultivar and N rate on the quantities of DM derived from current photoassimilate and
remobilisation between R2/R3 and R4.

Cultivar Quantity derived from Quantity derived from  Proportion derived from
remobilisation PS* PS
------------------- gplant”! —seeeeee (%)
S842 7.8 39.8 83.6
Jubilee 42 50.0 92.2
Furio 1.7 110.5 99.3
5% LSD 5.7 224 13.7

Significance levels -

N rate NS NS NS
Cultivar NS ko "
Cultivar x N rate NS NS NS

NS, », ae *»e

Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively.
¢ Current photoassimilate.
Y Data were pooled across N rates.

Newly assimilated N accounted for 91% of the N partitioned by Furio between R1 and R2/R3,
significantly more than the 69% for SS42 (Table 5.6). The proportion of N derived from
assimilation by Jubilee was similar to SS42 and Furio. Cultivars also differed for the quantity
of N derived from newly assimilated N. Pooled across N rates, Jubilee and Furio assimilated
51% and 59% more N than SS42, respectively. The quantity of N derived from newly
assimilated N also differed significantly among the N rates. Averaged across cultivars, 53%
more N was derived from newly assimilated N with 230 kg N/ha than the control. Quantities of

N remobilised were similar among cultivars and N rates.
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Table 5.6. Influence of cultivar and N rate on the quantities of endogenous N derived from newly assimilated N and
remobilisation between R1 and R2/R3.

Cultivar N rate Quantity derived from Quantity derived from Proportion derived
(kg/ha) remobilisation uptake fromuptake
----------------- mgeplant” eeeemeeeeeee (%)
SS42 0 180 324 64.3
115 172 361 67.7
230 153 451 74.7
Jubilee 0 125 533 81.0
115 95 303 76.1
230 4 1484 99.7
Furio 0 44 741 94.4
115 152 577 79.1
230 7 1450 99.5
5% LSD 111 390 20.5

Significance levels

N rate NS *ox NS
Cultivar NS * *
Cultivar x N rate NS NS NS

NS, *, **_=***. Nonsignificant or significant F testat P<0.05, 0.01, 0.001, respectively.

About 80% of the N partitioned between R2/R3 and R4 was from newly assimilated N (Table
5.7), regardless of cultivar or N rate. Quantities of N derived from remobilisation were also
similaramong the cultivars and N rates. Significantcultivar differences were, however, observed
for the quantities derived from newly assimilated N. Compared to SS42, Furio assimilated 50%

more N during this period. Jubilee assimilated similar proportions of N to SS42 and Furio.
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Table 5.7. Influence of cultivarand N rate on the quantities of endogenous N derived from newly assimilated
N and remobilisation between R2/R3 and R4.

Cultivar Quantity derived from Quantity derived from  Proportion derived from
remobilisation uptake uptake
------------------- mg-plant” ~---eemmeeeeeeen (%)

S842 265° 818 75.5

Jubilee 363 1129 75.6

Furio 243 1638 87.1

5% LSD 251 625 225

Significance levels

N rate NS NS NS
Cultivar NS * NS
Cultivar x N rate NS NS NS

NS, *, ** *** Nonsignificant or significant F test at P<0.05, 0.01, 0.001, respectively.
* Data were pooled across N rates.

5.3.5 Ontogenetic changes in total DM and N content

Dry matter accumulated in plants through ontogeny (Figs. 5.3a-c). Although the general pattern
of DM accumulation was similar among the three cultivars, significant differences were observed
from V7 onwards. At V7, SS42 contained significantly more (at least 60%) DM than either
Jubilee or Furio. A varied response to N rate by the three cultivars contributed to the significant
cultivar x N rate interactions observed at V13 and R1. At V13, Jubilee and SS42 contained
significantly more DM than Furio. Unlike Jubilee and SS42, however, DM contents for Furio
were not influenced by N rate. A similar contrast was observed at R1, but in this instance DM
contents of the three cultivars were similar. The three cultivars also contained similar quantities
of DM at R2/R3. At R4, on the other hand, Furio contained significantly more (at least 32%)
DM than either SS42 or Jubilee. Dry matter contents at both R2/R3 and R4 were significantly
increased by N rate, being about 28% higher with 230 kg N/ha than the control.
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The pattern of N accumulation through the experiment was similar to that for DM (cf. Figs. 5.3a-
c and 5.3d-f; r=0.79; P<0.001). Jubilee and SS42 contained similar quantities of N at V7, but
both contained significantly more N than Furio. A similar response was observed at V13,
although in this instance only Jubilee contained significantly more N than Furio. Significant
cultivar x N rate interactions were detected at both R1and R2/R3. AtR1, the N contents of both
Jubilee and SS42 were significantly increased with N fertiliser, while Furio showed no response.
Significant increases in N content for SS42 occurred at both 115 and 230 kg N/ha, while only the
230 kg N/ha treatment significantly increased the N contents of Jubilee. This response was
continued at R2/R3, although in this instance Furio exhibited a similar response to Jubilee.
While the three cultivars contained similar quantities of N at R2/R3, significant differences were
detected at R4. At this ontogenetic stage, both Jubilee and Furio contained at least 27% more
N than SS42. The N contents at R4 were also significantly enhanced with N fertiliser, being

about 32% higher (averaged across cultivars) with 230 kg N/ha than the control.

5.3.6 Pre- and post-anthesis DM and N accumulation

Both pre-anthesis N and DM accumulation for SS42 and Jubilee increased with N rate (Table'
5.8). For Furio, on the other hand, greatest accumulations occurred with 115 kg N/ha. Such
varying response to N rate by the three cultivars for both pre-anthesis N and DM accumulation

resulted in significant cultivar x N rate interactions.

Accumulation of both N and DM during the post-anthesis period differed significantly among
the cultivars (Table 5.8). In both instances Furio accumulated significantly more N and DM than
either SS42 or Jubilee. While SS42 and Jubilee accumulated similar quantities of DM during
the post-anthesis period, Jubilee accumulated significantly more N (about 37%) during this
period. Nitrogenratealso increased post-anthesis N and DM accumulation forall three cultivars,

increasing 39% and 34%, respectively as N rate increased from O to 230 kg N/ha.
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Table 5.8. Effect of N rate on pre- and post-anthesis DM and N accumulation for Jubilee, SS42, and Furio.

N rate DM accumulated (g-plant™) N accumulated (mg-plant™)
Cultivar (kg/ha) pre-anthesis post-anthesis pre-anthesis post-anthesis
Jubilee 0 62 76 1522 1492
115 68 78 1597 1793
230 88 112 2115 2421
SS42 0 62 54 1000 735
115 82 67 1654 1307
230 83 90 1692 1548
Furio 0 76 132 1534 2141
115 80 155 1596 2350
230 74 196 1519 3191
5% LSD 8.3 20 212 479
Significance levels
Cultivar NS ok * ek
N rate *% ok o ok
Cultivar x N rate * NS * NS

NS, *, ** *x* Nonsignificant or significant F test at P<0.08§, 0.01, 0.001, respectively.

Pre-anthesis DM accumulation was highly correlated with pre-anthesis N uptake (r=0.77;
P<0.001), but not with post-anthesis N uptake. Similarly, post-anthesis DM accumulation was
highly correlated with post-anthesis N uptake (r=0.86; P<0.001), but not with pre-anthesis N

accumulation.
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5.3.7 Ontogenetic changesin DM, N concentration, and N content of stems

There was a sigmoidal increment in stem DM accumulation (Figs. 5.4a-c). Although DM
contents were similar among the cultivars at V3, significant differences were observed at V7.
By this stage, stems of SS42 contained similar quantities of DM to Jubilee, but 64% more DM
than those of Furio. The cultivars differed in their response to N rate at both V13 and R1. At
V13, stems of Jubilee and SS42 contained significantly more DM than those of Furio, but only
for Jubilee were the DM contents significantly increased with N fertiliser. At R1, the DM
contents of both SS42 and Jubilee increased with N rate, unlike Furio. Additionally, DM
contents for Furio were significantly higher than for Jubilee, but similar to SS42. AtR2/R3and
R4, stems of Furio contained significantly more DM than either SS42 or Jubilee. Dry matter
contents at R2/R3 and R4 were also significantly influenced by N rate with stems in the 230 kg

N/ha treatment containing at least 25% more DM than those of the control.

The concentration of N in stems generally declined with ontogeny before plateauing around
8-12mg-g DM at R2/R3 (Figs. 5.4d-f). Despite the three cultivars exhibiting a similar response,
significant differences were detected at several stages during ontogeny. The first was at V13
whereby stems of Furio contained a significantly higher concentration of N than either J ubilee‘
or SS42. Further, at this ontogenetic stage Furio was the only cultivar which responded to N rate.
Varying response to N rate among the cultivars was also observed at R2/R3 and R4. At R2/R3,
stems of SS42 contained a significantly higher concentration of N than either Furio or Jubilee,
but only for Jubilee were concentrations significantlyimproved with N fertiliser. At R4, Jubilee
had highest concentrations of N, significantly higher than SS42. At this ontogenetic stage,
concentrations for Jubilee with 115 kg N/ha were significantly higher than the either the control
or 230 kg N/ha treatments. For SS42, on the other hand, the 230 kg N/ha treatment resulted in

a significantly higher concentration than the control.

The N content of stems increased to R1, plateaued to R2/R3, then either declined (Jubilee and
SS42; Figs. 5.4g and 5.4h) or remained constant (Furio; Fig. 5.4i) between R2/R3 and R4.
Significant cultivar differences were detected at all ontogenetic stages except V3andR1. At V7,

stems of SS42 contained significantly more N than those of either Jubilee or Furio. Varied
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response to N rate by the three cultivars was observed at V13. Unlike SS42 where N contents
were significantly higher with 115 or 230 kg N/ha, only the 230 kg N/ha significantly increased
the N concentration of Jubilee. The N concentration for Furio in the 115 kg N/ha treatment, on
the other hand, was significantly lowerthan both the control and 230 kg N/ha treatments. Similar
responses were observed at R2/R3 and R4. At each of these ontogenetic stages, both Jubilee and

Furio contained significantly more N than SS42.

Dry matter content was positively correlated with N content (r=0.78; P<0.001), but negatively
correlated with N concentration (-0.79; P<0.001). Nitrogen content was only moderately

associated with N concentration (r=0.61; P<0.01).
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5.3.8 Ontogenetic changes in DM, N concentration, and N content of roots

While roots of Jubilee and Furio accumulated DM with a sigmoidal pattern (Figs. 5.5b and 5.5¢),
those of SS42 accumulated DM with a curvilinear pattern (Figs. 5.5a). Significant cultivar
differences for the quantity of DM accumulated were detected from V7 onwards. At V7, roots
of SS42 contained significantly more DM than those of either Furio or Jubilee. A similar
response was observed at V 13, although by this stage roots of Jubilee also contained significantly
more DM than those of Furio. Dry matter contents at V13 also differed significantly among the
N rates, being 21% higher with 230 kg N/ha than the control. As roots of Furio continued to
accumulate DM between R1 and R4 unlike either SS42 or Jubilee, they contained significantly
more DM at R1 and subsequent ontogenetic stages. At R4, roots of Furio contained about 53%
more DM than those of either SS42 or Jubilee. Roots of SS42 and Jubilee contained similar
quantities of DM between R1 and R4. Further significant increases in the DM content of roots
with N fertiliser were recorded at both R2/R3 and R4. At R2/R3, DM contents were 55% higher
with 230 kg N/ha than the control, and 28% higher at R4.

The N concentration in roots generally declined with ontogeny (Figs. 5.5d-f). Only at V7 and
R1 were the concentrations significantly different among the cultivars. Furio had highest,
concentrations at V7. AtR1, the N concentration of Jubilee was highest, being 35% higher than
either SS42 or Furio. At R4, roots of the three cultivars contained N at a concentration of

12 mg-g DM, Nitrogen concentrations were similaramong the N rates at all ontogenetic stages.

Roots of the three cultivars contained similar quantities of N at all ontogenetic stages except R4
(Figs. 5.5g-1). At this ontogenetic stage, roots of Furio contained over twice the quantity of N
as those of either Jubilee or SS42. Increasing N rate significantly increased the N content of
roots at both R2/R3 and R4. Averaged across cultivars, the N content of roots at each of these

ontogenetic stages was 50% higher with 230 kg N/ha than the conwsrol.

Despite a highly significant correlation, the N content of roots was only weakly associated with
N concentration (r=-0.25; P<0.002). In contrast, DM content was highly correlated with N

content (r=0.78; P<0.001), but negatively associated with N concentration (r=-0.59; P<0.001).



V3 V7 vi2z R1 R2/R3 R4 V4 V7 V13 R1 R2/R3 R4 V4 v1 V13 R1 R2 R4
R R l
| (@) © = 0kgNha (b) (c) Lo -8 18
) g il | .- .

(. juerd-8) wgdtam L1

1

Dry weight (g.plant™™}

(d) te) 40
35

30

(z NG 8N 8w) uonzerymaouos N

N concentration (mg N.g DM*)
-3

&L
250 | (g) h) i) . 3 250

N z

5 208 200 g
g g
'é" 160 150 o
L) .a pig
ey a - mB;
g 1o PO 100 %3
5 e =
a7 a Ra) =,
Z s Al 9\0 50 .

,/
o
100 500 [T 1000 1200 a0 800 806 1000 1280 106 300 %00 1060 1200 e
Accumulated GDD Accumulated GDD Accumulated GDD

Fig. 5.5. Effect of N rate on DM accumulation in roots o f (a) SS42, (b) Jubilee, and (c) Furio, N concentration in roots o f (d) SS42, (e) Jubilee, and (f) Furio, and
N accumulation in roots of (g) SS42, (h) Jubilee, and (i) Furio. Vertical bars represent the pooled standard error for each harvest (n=27).

U200 392MS u1 Suruonnaod tayvu ip puv ud30411p

S0¢




Nitrogen and dry matter partitioning in sweet corn 206

5.3.9 Ontogenetic changes in DM, N concentration, and N content of leaves

Leaves of both Jubilee and Furio accumulated DM with a sigmoidal pattern (Figs. 5.6b and 5.6¢).
While DM accumulation in leaves of SS42 followed a similar pattern, the relationship was more
curvilinear (Fig. 5.6a). Leaves of Jubilee contained significantly more DM than those of either
SS42 or Furio at V3. At V7, however, leaves of Jubilee contained similar quantities to those of
SS42, but only leaves of SS42 contained significantly more (60%) DM than those of Furio. At
V13, leaves of Jubilee contained greatest quantities of DM, significantly more than Furio, but
similar to SS42. While the DM content of leaves was similar among the three cultivars at both
R1and R2/R3, leaves of Furiocontained significantly more DM at R4. Atthisontogeneticstage,
leaves of Furio contained 28% more DM than those of SS42, but quantities similar to Jubilee.
Significant increases in leaf DM were achieved with N fertiliser at all ontogenetic stages except
V3 and R1. Depending on ontogenetic stage, increasing N rate from O to 230 kg/ha increased

DM contents 23-31%.

As with roots and stems, the N concentration in leaves declined with ontogeny (Figs. 5.6d-f).
At V3, leaves of Furio and SS42 contained similar concentrations and these concentrations were
significantly higher than for Jubilee. Concentrations for Jubilee increased between V3 and V7
such that at V7, leaves of Jubilee contained significantly more N than SS42. Significant cultivar
differences were also observed at V13. At this ontogenetic stage, leaves of Furio contained
highest concentrations of N, 16% higher than SS42. AtR1 and later ontogenetic stages, leaves
of the three cultivars contained N at similar concentrations. Nitrogen rate did not influence N

concentrations at any ontogenetic stage.

Increases in leaf N content followed a pattern similar to that for DM accumulation
(cf. Figs. 5.6a-c and 5.6g-i; r=0.91; P<0.001). Significant cultivar differences were observed at
all ontogenetic stages, with a significant cultivar x N rate interaction detected at R4. While N
contents were highest for Jubilee at V3, N contents for both Jubilee and SS42 were highestat V7.
Leaves of Jubilee contained a significantly higher quantity of N than those of either Furio or
SS42 at both V13 and R1. By R2/R3 the N content of leaves of Furio had increased such that

leaves of both Jubilee and Furio contained similar quantities of N, but significantly more than



Nitrogen and dry matter partitioning in sweet corn 207

SS42. The cultivar x N rate interaction detected at R4 resulted from Jubilee and Furio continuing
to have a significantly higher N content than SS42, but with a variable response to N rate among
the three cultivars. For example, significant increases in N content above the control were
observed for both the 115 and 230 kg N/ha treatments for SS42 and Furio, but orly for the
230 kg N/ha treatment of Jubilee were N contents significantly higher. Moreover, the 230 kg
N/ha treatment of Jubilee gave a N content significantly higher than the 115 kg N/ha treatment.
Significant increases in leaf N content with N fertiliser were also detected at V7, R1, and R2/R3.
Averaged across cultivars, N contents with 230 kg N/ha at these ontogenetic stages were 39, 16,

and 47% higher than the control, respectively.

Nitrogen concentration was negatively associated with both DM (r=-0.67; P<0.001) and N
content (r=-0.48; P<0.001).

5.3.10 Ontogenetic changesin DM, N concentration, and N content of kernels

Depending on cultivar, kernels comprised 21-30% of total plant DM at R4 (Fig. 5.7a-c).
Although the three cultivars accumulated DM with a similar curvilinear pattern, significant
cultivar differences were observed from R2/R3 onwards. A significant cultivar x N rate
interaction at R2/R3 resulted from kemels of Jubilee containing significantly more DM than
those of SS42 and, unlike SS42, being responsive to N fertiliser’>. Both Jubilee and Furio
contained significantly more DM than those of SS42 at both R3 and R4. AtR4, however, kernels
of Furio contained significantly more DM than those of Jubilee. Compared to Jubilee and SS42,
Furio contained 23% and 52% more DM, respectively. Kemels of Jubilee, on the other hand,
contained significantly (38%) more DM than those of SS42 at this ontogenetic stage. Kernel DM
was significantly increased with N fertiliser at R2/R3 and later ontogenetic stages with kernels

in the 230 kg N/ha treatment containing 33% more DM than those of the control at R4.

¢ Recall that no data was available for ear components of Furio at R2/R3.
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The similarity of kernel DM (Fig. 5.7a-c) and N accumulation (Fig. 5.7g-1) was reflected in a
highly significant correlation (r=0.93; P<0.001). Significant differences among the cultivars for
kernel N content were observed at all ontogenetic stages except R1. At R2, kernels of both
Jubilee and Furio contained significantly more (atleast 57%) N than those of SS42. A significant
cultivar x N rate interaction was detected at R2/R3. At this ontogenetic stage kernels of Jubilee
contained significantly more DM than those of SS42, but unlike SS42, DM contents were
significantly enhanced with N fertiliser. Kemels of both Jubilee and Furio contained
significantly more (at least 42%) N than those of SS42 at both R3 and R4. With the exception

of R2/R3, N rate did not significantly influence kernel N contents.

While the N concentration of kernels generally declined with ontogeny, increases were noted for
the 230 kg N/ha treatment of Jubilee between R1 and R2/R3 (Figs. 5.7d-f). This variable pattern
contributed to the significant cultivar x N rate interaction observed at R1. Aside from R1,
concentrations at other ontogenetic stages were similar among N rates and cultivars. Nitrogen
concentration in kernels was negatively correlated with both DM (r=-0.68; P<0.001) and N
content (r=-0.56; P<0.001).
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5.3.11 Ontogenetic changesin DM, N concentration, and N content of rachis

Increases in rachis DM with ontogeny generally followed a sigmoidal pattern (Figs. 5.8a-c). An
exception to this pattern was the 115 kg N/ha treatment of Jubilee, for which, DM contents
declined between R3 and R4. Despite the similarity of patterns, significant cultivar differences
were observed from R2 onwards. AtR2, rachis of Furio contained significantly more (36%) DM
than those of SS42, but quantities similar to Jubilee. A significant cultivar x N rate interaction
at R2/R3 resulted from rachis of Jubilee containing significantly more DM than those of SS42,
but unlike SS42, responded positively to N fertiliser. SS42 had highest DM contents at R3 and
R4. While the DM contents for SS42 were significantly higher at these ontogenetic stages (at
least 24%), they were only significantly higher than Furio at R3 and Jubilee at R4. Dry matter
contents at R3 and R4 were significantly increased with N fertiliser, being 30-33% higher with
230 kg N/ha than the control.

A sigmoidal pattern was noted for N accumulation in rachis (Figs. 5.8g-i). With rachis also
accumulating DM with a sigmoidal pattern, N and DM accumulation were highly correlated
(r=0.82; P<0.001). Only at R1 were the N contents significantly different among the cultivars.
At this ontogenetic stage, rachis of SS42 contained 73% more N than those of Furio, but”
quantities similar to Jubilee. Significant increases in the N content of rachis with N fertiliser
were achieved at both R2/R3 and R4. With 230 kg N/ha, N contents at R2/R3 were 41% higher
than the control, and 51% higher at R4. Nitrogen contents at other ontogenetic stages were

similar among the N rates.

Nitrogen concentrations steadily declined between R1 and R4, although increases for the 230 kg
N/ha treatment of Jubilee between R1 and R2, and again between R3 and R4 were noted
(Fig. 5.8d-f). The lower N concentration of rachis in the 230 kg N/ha treatment of Jubilee at R1
compared to the other cultivars and N treatments contributed to a significant cultivar x N rate
interaction at this ontogenetic stage. Concentrations for Jubilee at R2 were significantly higher
than Furio, but similar to SS42. A further significant interaction wasrecorded at R2/R3. At this
ontogenetic stage SS42 had a significantly higher concentration of N in rachis than Jubilee, but

unlike SS42, concentrations were not influenced by N rate. Nitrogen concentrations at both R3
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and R4 were similar among the cultivars and not influenced by N rate. Dry matter and N content

were both negatively associated with N concentration (r=-0.79; P<0.001 and r=-0.49; P<0.001,

respectively).
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5.3.12 Ontogenetic changes in DM, N concentration, and N content of the shank

While shanks of SS42 and Jubilee accumulated DM with a curvilinear pattern, those of Furio
accumulated DM with a linear pattern (Figs. 5.9a-c). Such different accumulation patterns
resulted in significant cultivar differences at R1, R2, and R3. At each of these ontogenetic
stages, shanks of Jubilee contained significantly more (at least 40%) DM than those of Furio, but
quantities similar to those of SS42. Significant increases in shank DM with N fertiliser were
achieved from R2/R3 onwards with shanks in the 230 kg N/ha treatment containing 42% more
DM than those of the control at R4.

The N concentration of shanks for all three cultivars generally declined between R1 and R4,
although control N treatments were an exception to this pattern as concentrations increased
between R3 and R4 (Figs. 5.9d-f). Nitrogen concentrations at each ontogenetic stage were
similar among the cultivars. With the exception of R3, N concentrations at each ontogenetic
stage were also similar among the N rates. Averaged across cultivars, the N concentration of

shanks at R3 was 47% higher with 230 kg N/ha than the control.

Nitrogen accumulated in shanks of both SS42 and Furio with a curvilinear pattern (Figs. 5.9g and
5.91). Large variability among the N rates for Jubilee made it difficult to characterise an overall
response, although a curvilinear pattern was noted for the control (Fig. 5.9h). AtR1, both Jubilee
and SS42 contained significantly more DM than those of Furio. At R2, however, only those of
Jubilee contained significantly more N than for Furio, but quantities similar to those of SS42.
Jubilee and SS42 differed in their response to N rate at R2/R3. Compared to Jubilee where N
contents increased significantly with 230 kg N/ha, N contents for SS42 were not influenced.
Jubilee continued to have the highest N contents at R3, being significantly higher (54%) than for
Furio, but similar to SS42. Shanks of the three cultivars contained similar quantities of N at R4.
Aside from R2/R3, R1 and R3 were the only ontogenetic stages where N contents were
significantly improved with N fertiliser, being at least 50% higher with 230 kg N/ha than the

control.
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Dry matter accumulation was highly correlated with N accumulation (r=0.77; P<0.001).

Nitrogen concentration was negatively associated with both DM and N content (r=-0.30;
P<0.001).
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5.3.13 Ontogenetic changes in DM, N concentration, and N content of the husk

Husks of SS42 and Jubilee accumulated DM with a curvilinear pattern (Figs. 5.10a and 5.10b).
While husks of Furio also accumulated DM with a curvilinear pattern (Fig. 5.10c), there was no
obvious plateauing as observed for SS42 and Jubilee. Husks of bothSS42 and Jubilee contained
significantly more DM than those of Furio at R1. Highest quantities were also accumulated by
Jubilee at R2, significantly more (32%) than for SS42. While DM contents were similar between
SS42 and Jubilee at R2/R3, significant cultivar differences were detected at R3. At this
ontogenetic stage husks of SS42 and Furio contained significantly less DM than those of Jubilee.
At R4, on the other hand, husks of Furio contained greatest quantities of DM, containing about
36% more than those of Jubilee. Significant increases in husk DM were achieved with N
fertiliser at R1, R3, and R4. At each of these ontogenetic stages husk DM was at least 38%
higher with 230 kg N/ha than the control.

After initial increases, N contents generally plateaued from R2 (Figs. 5.10g-1). Increases were,
however, noted for the 115 and 230 kg N/ha treatments of Jubilee between R2/R3 and R4.
Significant cultivar differences were detected at R1 where husks of Jubilee contained
significantly more (at least 55%) N than those of both Furio and SS42. Although the three
cultivars contained similar quantities of N in husks at R4, they varied in their response to N
fertiliser. Whereas the 115 kg N/ha gave a significantly higher N content than the control for
SS42, the 230 kg N/ha treatments gave a significantly higher N content for both Furio and
Jubilee. A significant influence of N rate was also recorded at both R1 and R3. Averaged across
cultivars, N contents at these ontogenetic stages were about 56% higher with 230 kg N/ha than

the control.

The N concentrations of husks were significantly different among the cultivars only at R3
(Figs. 5.10d-f). At this ontogenetic stage, husks of Jubilee contained N at a concentration of
23 mg'g DM compared to 13 and 16 mg-g DM for SS42 and Furio, respectively. Nitrogen rate

did not influence N concentrations at any ontogenetic stage.
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Whereas D M content was negatively correlated with N concentration (r=-0.58; P<0.001), it was
positively correlated with N content (r=0.63; P<0.001). Nitrogencontent and concentration were

not correlated.
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5.3.14 Results from additional data analysis using data from Stone et al. (1998)

About 24% more incident radiation was potentially available to SS42 than Furio in the current
study. Similarly, SS42 potentially had 18 % more incident radiation available than Jubilee. The
consequence of these differences was estimated using data from Stone et al. (1998) in
conjunction with data from the current study as described in Section 3.3.18. That is, maximum
leaf area (which occurred at R1) was determined from Stone et al. (1998) and then again with
18% and 24% less incident radiation for Jubilee and Furio, respectively. The proportionate
difference in leaf area was then used as a basis to adjust data in the current study in conjunction
with regression analysis using dummy variables. In the case of Stone et al. (1998), 18% less
incident radiation corresponded to leaf area decreasing from 3.9 m per plant to 3.1 m per plant
(i.e., a 21 % reduction) while a 24% reduction corresponded to a 26% reduction. Analysis was

confined to DMPCs and NPCs from R1 onwards as these were the most important variables.

Following data adjustment and re-analysis the significance of several variables was changed, but
only forthe period RI to R2/R3. In this instance, cultivar differences for partitioning of both N
and DM to the shank and leaves were not observed following re-analysis. Although partitioning
of N and DM to other organs was also altered the significance of cultivar differences was not

altered.

54 Discussion

This study provides further evidence to support the speculated inhibitory cycle. The sequence
of events leading toan inhibitory cycle apparently begins with the limited sink strength of kemnels
and rachis during early grain filling. Negative correlations between DM partitioning to kernels
and partitioning to husks and stems (r=-0.87; P<0.001; Figs. 5.1a-c and 5.2a-c) indicates that
there was an excess of photoassimilate at low sink strength. Thus, with kemnels and rachis of
Furio having a combined sink strength of only 15% between R1 and R2/R3, stems and husks
were partitioned 72% of the available DM. In contrast, the significantly higher sink strength of

kemels and rachis of Jubilee resulted in only 42% of the available DM being partitioned to these
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organs. SS42 partitioned about 67% of the available DM to husks and stems, consistent with
having a significantly lower kemel sink strength than Jubilee. Other studies (e.g., Campbell,
1964; Fairey and Daynard, 1978a, 1978b; Hume and Campbell, 1972; Palmer et al., 1973; Uhart
and Andrade, 1995a; Wilson and Allison, 1978b) have similarly concluded that photoassimilate

not used in reproductive growth is partitioned to the stem and husks.

The stem can only accumulate alimited quantity of DM before it becomes saturated (Barnett and
Pearce, 1983). In their study, 6-12 days of photosynthesis after ear removal saturated the stem
with photoassimilate. When the stem and husks become saturated, photoassimilate may
accumulate in leaves (Farrar and Gunn, 1996; Thomas and Stoddart, 1980), causing feedback
inhibition of photosynthetic enzymes (Barnett and Pearce, 1983; Kalt-Torres and Huber, 1987,
Neales and Incoll, 1968; Tollenaar and Daynard, 1982) and may even trigger protein and
chlorophyll degradation (Jeannette, 1993). Thus, a high concentration of leaf photoassimilate
is associated with a decreased photosynthetic rate (Chatterton et al., 1972; Early et al., 1967;
Foyer, 1987; Habeshaw, 1973; Nafziger and Koller, 1976; Rufty and Huber, 1983) and may even
repress the transcription of photosynthetic genes (Sheen, 1990). Inhibited photosynthesis leads

to the next stage of the inhibitory cycle - a restricted supply of newly assimilated N.

The rate of N assimilation depends on the rate of photoassimilate supply to roots (Neyra and
Hageman, 1976; Pan et al., 1995). Photoassimilate provides energy for active uptake of N
(Jackson et al., 1980, 1986; Pate, 1973), for maintenance processes (Veen, 1981), and enables
more extensive root growth (Mackay and Barber, 1986; Pan et al.,, 1986). With inhibited
photosynthesis reducing the availability of photoassimilate, N uptake is reduced (Jackson et al.,
1980; Karlen et al., 1988; Wild and Breeze, 1981). While there was no data collected to show
that photosynthesis in any of the three hybrids was repressed between R1 and R4 in the current
study, the observation that Jubilee and Furio partitioned a significantly greater proportion of DM
to roots than SS42 between R1 and R2/R3 (cf. Figs. 5.1a-c) may indicate photosynthetic
inhibition in the sh2 mutant. Further, work by Koch et al. (1982) suggests that plants carrying
the sh2 mutation may have a lower photosynthetic rate during grain filling than wild types. Both
Jubilee and Furio assimilated significantly more N than SS42 betweenR 1 and R2/R3 (Table 5.6).

By continuing to partition DM to roots between R2/R3 and R4, unlike either Jubilee or SS42
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(cf. Figs. 5.2a-c), Furio assimilated significantly more N than SS42 during this period (Table
5.7). The similar quantities of N assimilated by Furio and Jubilee during this period may reflect

the earlier DM partitioning to roots by Jubilee between R1 and R2/R3 (Fig. 5.2b).

Furio partitioned DM to roots between R1 and R4 despite having a significantly lower kernel
sink strength than either SS42 or Jubilee (Figs. 5.1 and 5.2). This response suggests that
photosynthesis for Furio was not inhibited, and thus, stem and husks did not become saturated
with photoassimilate between R1 and R4. This result is consistent with the observation that
plants of Furio were notably taller than those of SS42 and Jubilee and therefore probably had a

greater capacity to store photoassimilate.

Low post-anthesis N uptake places more demand on vegetative organs to supply N (Hageman,
1986; McClunget al., 1990; Taand Weiland, 1992; Uhartand Andrade, 1995a; Weiland and Ta,
1992), particularly when the N sink is large (Anderson et al., 1984b). Thus, by assimilating
significantly less N than Furio between R1 and R2/R3 (Table 5.6) and yet having a significantly
larger sink strength for N (cf. Figs. 5.1e and 5.1g), SS42 remobilised significantly more N from
stems during this period. Jubilee also remobilised N during this period, sourcing it from leaves
and roots (Fig. 5.1b), despite partitioning DM to roots for N uptake between R1 and RﬂR3.'
Such remobilisation by Jubilee is consistent with the large N sink of this cultivar (Fig. S.1e).
Further, N is often remobilised from leaves and stems as they hold one of the largest reserves of
N (Chandler, 1960; Friedrich et al., 1979; Millard, 1988; Novoa and Loomis, 1981). Tsai et al.
(1991) reported that leaves may contribute 25-60% to grain N with greatest remobilisation
generally occurring as maturity approaches (Hanway, 1962b). However, most N in leaves is
associated with chloroplasts (Hageman, 1986; Morita, 1980; Stocking and Ongun, 1962) and
photosynthetic enzymes (Crafts-Brandner and Poneleit, 1987b; Evans, 1983; Kawashima and
Wildman, 1970; Prioul et al., 1990; Sugiyama et al., 1984; Wolfe et al., 1988b), which serve as
prominent sources of N (Crafts-Brandner and Poneleit, 1987a). As remobilising N from leaves
negatively impacts on photosynthetic rates (Dwyer et al., 1995; Edwards, 1986; Hunt and Van
der Poorten, 1985; Muchow, 1988; Sinclair and deWit, 1976; Sinclair and Horie, 1989; Wong
et al., 1985), the supply of photoassimilate for SS42 and Jubilee between R1 and R2/R3 would

likely have beenreduced. Asaconsequence, less photoassimilate wouldhavebeen available for
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N uptake, thereby placing more demand on vegetative organs to supply N (i.e., an inhibitory

cycle; Fig. 5.11).

This sequence of events fits with the general observation made by Thomas and Stoddart (1980)
that the removal of sink organs with high demand for current photoassimilate leads to
accumulation of carbohydrate in source leaves which may induce senescence. It also fits with
observations that maximum amounts of nonstructural carbohydrate accumulate in stems 3-
4 weeks after R1 (Asanuma et al., 1967; Daynard et al., 1969; Johnson et al., 1966; Manters and
Army, 1967; Van Reen and Singleton, 1952; Welton et al., 1930; Williams et al., 1968) and that
these levels decline as the ear sink increases in size (Daynard et al., 1969; Hanway, 1962a; Jones
and Simmons, 1983; Jordan et al., 1950; Kiesselbach, 1950). It is also consistent with
observations that shading around R1 decreases nonstructural carbohydrate levels in the stem

(Schussler and Westgate, 1991b, 1994; Uhart and Andrade, 1995a; Westgate and Boyer, 1985).

Although no measures of photosynthesis were taken to qualify steps two and three in the
proposed cycle, data from other studies on leaf enzyme activity and quantity (e.g., RUBISCO,
sucrose synthase), as well as carbohydrate concentrations in leaves areconsistent with the theory.
Prioul et al. (1990), using an sh2 mutant and a normal maize genotype, reported signiﬁcant-
declines in RUBISCO activity from 11 DAP, but only significant declines in quantity from 40
DAP. Associated with this decline in activity were maximum carbohydrate levels (primarily
sucrose; > 90%) in the ear leaf between 10 and 40 DAP. Crafts-Brandner and Poneleit (1987a)
observed a similar pattern of events. As grain filling continued, leaf sucrose pools in both studies
declined, but increased again as grain filling slowed during late ontogeny. Fairey and Daynard
(1978a) observed sugar concentrations in the plant to increase up to 17 DAP and then decline
from 31 DAP. Similar observations were made by Below et al. (1984b) and Christensen et al.
(1981) with carbohydrate levels in leaves highestat 18 DAP, then declining between 20 and 25

DAP, and increasing again subsequent.
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If leaves supply N...

If cars are unable to accumnlate all of
the available photoassimilate the excess
is partitioned to stems.

'

When the stem becomes safurated the excess
photoassimilate triggers feedback inhibition of
photosynthetic enzymes.

placng more demand on organs
to supply N.

less N is assirmilated,

Fig. 5.11. Summary of the proposed inhibitory cycle.
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With excess photoassimilate being partitioned to husks and stems, one may question why roots
were not partitioned a greater quantity, particularly as the supply of newly reduced N was
apparently limiting. Partitioning of excess photoassimilate may relate to both proximity and
organ size (Brouwer, 1962; Ho, 1988; Tripathy et al., 1972; Wardlaw, 1990). Cook and Evans
(1983) suggested that the proximity of the sink to the source was critical for the sink to receive
or attract photoassimilate. Furthermore, with shank and root fractions being smaller than husk,
stem, or leaf fractions, their capacity to store photoassimilate is limited. Studies by Raperet al.
(1976, 1978) and Fairey and Daynard (1978a) show that soluble carbohydrate concentrations in
roots remain within the range of 5%-9%. Thus N uptake is dependent on a continued supply of
photoassimilate. To what extent decreased photosynthetic supplies influence N acquisition is

unknown.

Limited photoassimilate partitioning to roots is a probable cause of the reduced N uptake
observed in the current study. During the experiment it was observed that lower leaves of SS42
were chlorotic, with obvious senescence. Such chlorosis was less apparent for Jubilee, and
almost non-existent for Furio. Other studies have similarly noted the senescence of lower leaves
during ontogeny (e.g., Feller et al., 1977; Rendig and Crawford, 1985; Wolfe et al., 1988b) and
attribute this senescence to these leaves being physiologically older and receiving a lower’
photosynthetic photon flux density (PPFD) (Allison, 1969; Hoyt and Bradfield, 1962; Lizaso and
Ritchie, 1997). However, chlorosis and senescence are associated with reduced chlorophyll
concentrations and declining photosynthetic rates (Eik and Hanway, 1965; Girardin et al., 1985;
Thimann, 1980; Tollenaar and Daynard, 1978d; Wolfeetal., 1988b). Lower leaves partition DM
to roots and lower stem, whereas higher leaves partition photoassimilate predominantly to ears
and upper stem (Criswell et al., 1974; Eastin, 1969, 1970; Fairey and Daynard, 1978a, 1978b;
Hoyt and Bradfield, 1962; Tripathy et al., 1972). Therefore, reduced partitioning of DM toroots
of SS42 (cf. Figs. 5.1aand 5.1b) may be attributed to reduced photoassimilate supply from lower
leaves during grain filling. Large sinks will often dominate the overall supply of photoassimilate
with smaller sinks relying on local supplies and storage (Pan et al., 1995; Wardlaw, 1990; Zink
and Michael, 1985). Consequently, the sugar concentration inroots is generally less than 5% and
declines during grain filling (Conrad, 1937; Fairey and Daynard, 1978a). Furthermore, the

transport of **C from lower leaves may be directed towards the ear as it becomes the dominant
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sink (Tripathy et al,, 1972) or even cease (Gardner et al., 1985) with lower leaves becoming
parasitic (Prine, 1962). Thus, even though excess photoassimilate was available, a weak
concentration gradient below theearmay have limited photoassimilate supplies toroots (Cliquet

et al., 1990b; Edmeades et al., 1979; Fairey and Daynard, 1978a; Palmer et al., 1973).

If sink strength, sink size, or both do not increase, the sequence of events proposed in the
inhibitory cycle would result in premature senescence (Hageman, 1986; Moll et al., 1994;
Tollenaar and Daynard, 1982). In studies where sink strength is either altered through ear
removal or naturally through barrenness, senescence is not only initiated earlier, but hastened
(Allison and Weinmann, 1970; Christensen et al., 1981; Crafts-Brandner et al., 1984a, 1984b;
Kiniryetal., 1992; Prioul and Schwebel-Dugué, 1992; Uhart and Andrade, 1995a). Accelerated
leaf senescence is shown by a loss of chlorophyll and leaf N (Crafts-Brandner et al., 1984b;
Crafts-Brandner and Poneleit, 1987a; Feller et al.,, 1977; Reed et al., 1988), a loss of
photosynthetic enzymes (Christensen et al., 1981; Millard, 1988; Prioul, 1996; Tsai etal., 1986),
andasignificantdecline in the net assimilation rate (Barnett and Pearce, 1983; Fujitaet al., 1994;
Moss, 1962; Thiagarajah et al., 1981). However, consistent with the inhibitory cycle theory
(Fig.5.11), the onset of enzyme degradation is preceded by soluble sugar accumulation in leaves
and stems (Allison and Watson, 1966; Allison and Weinmann, 1970; Setter and Flannigan, 1986;’
Verduin and Loomis, 1944).

As plants bearing ears generally do not senesce until the end of grain filling (Pan et al., 1995),
other responses must override the inhibitory cycle as grain filling continues. An overriding
response is consistent with the development of kernels and rachis, and their ability to accumulate
more photoassimilate (cf. Figs. 5.1a-c and 5.2a-c). The concentration of photoassimilate in the
stem rapidly declines during the grain filling period (Daynard et al., 1969; Hanway, 1962a;
Kiesselbach, 1950) due to the enlarged sink capacity of the ear (Daynard et al,, 1969). As a
consequence, the inhibition of photosynthetic enzymes would be alleviated (Barnett and Pearce,
1983; Neales and Incoll, 1968) and chlorophyll concentrations may again increase (Natr, 1972;
Vesk et al., 1965). However, effects of the proposed cycle may still be evident as indicated by
continued remobilisation of N from stems of both SS42 and Jubilee. Continued remobilisation

of N from leaves between R2/R3 and R4 (Fig. 5.2d; Table 5.7) with possible reductions in
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photosynthetic rates, may explain why SS42 remobilised DM from stems between R2/R3 and
R4, in contrast to Jubilee and Furio (cf. Figs. 5.2a and 5.2b-c). As a decline in stem DM during
ear development indicates that less photoassimilate is available for N acquisition by roots (Pan
etal., 1984), this observation may indicate a greater influence of the inhibitory cycle as éompared

to Jubilee.

The significantly lower kernel sink strength of Furio compared to Jubilee and SS42 betweenR1
and R2/R3 (Fig. 5.1) contrasts other reports. Other workers have reported that normal maize
genotypes should have a higher sink strength than either sul or sh2 mutants (Glover et al., 1975;
Goldman and Tracy, 1994; Ma and Nelson, 1975; Mertzet al., 1964; Misraet al., 1972, 1975a;
Paulis et al., 1978; Tsai et al., 1983; Tsai and Dalby, 1974). This lower sink strength may have
resulted from differences in prolificacy. At 70,000 plants per hectare (the density used in the
current study), Jubilee and SS42 carried at least 1.7 ears (Table 4.4), in contrast to Furio which
carried only one. Prolific hybrids have a greater sink strength than non-prolific hybrids
(Anderson et al., 1984a) and translocate a greater proportion of photoassimilate to kernels than
non-prolific hybrids (Anderson et al., 1984a; Sato et al., 1978). As a consequence they may
compete for photoassimilate that would otherwise be wanslocated to the roots (Eastin, 1970;
Palmeret al., 1973), resulting inimpeded N uptake and greater remobilisation (Pan et al., 1995). ,

Differences in prolificacy may therefore explain the lower sink strength of Furio.

Lower kernel sink strength of Furio compared to either SS42 or Jubilee may alternatively have
resulted from differences in the ontogenetic interval over which the coefficients were calculated.
The coefficients for SS42 and Jubilee were calculated for the periods R1 to R2/R3 and R2/R3
to R4, but for the periods R1 to R2 and R2 to R4 for Furio (Table 5.1). As kernels accumulate
DM with a sigmoidal fashion (Figs 5.7 and 3.7; Frey, 1981; Johnson and Tanner, 1972; Jones
and Simmons, 1983), less DM would have accumulated in kernels between R1 and R2 than
between R1 and R2/R3. Even though more kernel DM would have accumulated between R2 and
R4 than between R2/R3 and R4, the ontogenetic interval over which the result is standardised
is greater. The consequence of the wider interval is to reduce the magnitude of the coefficient.
Therefore, directly comparing partitioning coefficients for Furio, particularly kernels, with those

of SS42 and Jubilee between R1 and R4 may be misleading.
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Evidence exists in the current study, however, to suggest that Furio had a higher kemel sink
strength than either SS42 or Jubilee. AtR4, kemels of Furio contained 23 and 52% more DM
than those of Jubilee and SS42, respectively (Fig. 5.7). In finding that endosperm DM was
highly correlated (r=0.98) with the level of zein in the endosperm, Tsai et al. (1980) concluded
that zein was associated with kernel DM accumulation, and hence, kernel sink strength.
However, genetic mutations influence levels of zein and therefore the accumulation of kernel
DM (Boyer and Shannon, 1984). Therefore, the significantly lower quantities of DM
accumulated by Jubilee and SS42 may be associated with having a lower level of zein.
Numerous studies with maize have found similar differences in DM accumulation between wild
types and endosperm mutants, with all reporting significantly lower zein accumulation in these
mutants (Dalby and Tsai, 1975; Doehlert and Kuo, 1994; Glover et al., 1975; Lee and Tsai, 1985;
Misra et al., 1972, 1975a; Tsai et al., 1978b; Wilson, 1992). Thus, while the partitioning
coefficients indicate that Furio had a lower kemel sink strength than SS42 and Jubilee,
particularly between R2/R3 and R4 (Fig. 5.2), the coefficients appear to underestimate the kernel

sink strength of Furio.

The result that kernels of Jubilee contained 38% more DM than those of SS42 (Fig. 5.7) was not
only consistent with the previous study (Section 3.3), but also with other similar studies using.
these genotypes (e.g., Dalby and Tsai, 1975; Tsai et al., 1978b). Despite kernels of Jubilee
accumulating significantly more DM than SS42 from R2/R3 onwards (cf. Figs. 5.7a and 5.7b),
both cultivars had a similar sink strength for N and DM between R2/R3 and R4 (Fig. 5.2). Yet
between R1 and R2/R3, Jubilee had a significantly higher kemel sink strength (Fig. 5.1). This
pattern was also noted in the previous study (Chapter 3) and was speculated to result from Jubilee
reaching maximum levels of zein faster than SS42. Zein would have accumulated until
physiological mechanisms slowed transcription (Tollenaar and Daynard, 1978b). Slowing
transcription would therefore have allowed SS42 to ‘catch up’, thus explaining the similar sink
strength of SS42 and Jubilee between R3 and R4 (assuming that zein is a measure of sink
strength). To my knowledge, zein accumulation in s«/ or sh2 mutants with ontogeny has not

been investigated.
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Significant cultivar differences in NUSE (Table 5.2) were associated with significant cultivar
differences in kernel DM accumulation at R4 (Fig. 5.7). Compared to SS42, Furio was twice as
efficient at translating fertiliser N into kernel DM and 23% more efficient at uptake than Jubilee.
Jubilee, on the other hand, was 34% more efficient than SS42, a result comparablé with the
previous experiment (Table 3.3). In thatstudy, the greater NUSE of Jubilee resulted from being
significantly more efficient at both taking up N (NUPE) and translating that N into kernel DM
(NUTE). However, in the current study Jubilee was only significantly more efficient at taking
up N. As both SS42 and Jubilee had a similarly sized root system (based on DM content;
Fig. 5.5), the greater NUPE of Jubilee cannot be argued in terms of size of the root system as in
the previous study. Rather, the higher NUPE may have resulted from Jubilee partitioning
significantly more DM toroots for N assimilation as discussed earlier. This possibility may also
explain the higher NUPE observed for Jubilee in the previous study. Furio, on the other hand,
had both a significantly higher NUPE and NUTE than SS42. The higher NUPE is consistent
with Furio continuously partitioning DM to roots between R1 and R2/R3 (Fig. 5.1c). Itis also
consistent with Furio having a significantly larger root biomass than SS42 (cf. Figs. 5.5a and
5.5¢c), which would potentially have enabled it to extract more N from the soil (Eghball and
Maranville, 1993; Reed and Hageman, 1980). The significantly higher NUTE was consistent
with kernels of Furio potentially having a significantly higher sink strength as discussed earlier.’
Hence, the combination of a greater uptake efficiency and a greater kernel sink strength at R4
equated to Furio being significantly more efficient at using fertiliser N than either SS42 or

Jubilee.

Nitrogen use efficiency for the three cultivars declined significantly as N application rate
increased (Table 5.2). This decline was predominantly due to a decrease in the efficiency with
which the cultivars took up N, as also observed in both the previous study (Table 3.3) and other
studies (Eichelberger et al., 1989; Kamprathet al., 1982; Moll et al., 1982a; Sabata and Mason,
1992; Salardini et al., 1992; Tsai et al., 1992). A decreased uptake efficiency results from the
fraction of fertiliser N taken up declining as N rate increases. Consequently, at any given fertility
level, the smaller the quantity of fertiliser N applied, the higher the probability that an equivalent
amount will be taken up by the plant. Hence, the NUPE x N rate function would be a negative

exponential. NUTE, while following a similar trend, declines with increasing N rate (Albus and
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Moraghan, 1995; Anderson et al., 1984a, 1985; Bundy and Carter, 1988; Kamprath et al., 1982;
Salardini et al., 1992). This trend occurs because plants produce grain DM more efficiently with
declining N rates as a greater proportion of N is remobilised with increasing N stress (Crawford

et al., 1982; Thom and Watkin, 1978).

Although the three cultivars differed in the efficiency with which they took up N (Table 5.2), the
contribution of NUPE to variability in NUSE was similar among the cultivars when grown with
115 kg N/ha. With this N rate, NUTE contributed about 20% to the variability in NUSE
(Table 5.3). However, there was 92 kg N/ha available to plants from the soil (Table 4.1), to
which a further 115 kg N/ha was added, yet NUPE still explained 20% of the variability in
NUSE. This suggests that the three cultivars are inefficient at N uptake. If these cultivars were
efficient at N uptake, then NUPE would have explained none of the variability in NUSE,
consistent with Kamprath et al.’s (1982) hypothesis that under high N fertility differences in
NUSE would be due to genetic differences in the plant’s ability to utilise accumulated N. When
230 kg N/ha was applied, NUPE still explained 11% of the variability in NUSE for Jubilee and

Furio (Table 5.3), further suggesting that Jubilee and Furio are inefficient at N uptake.

The result that NUPE explained none of the variation in NUSE for SS42 with 230 kg N/ha-
compared with 11% for Jubilee and Furio (Table 5.3) is consistent with the significantly greater
N uptake by Jubilee and Furio (Table 5.8). As over 28% more N was removed from soil by
Jubilee and Furio, soil N reserves in the root zone would have been more depleted than for SS42,
in accord with Lafitte and Edmeades’s (1994b) suggestion that extensive N acquisition may
exhaust N supplies. With 115 kg N/ha, Jubilee and Furio accumulated only 12% more N than
SS42, corresponding to less marked differences in the proportion of variability explained by

NUPE between the cultivars.

A consequence of high N fertility in the current study was a general lack of cultivar response to
N rate. Comparison of total N accumulation (N¢; Table 5.8) with fertiliser N (Vs; Table 5.2)
shows that almost half the N accumulated in plants of SS42 grown with 115 kg N/ha was

supplied by the soil as Nt = 1.8(Ns). Even greater quantities were supplied for Furio and Jubilee.
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As discussed in Chapter 4, roots may have penetrated further than the 150 mm depth to which

soil was sampled.

Dataforthis study were generated from the experiment described in Chapter 4. However, in that
study lodging and water stress were suggested to influence results. To what extent these
variables influenced results in the current study is unclear. There was also a confounding
influence of different levels of total radiation intercepted by the three cultivars as evidenced by
altered statistical significance of some cultivar differences. However, even with these
confounding influences, results of both the current and previous study (Chapter 3) suggest that
the limited sink strength of endosperm mutants impedes N uptake, placing more demand on
vegetative organs to supply N. However, this discussion, and that of previous chapters has
hinged around sink strength, yet no attempt has been made to quantify sink strength in any of the
genotypes investigated. Relating sink strength with partitioning coefficients is vital if credibility

is to be provided for hypotheses raised in these discussions.
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Relationship between zein accumulation

and sink strength in sweet corn
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6.1 Introduction

Understanding the factors that limit kernel sink strength is fundamental to identifying
opportunities to increase future yields of sweet corn and maize crops. The N storage protein,
zein, has been implicated as a regulator of sucrose movement into kernels (Singletary and Below,
1989; Tsai et al., 1980, 1983), and hence, kemnel sink strength. Evidence supporting this role
comes from studies which have shown that sucrose movement into kernels and starch
accumulation 1s severely reduced when zein synthesis terminates (Tsai et al., 1978a, 1980).
Furthermore, the increased sucrose movement intokemels as soil N fertility increases (Singletary
etal.,, 1990; Tsai et al., 1980, 1983) is associated with an increasing abundance of zein in the
endosperm (Rendig and Broadbent, 1979; Schneider et al., 1952; Tsai et al., 1980, 1984,
Wolfson and Shearer, 1981). Further evidence to suggest that zein regulates kernel DM
accumulation is provided from studies with zein-deficient mutants. Kernels of su/ and sh2
mutants contain 23-42% and 42-62% less zein than wild types, respectively, and their kernel DM
contents are reduced by similar proportions (Dalby and Tsai, 1975; Doehlert and Kuo, 1994,
Gloveret al., 1975; Lee and Tsai, 1985; Misra et al., 1972, 1975a; Nass and Crane, 1970; Tsai
et al., 1978a, 1978b; Wilson, 1992). This latter evidence indicates the high association between
zein level and kermel DM (Tsai et al., 1978a). -

The zein family consists of a mixture of alcohol-soluble polypeptides, resolved by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) intoseven components (Tsaietal., 1978b) with
apparent molecular masses of 28, 22, 20, 16, 14, and 10 kDa (Gianazza et al., 1976; Lee et al.,
1976). Based on molecular weight, solubility, and structure, Esen (1987) divided the proteins
into classes designated a-, B-, and y- zeins that correspond to the 22 and 20, the 16 and 14, and
the 28 kDa components, respectively. The 10 kDaprotein is structurally different from the others
(Kirihara et al., 1988) and constitutes a fourth class, 6-zein (Wallace et al., 1990). In normal
maize genotypes (i.e., wild types) zein may account for as much as 60% of the total endosperm
protein (Hansel et al., 1973; Tsai, 1979b) comprising about 75-85% «.-zein, 10-15% B-zein, 5-
10% vy-zein, and less than 5% &-zein (Burr and Burr, 1976; Esen, 1986, 1987; Larkins et al.,
1989; Lee et al., 1976; Misraet al., 1976; Wilson, 1991).



Relationship between zein accumulation and sink strength in sweet corn 234

While it is known that sh2 and su/ mutants have lower total zein content than wild types, the zein
classes reduced or omitted in these mutants have received little attention. Knowledge of any
preferential loss is important to understanding the mechanism by which total zein accumulation
is reduced. For example, reduced levels of &-zein may interfere with zein translation (Jones et
al., 1977a) and the organisation of zeins into protein bodies (Lending and Larkins, 1992). Other
zeins may affect polypeptide folding (Lending and Larkins, 1989, 1992). Although two major
zein protein classes (- and B-zein; Burr and Burr, 1976; Esen, 1986; Wilson, 1991) are reported
as being preferentially reduced in sh2 and su/ mutants (Doehlert and Kuo, 1994; Paulis et al.,
1992), other studies have found to the contrary. For example, Wilson (1992) reported that only
a-zein was reduced in the su/ mutant, while Misra et al. (1976) and Tsai et al. (1978b) reported
no loss of any zein components in their sh2 mutants. Conflicting reports of preferential increases
in zein components with N fertiliser (cf. Singletaryet al., 1990 with Tsai, 1979a) further confuse

the situation.

Developmental studies show that zein synthesis begins about 10-12 days after pollination (DAP)
(Tsai et al., 1978a), the time at which protein body formation is initiated (Jones et al., 1977b),
and is most active between 16 and 35 DAP (Khoo and Wolf, 1970; Kodrzycki et al., 1989; Oaks
et al., 1979; Tsai and Dalby, 1974; Tsai et al., 1978a). However, in some endosperm mutants-
(e.g.,02 (Tsai, 1979a; Tsai et al., 1984)), zein synthesis is not only delayed but terminates earlier
than wild types with severe consequences to kernel DM accumulation (Dalby and Tsai, 1975;

Jones et al., 1977b).

The ontogeny of zein accumulation in su/ or sh2 mutants does not appear to have been studied.
Understanding the pattern of zein accumulation is important to support hypotheses raised in
previous chapters. One of these hypotheses proposed thatlimited sink strengthduringearly grain
filling led to an inhibitory cycle (Chapter S). This cycle resulted from the inability of kernels to
accumulate all the photoassimilate produced during early grain filling, the excess being
partitioned to stems and husks. Once stems and husks become saturated with photoassimilate,
photosynthetic rates may become impaired through feedback inhibition of photosynthetic
enzymes (Neales and Incoll, 1968), resulting inreduced N assimilation by roots (Hageman, 1986;

Swank et al., 1982) and further impaired photosynthetic rates. Studies with near-isogenic
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endosperm mutants that affect starch, protein synthesis, or both, indicate an involvement of sink
regulation as manipulating source activities alters the zein concentration in the kernel (Glover
and Mertz, 1987; Jones and Simmons, 1983; Remison and Omueti, 1982; Zink, 1980). However,
with much of the evidence for this inhibitory cycle reliant on the assumption that SS42 (sh2
mutant) has a lower kernel sink strength than Jubilee (su/ mutant), the magnitude of sink strength
differences must be quantified to validate this suggestion. One possible way to do this is to
quantify levels of zein in kerels, which due to its high association with kernel DM, should be
a reliable indicator of sink strength. A second hypothesis (Sections 2.4-5.4) regarded the
different response of SS42 and Jubilee to N rate; yield of Jubilee responded to N fertiliser while
yield of SS42 was not influenced (e.g., cf. Figs. 2.4a and 2.11a). This response difference may
be explained by Jubilee accumulating significantly more zein than SS42 and in doing so,
requiring more N for zein synthesis. However, an altemnative explanation is provided by Tsai et
al. (1984). They suggested that hybrids which synthesise zein rapidly reach their maximum
genetic level with only small amounts of N fertilizer, and thus grain yields do not increase with
additional N due to zein saturation. The first objective of this experiment was therefore to
quantify the influence of N nutrition on zein accumulation in kemels of a sh2, sul, and a wild
type with ontogeny. The second objective was torelate zein accumulation at defined ontogenetic
stages with DM and N partitioning to various organs. The third objective was to compare howr

zein proteins for the three genotypes are influenced by N rate.

6.2 Materials and methods
6.2.1 Cultural
Data presented in this chapter were derived from the experiment previously described

(Section 4.2). The maize hybrid Furio (Zea mays ‘Furio’) was included as the wild type in this

study because of its similar ontogeny to SS42 and Jubilee.
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6.2.2 Plant sampling
Primary earsfrom 15 plants ineach plot were periodically harvested (Table 6.1) and immediately

frozen (-18 C). Ears were harvested until 72% SMC, the maturity at which kernels are generally

‘too mature’ for processing.

Table 6.1. Cob harvests for SS42, Jubilee, and Furio as related to accumulated GDD.

S842 Jubilee Furio
Cob
harvest DAP? GDY DAP GDD DAP GDD
1 10 114 8 115 13 133
2 15 183 13 165 19 188
3 21 257 18 225 26 251
4 - - 24 292 34 319
5 27 343 30 359 - -
6 35 446 36 414 42 407

* Days after pollination.
¥ Accumulated GDD from Ti, silking (Fig. 4.1a).

As there was limited response to N rate in the previous studies (Sections 4.3 and 5.3) and with
datain the current study being generated from these same set of treatments, only cobs from the

0, 115, and 230 kg N/ha treatments were used in this study.

6.2.3 Tissue analysis

Fifteen kernels midway between the tip and butt of the cob were dissected from each of five
randomly selected cobs from each treatment. Kemels were dried in a forced air oven at 80 C
until constant weight, weighed, and then ground to pass a 0.1 mm screen. Nitrogen
concentrations were determined from a 0.1 g sample using the semi-micro Kjeldahl method

(Bremner, 1960).
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Defatted meal was prepared by stirring 1 g of ground kemel DM in cold acetone (40 ml/g) for
two hours, as described by Lending et al. (1988). Samples were washed with anhydrous ether
before air-drying and further drying at 60 C for 1 hour. The method of Wallace et al. (1990) was
used for zein extraction because of its superior extraction (Hamaker etal., 1995). This procedure
involved completely solubilizing 100 mg of defatted meal in a 1.0 ml solution of 0.0125 M
sodium borate (pH 10.0), 1% sodium dodecyl sulphate (SDS), and 2% 2-mercaptoethanol. After
incubation with agitation at 20 C overnight, samples were centrifuged for 15 minutes at
12,000 rpm in an Eppendorf microcentrifuge, and supemnatants extracted. Following second,
third, and fourth extractions of the pellet, the supernatants were pooled and ethanol added to a
final concentration of 70% containing 2% 2-mercaptoethanol. Samples were agitated overnight
at 60 C and again centrifuged. The supematant, which comprises the zein fraction, was taken
to dryness before determining the N concentration of the residue by the semi-micro Kjeldahl

method (Bremner, 1960).

A check was made to ensure complete zein extraction by extracting the pellets of 10 randomly
selected samples a fifth time. In this instance, only the final cob harvests (Table 6.1) were
sampled. Following agitation and centrifuging as discussed above, 100 u1 samples were loaded
onto a SDS-polyacrylamide gel forelectrophoresis (SDS-PAGE). Following electrophoresis the.
gel was stained with Coomassie blue before being destained with 70% ethanol. An absence of
banding indicated that zein was completely extracted with four extractions. Samples for
separating and partially characterizing zein fractions using SDS-PAGE were prepared, loaded,
and stained as just described although samples had been extracted four times in this instance.
The known standards for SDS-PAGE, supplied by Sigma® under the product name Dalton Mark
VII-L, were bovine serum albumin (66 kDa), oval-albumin (45 kDa), glyceraldehyde-3-
phosphate dehydrogenase (36 kDa), carbonic andhydrase (29 kDa), trypsinogen (24 kDa),
soybean trypsin inhibitor (20.1 kDa), and a-lactalbumin (14.2 kDa).
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6.2.4 Data analysis

The quantity of zein determined by Kjeldahl digestion is often converted to zein protein using
a conversion factor (e.g., Dalby and Tsai, 1975; Tsai et al., 1980) ranging from 5.7 to 6.25
(Mosse, 1990). Conversion factors were notused in the current study because of discrepancies
in the value of the conversion factor and the potential that values may differ among endospertn
mutants. Zein was, therefore, reported as pg N-kernel™ and for ease of discussion is simply

referred to as zein.

The experiment was a two-factor factorial analysed as arandomised complete block design with
three blocks. Nitrogen rates were 0, 115, or 230 kg/ha with genotypes SS42 (sh2), Jubilee (sul),
or Furio (wildtype). The data sets for SS42, Jubilee, and Furio were combined to test genotypic
differences. As accumulated GDD were similar for each genotype (Table 6.1), pooling the data
across genotypes was valid. However, in doing this, genotypic differences became confounded
as SS42, Jubilee, and Furio had each experienced different amounts of incident radiation (2362
MJ-m?, 1925 MJ'm?, and 1788 MJ-m?, respectively). In Chapter 5 the influence of this
confounding influence was tested using regression analysis withdummy variables adjusted using
leaf area measurements. In that analysis, the significance of cultivar differences for partitioningy
of N and DM to kemnels was unchanged. Similar results were observed in Chapter 3 using the
same adjustment. Based on these findings, data in the current study were not adjusted to

determnine the magnitude of the confounding influence of different incident radiation levels.

Data for each genotype were standardized to rate of DM or N accumulation per GDD in order
to eliminate possible influences of differences in the accumulated GDD for each cultivar. As the
extra cob harvest of Jubilee created an unbalanced data set, cob harvest four of Jubilee was
deleted for the ANOV A. Following analysis with cob harvest four of Jubilee omitted, data were
again analysed, but with this harvest included and cob harvest three deleted. As both analyses
provided similar results, only ANOVA results with cob harvest four omitted are presented.
Similarly, as analyses using both raw and standardised data provided similar results, only

analyses on raw data are presented. For convenience of discussion the cob harvests in Table 6.1
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for the pooled data set were reclassified as harvests 1 through 5 and the average GDD taken for

each harvest (Table 6.2).

Table 6.2. Cob harvests for SS42, Jubilee, and Furio for the pooled data set.

harves 5542 Jubilee Furio hreosaltvars
GDD*
! 114 115 133 121
2 183 165 188 179
3 257 225 251 244
4 343 359 319 340
5 446 414 407 422

¢ Accumulated GDD from Ty, silking (Fig. 4.1a).

No cob harvest data were omitted when modelling trends using regression. However, during
regression modelling a high degree of similarity was noted between the 115 and 230 kg N/ha'
treatments. To determine whether these treatment differences were significant, data were
analysed using the SAS procedure TTEST (SAS Institute, 1989). In all instances, differences
among these N rates were not significant, therefore these data were pooled and are presented as
115 kg N/ha. As there were no significant effects of N rate on DM, N, or zein accumulation in

SS42 all data for SS42 were pooled across N rates.
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Non-linear regression

Sigmoidal trends were modelled using the Boltzman function (Graybill and Iyer, 1994; Equation

6.1) which gave lowest RSS compared with other models in the sigmoidal family.

) 6.1)

To account for non-constant variance, models were weighted by the inverse of the SE of the mean

for each harvest. Coefficients of determination were calculated using Equation 6.2.

-1 RSS
R:® =1 |20 222
adj ( n-p TSS) (6'2)

where R’ is the adjusted coefficient of determination; # is the total degrees of freedom; p is the number
of parameters in the model; RSS and TSS are the residual and total sums of squares for the modei,
respectively.

Correlation analysis

Partitioning coefficients for each organ for the periods R1 to R2/R3 (Fig. 5.1) and R2/R3 to R4
(Fig. 5.2) were correlated againstthe quantity of zein accumulated at R2/R3and R4 (i.e., harvests
3 and 5 in Table 6.2, respectively). However, non-constant variance, apparent in many of the
correlations, violated an assumption of the analysis (Mead et al., 1993). Rather than transform
the data or use weighted regression (which would have obscured important information), lines

were tentatively drawn between the groups of data for each genotype.
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6.3 Results

6.3.1 Dry matter accumulation in kernels through ontogeny

Dry matter accumulated in kernels of the three cultivars in a sigmoidal pattern (Fig. 6.1). While
similar quantities of DM accumulated in kernels of all cultivarsup to 179 GDD (i.e., the second
cob harvest; Table 6.2), significant cultivar differences in response to N rate were detected at
later harvests. Kernels of Furio contained significantly more DM than those of SS42 from
244 GDD onwards for the 115 kg N/ha treatment and from 340 GDD for the control. At
422 GDD (the final harvest), kernels of Furio in the 115 kg N/ha treatment contained
167 mg DM (SE 3.0), 49% more than the 85 mg (SE 1.6) for those of SS42. While kernels of
Jubilee contained similar quantities of DM as SS42 at 244 GDD, kernels in both the control and
115 kg N/hatreatments contained significantly more DM from 340 GDD onwards. At422 GDD,
kemnels of Jubilee in the 115 kg N/ha treatment contained 136 mg DM (SE 1.8), 37% more than
those of SS42, but less than those of Furio. Whereas kernels in the control N treatment of Furio
contained 151 mg DM (SE 1.1), those of Jubilee contained 124 mg (SE 2.3), corresponding to a
18% difference. A similar significant difference was observed between the 115 kg N/ha
treatments for these cultivars. Differences in kernel DM between Jubilee and Furio at earlier’

harvests were not significant.

Differences between the N rates for kernel DM content of Jubilee and Furio were significant
from 244 GDD onwards (Fig. 6.1). At 244 GDD kernels of Jubilee in the control N treatment
contained 28 mg DM (SE 1.7), 22% less than the 35 mg (SE 1.5) contained by those in the 115 kg
N/ha treatment. Similarly, Furio kernels in the control N treatment contained 39 mg DM
(SE 1.0),29% less than the 55 mg (SE 2.6) for those in the 115 kg N/ha treatment. The magnitude
of this difference declined with ontogeny such that at 422 GDD the difference was only 8% for

Jubilee, and 9% for Furio. Nitrogen rate did not influence DM contents for SS42.
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Fig. 6.1. Dry matter accumulation in kemnels of S§42, Jubilee, and Furio as influenced by N rate. Each data point represents the
mean for each harvest, pooled across blocks after analysis for clarity. Data for SS42 were pooled across N rates. Fitted functions
are: SS42, Y=-108.8/(1+e*3¥4%20),108.8 (R?,,=0.93); Jubilee, O kg N/ha, Y=8.3-145.9/(1+eX337%3) 11459 (R%4=0.96);
Jubilee, 115 kg N/ha, Y=2.0-1 68.8/(1+e‘x'”‘"”“£’)+168.8 (R*,4=0.98); Furio, 0 kg N/ha, Y=5.5-161.3/(1+**®443),161.3
(R%4=0.92); Furio, 115 kg N/ha, Y=1.1-193.5/(1+e*35%%67)4193 5 (R?,,=0.91).
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6.3.2 Zein accumulation in kernels through ontogeny

Zein accumulated in kernels in a sigmoidal fashion (Fig. 6.2). While levels of zein for the three
cultivars were similar up to 179 GDD, significant differences were detected from 244 GDD
onwards. At these harvests, largest quantities of zein accumulated in kernels of Furio. At
244 GDD, kernels of Furio contained at least 453 1g zein (SE 13), 22% more than the 353 g
(SE 15) in those of SS42. The quantity of zein contained in kernels of Jubilee was similar to that
of Furio and SS42 at this harvest. The cultivars responded to N rate differently at 340 GDD with
asignificant increase in levels of zein for both Jubilee and Furio with N fertiliser and a negligible
response for SS42. Kernels of both Jubilee and Furio contained significantly more zein than
those of SS42 at this harvest. Although levels of zein were similar between the control N
treatments of Furio and Jubilee at this harvest, significant differences were detected among the
cultivars for the 115 kg N/ha treatment. Whereas kernels of Jubilee in the 115 kg N/ha treatment
contained 789 ng zein (SE 13) those of Furio contained 984 ng (SE 21) with this N rate.
Differences among the N rates for both Furio and Jubilee were significant at this harvest. Further
significant cultivar differences were observed at 422 GDD. At this harvest, kernels of Furio in
the 115 kg N/ha treatment contained 1251 pg zein (SE 21), significantly more than the 932 ng
(SE 17) and 643 ug (SE19) in those of Jubilee and SS42, respectively. Kernels in the control N
treatment of Furio contained 1164 ug zein (SE 17), significantly more than those of Jubilee at
either N rate. Furthermore, both the control and 115 kg N/ha treatments of Jubilee contained
significantly more (at least 20%) zein than SS42 at this harvest. Differences among the N rates
for Jubilee and Furio were also significant at 422 GDD. Compared to the controls, levels of zein
for Furio and Jubilee were 7 and 13% higher with 115 kg N/ha, respectively. The cultivar x N

rate interaction was not significant for this harvest.
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Fig. 6.2. Zein accumulation in kernels of SS42, Jubilee, and Furio as influenced by N rate. Each data point represents the mean
for each harvest, pooled across blocks after analysis for clarity. Data for SS42 were pooled across N rates. Fitted functions are:
§542, Y=-757.5/(14eX¥1100590,957 5R?,.=0.97); Jubilee, 0kgN/ha, Y=-2.7-995.5/(1+e™#37®813,.995 5 (R%,,=0.95); Jubilee,
115 kg N/ha, Y=-68.5-1315.3/(1 +X-¥*¥1%31,1315 3 (R%,4,=0.93); Furio, 0 kg N/ha, Y=-41.1-1505.3/(1+eX%44140, 1505 3
(R%,4=0.92); Furio, 115 kg N/ha, Y=0.3-1342.7/(1+e%2%7548)41342.7 (R,;=0.94).

The relationship between DM accumulation and zein accumulation was non-linear (Fig. 6.3) with
the fitted function strongly influenced by the six data points for Furio (top right in Fig. 6.3) as

evidenced by large DEFITS values (SAS Institute, 1989; data not presented). Non-linearity was
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apparent even when individual functions for each cultivar were fitted. Moreover, as the
coefficients for these functions were similar among the cultivars, there was no benefit from
fitting individual functions. Clearly, further data at later ontogenetic stages for each cultivar are

required to confirm the appropriateness of this function.
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Fig. 6.3. Relationship between kemel DM accumulation and the level of zein in the kemel. O = Jubilee,
a = Furio, © = $S42. Postulated funcsion is Y=-23.0-219.3/(14+¢™®¢®%277)4219 3 (R?,,=0.91).

6.3.3 Separation of zein proteins at R4

Distinct differences in zein protein banding were observed between SS42 and the other two
cultivars. Whereas Jubilee and Furio exhibited distinct banding of 24 and 22 kDa proteins (i.e.,
a-zein; Esen, 1986, 1987; Wilson, 1991), only trace amounts were observed forSS42. Similarly,
banding observed for Furio and Jubilee at 45 kDa was also negligible for SS42. No obvious

differences in banding patterns and apparent densities of these bands were observed between
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Jubilee and Furio. Furthermore, as banding patterns were similar between the control and 230 kg

N/ha treatments, only the 230 kg N/ha treatments are presented (Fig. 6.4).

a b c d e f g h
kDa kDa
66 - - 66
45 + - 45
36 - 36
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24 4 s ke [ 24
20.1+ - 20.1
1

Fig. 6.4. Separaton of zein fractions from kemneis harvested at R4 by SDS-PAGE. Laaes a and h are the
standards wirh lanes b-g the samples. Lanesb and ¢ correspond to Furio, d and e to Jubilee, and f and g to SS42.
The first lane for each cultivar was loaded with SO pl of sample and the second wish 100 ul.  All sampies were
from keraels in the 230 kg N/ha treamments.

6.3.4 Nitrogen accumulation in kernels through ontogeny

The sigmoidal patern observed for DM and zean accumulation in kermnels (Figs. 6.1 and 6.2.
respectively) was also detected for N accumulagion (Fig. 6.5). While the three culmvars
contained similar quantities of N at the first two harvests, sigmificant differences were detected
from 244 GDD onwards through cultivar x N rate interactions. These interactions resulted from
the lack of response of SS42 to N rate, which commrasted both Jubilee and Furio. Regression
analysis revealed that only kernels in the 115 kg N/ha treatment for Furio and Jubilee contained
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significantly more N than those of SS42 at 244 GDD, containing 11 and 35% more N,
respectively. Similarly, only for the 115 kg N/ha treatments were differences between Jubilee
and Furio significant at 244 GDD. Kernels of Furio in the 115 kg N/ha treatment contained
1.44 mg N (SE 0.07), 27% more than the 1.05 mg (SE 0.03) contained by those of Jubilee.
Differences among the N rates for both Jubilee and Furio were not only significant at this harvest
but also at subsequent harvests. At 446 GDD, kemnels of Jubilee in the control N treatment
contained 2.34 mg N (SE 0.05), 14% less than the 2.73 mg (SE 0.03) for those in the 115 kg N/ha
treatment. Kernels of Furio in the control N treatment contained 2.77 mg N (SE 0.05) and those
of the 115 kg N/ha treatment contained 3.40 mg N (SE 0.09) at this harvest. Regression analysis
confirmed the significance of cultivar differences at this harvest with kernels of Furio in the
115 kg N/ha treatment containing 3.40 mg N (SE 0.09) and those of Jubilee containing 2.73 mg
N (SE 0.04). Similar significant differences were observed for the control N treatments. All
these treatments contained significantly more N than the 1.87 mg (SE 0.03) contained by kernels
of SS42 at this harvest. Kemnels of SS42 also contained significantly less N than the other
cultivars and N rates at the previous harvest (340 GDD). Kernels in the 115 kg N/ha treatments
of Jubilee and Furio contained similar quantities of N at this earlier harvest as did the control N

treatments.

With zein and DM also accumulating in kernels with a sigmoidal pattern (Figs. 6.1 and 6.2) they
were both highly correlated with N accumulation (r=0.98; P<0.001). In these instances, non-

linearity was not detected.
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Fig. 6.5. Nitrogen accumulation in kernels of SS42, Jubilee, and Furio as influenced by N rate. Eachdata point represents the
mean for each harvest, pooled across blocks after analysis for clarity. Data for SS42 were pooled across N rates. Fitted functions
are: $842,Y=-0.16-2.47/(1+e%3! 717042 47 (R?%,,=0.95); Jubilee, 0 kg N/ha, Y=-0.41-5.20/(1+e%-3¢6% D}15 20 (R?,,=0.91);
Jubilee, 115 kg N/ha, Y=-0.51+4.61/(1+e**74120)44 6] (R%,,=0.94); Furio, 0 kg N/ha, Y=0.10-2.96/(14¢™ #5942 96
(R%4=0.97); Furio, 115 kg N/ha, Y=0.01-3.75/(1+e*735741,3 75 (R%,,;=0.96).



Relationship between zein accumulation and sink strength in sweet corn 249

6.3.4 Ontogenetic changes in kernel N concentration

Kemel N declined in concentration with ontogeny (Fig. 6.6) in contrast to concurrent increases
in N (Fig. 6.5), zein (Fig. 6.2), and DM (Fig. 6.1). Most rapid declines for Jubilee and Furio
coincided with the linear phase of DM, N and, zein accumulation (cf. Figs. 6.1,6.2, and 6.5 with
6.6). As DM, N, and zein accumulation plateaued, the rate of decline in N concentration
decreased for these cultivars with concentrations for Jubilee and Furio plateauing around
19.7 mg.g DM (SE 0.6) at 422 GDD. Although concentrations for SS42 also declined with
ontogeny, similar plateauing was not detected. While the influence of N rate at each harvest was
similar, significant cultivar differences were detected. A N concentration of 31.5 mg-g DM
(SE 0.6) was detected at the first harvest (121 GDD) for kernels of Jubilee, significantly higher
than the 28.2 mg.g DM (SE 0.4) for those of Furio, but similar to the 30.4 mg.g DM™ (SE 0.3)
in those of SS42. At the second harvest (179 GDD), kemels of Jubilee contained N at a
significantly higher concentration than both Furio and SS42. Although kemels of the three
cultivars contained N at similar concentrations at the third harvest (244 GDD), further significant
cultivar differences were detected at the final two harvests. At these harvests, SS42 had a

significantly higher concentration of N (22.1 mg.g DM (SE 0.4)) than either Jubilee or Furio.
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Fig. 6.6. Ontogenetic changes in kernel N concentration for (a) SS42, (b) Jubilee, and (c), Furio. Each data point
represents the mean for each harvest, pooled across N rates. Forclarity, data werealsopooled across blocks after
analysis. Fitted funcsions are: SS42, Y=33.4-2.6x10*X (r*=0.94); Jubilee, Y=31.6+12.2/(1+e*2770359y.12 2
(Rzad,-=0.92); Furio, Y=28.3+8.6/(1+c*%21279.8 ¢ (R2“1=0.94).

6.3.5 Relationship between thelevel of zein and N and DM partitioning to kernels

The overall correlation between the level of zein and kernel sink strength for DM was 0.72
(P<0.001). However, a plot of the two variables (Fig. 6.7) indicates heterogeneous variance; a
violation of an assumption of this analysis (Mead et al,, 1993). Variance increased as the
concentration of zein increased. As discussed in Section 6.2.4, data were not transformed as a
transformation would have obscured important information. Rather, groups of data for each

genotype were identified in the following graphs (Figs. 6.7-6.9) for comparison.
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Atlow levels of zein (i.e., 1 50-400 pg-kernel ') kernel sink strength for DM was similar amongst
the three cultivars. Moreover, at these low levels there appeared a trend for increased kernel sink
strength with increased zein content. At high levels of zein, however, this trend was not evident
with Furio kernels containing significantly more zein than either SS42 or Jubilee yét having a

significantly lower kernel sink strength.

The association between the level of zein and kernel sink strength for N was similar to that
between the level of zein and kernel sink strength for DM (data not presented). Such similarity

is consistent with the high association (r=0.80; P<0.001) between kernel DMPCs and NPCs.
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Fig. 6.7. Relasionship between the level of zein in the kemel and kemel sink strength for DM. Overall
correlation was 0.72 (P<0.001).
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6.3.6 Relationship between the level of zein and N and DM partitioning to stems

and husks

Partitioning of DM to both stems and husks was negatively associated with the level of zein
(r=-0.57; P<0.01 and r=-0.69; P<0.002, respectively). As with kemnel sink strength, however,
the assumption of constant variance was not metin these analyses (Figs. 6.8 and 6.9). When data
foreach cultivar are identified, the heterogeneous variance is seen to be attributable to cultivar

differences at high levels of zein.

At low levels of zein, higher partitioning to stems was associated with lower zein content
(Fig. 6.8). At higher levels, on the other hand, this trend was reversed; the higher the level of
zein, the higher the proportion of DM partitioned to stems. In contrast, the three cultivars
partitioned similar proportions of DM to husks at low levels of zein, but not at higher levels
(Fig.6.9). Jubilee remobilised DM from husks atthe higher level of zein, while Furio partitioned
DM to husks. These differences in partitioning occurred despite Furio kemels containing a

significantly higher level of zein than Jubilee.

The association between husk NPCs and level of zein (r=-0.69; P<0.002) was almost identical
to that presented in Fig. 6.9 for husk DMPCs and zein. Such similarity is consistent with husk
DMPCsand NPCs being highly correlated (r=0.84; P<0.001). Nitrogen partitioning to stems was

not correlated with the level of zein.
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Fig. 6.8. Relationship between the level of zein in the kernel and DM partitioning to stems. Overall correlation

was -0.57 (P<0.01).
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Fig. 6.9. Relationship between the level of zein in the kermel and DM parsitioning to husks. Overall correlation

was -0.69 (P<0.002).

S

et ° o — 8842

840! Q ---- Jubilee

= a ——- Furio

Re)

g

@ 30 |

3

<

g

= 10 TTEas

a

s

g 0 o

< . -

%-10 - o

~ . i . . . .

200 400 600 800 1000 1200

Zein (ug N.kernel™)



Relationship between zein accumulation and sink strength in sweet corn 254

6.4 Discussion

High correlations between kernel DM accumulation and zein content in both the current study
(Fig. 6.3) and in studies with maize (Cully et al., 1984; Misra and Oaks, 1981; Tsai et él., 1978a,
1978b, 1980, 1983) strongly suggests that zein is associated with kernel sink strength. Further
evidence is provided by the significantly lower zein accumulation in kemels of endospern
mutants (Fig. 6.2) and their correspondingly lower DM contents (Fig. 6.1). Compared to the sul
and sh2 mutants, the wild type contained about 25% and 49% more zein at R4, respectively, and
accumulated 18% and 49% more DM, respectively. Similarly, kernels of the sul mutant, which
contained 31% more zein than those of the sh2 mutant, accumulated 38% more DM. Similar
results have been reported in other studies (Figs. 3.7 and 5.7; Dalby and Tsai, 1975; Doehlert and
Kuo, 1994; Glover et al., 1975; Goldman and Tracy, 1994; Ma and Nelson, 1975; Mertz et al.,
1964; Misraet al., 1972, 1975a; Nelson, 1980; Nelson et al., 1965; Paulis et al., 1978; Tsai and
Dalby, 1974, Tsai et al., 1978b).

A positive association between the level of zein and apparent kemnel sink strength for DM
(r=0.72; Fig. 6.7) further supports the hypothesis that zein may influence kernel sink strength.
However, heterogeneous variance meant that the calculated coefficient was an incorrect statistic'
(Mead et al., 1993). Examining Fig. 6.7 indicates that this variation was due to cultivar
differences in the proportion of DM partitioned, particularly at high levels of zein. Jubilee and
SS42 partitioned large proportions (about 80-90%) of their available DM to kernels at the high
level of zein, notably more than the 60% partitioned by Furio. Such lower partitioning by Furio
is not consistent with the hypothesis that a higher level of zein translates into a higher kernel sink
strength. However, as discussed in Section 5.4, the wider ontogenetic interval over which the
partitioning coefficients were calculated for Furio (Table 5.1) apparently reduced the size of the
coefficients. The effect was to make it difficult to compare partitioning coefficients between R1
and R4 for Furio with those of either Jubilee or SS42 as is possibly the case here. There is also
the possibility that the lower DM partitioning to Furiocompared to the other cultivars may have
resulted from Furio receiving less incident radiation (ca. 24% compared to SS42). However,
analysis in Chapters 3 and 5 failed to detect differences in DM or N partitioning to kernels when

different incident radiation levels were taken into account.
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Dry matter, zein, and N accumulated in kernels with the sigmoidal pattern (Figs. 6.1, 6.2, and
6.5) observed in other studies (Dalby and Tsai, 1974; Da Silva and Arruda, 1979; Jones et al.,
1977a; Lee and Tsai, 1985; Misra and Oaks, 1981; Tsai et al., 1983). The observation that
cultivar differences in accumulation generally became apparent from 244 GDD onwards (1e.,
from R2/R3) implies that zein synthesis was similar among the genotypes during early grain
filling. This contrasts work with other mutants (e.g., 02, fI2) where quantities of zein were not
only significantly lower during this period but the synthesis of zein was delayed (Dalby and Tsai,
1974; Misraet al., 1975b; Tsai, 1979a; Tsaiet al., 1978a, 1978b; Tsai and Dalby, 1974). Further

data at lower GDD are required to confirm this finding.

The higher sink strength for DM by kernels of Jubilee compared to SS42 between R1 and R2/R3
(Figs. 3.13 and 5.1) was earlier hypothesised (Sections 3.4 and 5.4) to result from a greater rate
of zein accumulation. The observation that kernels of Jubilee contained similar quantities of zein
as SS42 at 121 GDD (Fig. 6.2) but significantly more (about 28 %) at 244 GDD (i.e., R2/R3)
supports this hypothesis. However, Jubilee continued to accumulate DM at a faster rate between
R2/R3 and R4, yet cultivar differences in kernel sink strength for DM between R2/R3 and R4
(Figs. 3.14 and 5.2) were not detected. Such a response is consistent with the hypothesis that
zein reaches physiologically maximum levels for each cultivar during this period. However, as-
aplateau phase for zein accumulation (which would signal termination of zein synthesis) was not

identified for any of the genotypes, this latter hypothesis is not supported by these results.

Levels of zein increased significantly with increased N fertility from 244 GDD for Jubilee and
Furio (Fig. 6.2). This response, consistent with studies on maize (Keeney, 1970; Prince, 1954;
Rendig and Jimenez, 1978; Sauberlich et al., 1953; Tsaiet al., 1978a, 1980) is attributed to zein
becoming increasingly abundant in the endosperm with ontogeny (Rendig and Broadbent, 1979:
Schneider et al., 1952; Tsai et al., 1980, 1984; Wolfson and Shearer, 1981). Moreover, under
high N fertility the increased supply of amino acids (Balconi et al., 1991, 1993; Keeney, 1970;
MacGregor et al.,, 1961; Shinano et al., 1991) enables more N to be partitioned to kernels
(Anderson and Kole, 1975; Balconi et al., 1991, 1993; Barlow et al., 1983; Manther and Giese,
1984), presumably for zein synthesis. However, unlike either Jubilee or Furio, levels of zein in

SS42 did not respond toincreased N fertility. This lack of response is consistent with the limited
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response to N rate by SS42 observed elsewhere in this study (e.g., Chapters 2-5). While these
observations may, in part, be explained by the high levels of residual- and mineralizable-N
(Tables 2.1 and 4.1) masking any effect of increased N fertility, they may also be attributable to
the lower levels of zein bought about by the sh2 mutation. As discussed above, zein levels in the
sh2 mutant at R4 were 28 and 49% lower than the su/ mutant and wild type, respectively
(Fig. 6.2). Despite these lower levels, total endogenous N levels were only 21 and 28% lower
at this ontogenetic stage than the su/ mutant and wild type, respectively (Figs. 5.3d-f; Table 5.8).
With zein accumulation dependent on an adequate supply of N (Tsai et al., 1980, 1984) it is
conceivable that zein accumulation would be less limited by endogenous N levels in the sh2
mutant than in either the su/ mutant or the wild type, and hence less likely to respond to
additional fertiliser N under moderate to high soil N fertility. This hypothesis is supported by
the correlation between levels of zein for the su/ mutant increasing significantly with N fertiliser
from 340 GDD compared to 244 GDD for the wild type and the significantly higher zein
accumulation by the wild type at 244 GDD (Fig. 6.2).

Negative correlations between zein quantity and DMPCs for both husks and stems (Figs. 6.8 and
6.9) further support the hypothesis that these organs accumulate photoassimilate not consumed
inreproductive growth (Sections 3.4 and 5.4). Kermnels with a low sink strength accumulate less.
photoassimilate than would otherwise be accumulated with a high sink strength. Hence,
increased zein content, and thus kernel sink strength, was associated with decreased partitioning
of DM to stems and husks for all three cultivars. Similar observations were made by Walker et
al. (1988). Partitioning to husks and stems declined with increases in the level of zein and
partitioning to these organs essentially ceased atlevels of 600-1000 pg zeinkernel™. At higher
levels, DM was remobilised from these organs, consistent with the hypothesis that increased
kemnel sink strength reduces photoassimilate availability. The greater remobilisation of DM from
stems of SS42 compared to Jubilee between R2/R3 and R4, despite a lower level of zein
(Fig. 6.8) is consistent with the suggestion that photosynthetic rates were impaired for this

cultivar (Section 5.4).

Separation of zeins clearly indicates that SS42 was deficient in a-zein (Fig. 6.4). While this

observation is consistent with Doehlert and Kuo’s (1994) and Paulis et al.’s (1992) studies, it
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contrasts work by Misra et al. (1976) and Tsai et al. (1978b). Such preferential loss of a-zein
was not observed for the su/ mutant, and in this instance contrasts Wilson’s (1992) study. Aside
from a-zein, the only other zein detected was a 45 kDa protein forboth Jubilee and Furio. With
no other studies to my knowledge having reported such a class of zein, the signif icance of this
protein in unknown. The apparent absence of other zeins (i.e., B-, y-, or 8-zeins; Esen, 1987)
may reflect their relatively low abundance compared to ¢t-zein (Esen, 1986, 1987; Larkinsetal.,
1989; Leeetal., 1976; Misraet al., 1976; Wilson, 1991), particularly if the size of sample loaded
was insufficient. Nevertheless, further research is clearly required if these conflicting results are

to be clarified and functional roles assigned to these zeins.

In conclusion, this study has provided further evidence to support hypotheses proposed
throughout Chapters 2-5 that differences in physiological responses among genotypes were
related to differences in kernel sink strength, which in turn may be related to zein accumulation.
In doing so, further evidence to support the hypothesis that an inhibitory cycle stems from the
limited sink strength of kernels during early grain filling has been provided. Similarly, this study
has further supported the hypothesis that the limited yield response of SS42 to N fertiliser
compared to Jubilee was due to physiologically lower levels of zein, and hence a lower.

requirement for N.



Chapter 7

General discussion
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7.1 Agronomic and physiological importance

A primary goal of this research was to increase grower profit by identifying means of increasing
yield, reducing input costs, or both. Achieving this goal required critical evaluation of the
original cropping regime. Under this regime, crops of Jubilee and SS42 are sown at
55,000 plants per hectare with up to 150 kg/ha of fertiliser N. With suggestions that growers
commonly apply more fertilizer N than is economically optimal (Morris and Blackmer, 1989;
El-Hout and Blackmer, 1990) and numerous studies reporting ear yield increases in the order of
3-12 t/ha with higher densities than currently used (Andrew and Weis, 1974; Bailey, 1941;
Bowers, 1943; Moss and Mack, 1979; Roberts et al., 1980a; Warren and Kelly, 1963), doubt was
cast as to whether this regime maximized yield and used fertiliser N efficiently. The suitability
of this regime for both Jubilee and SS42 (the cultivars which currently dominate sweet comn
plantings at Gisborne) is further questioned by studies showing hybrid differences in response
to both density and N rate (Balko and Russell, 1980a; Sabata and Mason, 1992; Smicklas and
Below, 1990; Tsai et al., 1984).

The first experiment (Chapter 2) showed that yield of both SS42 and Jubilee was maximised at
densities greater than 100,000 plants per hectare (Figs. 2.4a and 2.1 1a). However, such densitiesF
would unlikely maximise grower profit due to yield at high densities containing an increased
proportion of cobs unsuitable for factory processing (Sections 2.3.1.3 and 2.3.2.3) with these
cobs deducted from payments to growers. Rather, densities which maximise grower profit by
maximising ‘processable’ (or marketable) ear yield are 80,800 and 100,660 plants per hectare for
SS42 and Jubilee, respectively (Figs. 2.8a and 2.15a). However, as yield for both cultivars at
each of these densities was statistically similar to that at 55,000 plants per hectare, it is likely that

growers are currently planting within the density range for maximum yield.

There s little value in maximising marketable ear yield if the processor’s saleable products (i.e.,
kemels and cobs) are not also maximised; although marketable ear yield maximises grower
profit, processors may not be advantaged and therefore reluctant to increase payments for crops.
Marketable kernel and marketable cob yield for both SS42 and Jubilee were maximised in the

range 69-77,000 plants per hectare (Figs. 2.9a,2.10a,2.16a, and 2.17a). As with marketable ear
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yield, however, yield within this density range was statistically similar to that at 55,000 plants
per hectare. This again suggests there is no yield advantage from growers increasing densities
to 69-77,000 plants per hectare. However, these higher densities may offer a significant
advantage to processors. Kemels derived from secondary ears generally had a higher‘ SMC and
were less mature than those from primary cobs (Chapter 2). Thus, their lower contribution to
total marketable yield in the density range of 69-77,000 plants per hectare (Figs. 2.9¢, 2.10c,

2.16c, and 2.17c¢) should increase the consistency of the saleable product.

As density increases, interplant competition for N also increases (Donald, 1963), and as a
consequence, the level of N required for maximum yield also increases (Bray, 1954; Chipman
and MacKay, 1960; Colyer and Kroth, 1968; Downey, 1971; Duncan, 1954; Lang et al., 1956).
Hence, ear yield increases of 4-11 t/ha may be achieved with N fertiliser (Balko and Russell,
1980b; Fox; 1973; Lang et al., 1956; Sanmaneechai et al., 1984; Steele et al., 1982). Despite
such reports, the first experiment (Section 2) failed to generate such large yield increases with
N fertiliser. Yield responses were either negligible or did not follow a trend consistent with
incremental increases in N rate (e.g., Figs. 2.4 and 2.11). Further investigation revealed that high
levels of soil available N (259 kg/ha; Table 2.1) probably negated the yield response in this
experiment. A second experiment, designed to investigate yield response to N on a soil with low-
available N, also found limited response. Despite an apparently low level of soil available N
(92 kg N/ha; Table 4.1), yield response to N rates above 74 kg/ha in the second experiment was
also negligible (Figs. 4.3 and 4.10). Combining the two years’ results suggests that maximum
yield may be achieved when levels of soil available N are > 213 kg N/ha (i.e., the average of the
levels of N above which no further significant response to N rate was recorded in the two
studies). This result is consistent with Tsai et al.’s (1992) suggestion that when soil available N
is > 175 kg/ha, yield response to fertiliser N will be limited. More importantly, however, these
results suggest that by not accounting for soil available N levels when determining fertiliser
regimes, some growers in Gisborme may be applying fertiliser N in excess of crop requirements

for maximum yield.

High levels of soil available N may result from carryover of nitrates from previous crops (Jokela,

1992; Guillard et al., 1995; Kimble et al., 1972; Lory et al., 1995b; Olsen et al., 1970; Russelle
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et al., 1981), a source which may be considerable in continuous sweet corn production (Herron
etal., 1971; Roberts et al., 1980a; Taber and Peterson, 1979). While carryover (i.e., residual N)
was identified as a source of N, the largest contributor to soil available N was mineralizable N,
contributing up to 66% (Tables 2.1 and 4.1). Despite the apparent importance of mineralizable
N, few growers use mineralizable N levels when estimating fertiliser N requirements. Failing
to take mineralizable N into account is a result of most growers being unfamiliar with the concept
of mineralizable N (Davis, pers. comm.). These studies therefore highlight two important areas
on the N nutrition of sweet corn. First, the need for grower education on the importance of
mineralizable N to cropping. In the two experiments conducted (Chapters 2 and 4), the $NZ 75
per sample for the comprehensive soil information obtained (e.g., Table 2.1) would easily have
been recovered in savings in fertiliser and application costs. Second, to obtain maximum benefit
from soil analyses (Jungk and Wehrmann, 1978; Stanford, 1973) further research is required,
particularly on the relationship between soil available N and yield. Better understanding this

relationship is essential if fertiliser N requirements are to be better estimated.

Under the conditions of soil available N experienced in these studies, Jubilee was more
responsive to fertiliser N than SS42 (e.g., cf. Figs. 2.4 and 2.11). This finding may have
important ramifications for the management of these cultivars. For example, if soil available N”
levels are high, SS42 may be cropped without the need for N fertiliser. This finding may be
particularly important to growers of organic sweet corn as they are largely reliant on soil
available N levels. Only with further research and perhaps ‘cropping out’ residual soil N in the

year before the experiment (Tsai et al., 1992) can this suggestion be confirmed.

Different responses between Jubilee and SS42 to N fertiliser was associated with kernels of
Jubilee accumulating significantly more (about 31%) zein than those of SS42 (Fig. 6.2). Zein,
the primary N storage protein in kernels of sweet corn and maize (Tsai et al., 1980, 1983),
becomes increasingly abundant as soil N fertility increases (Keeney, 1970; Prince, 1954; Rendig
and Jimenez, 1978; Sauberlich et al., 1953; Tsai et al., 1978a, 1980). Significant increases in
levels of zein with N fertiliser for Jubilee, unlike SS42 are therefore consistent with SS42 (sh2
mutant) accumulating significantly less zein than Jubilee (su/ mutant). Thus, Jubilee would be

expected to require more N for maximum yield than SS42. Further, as total endogenous N levels
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for SS42 at R4 were only 21% lower than Jubilee (Figs. 5.3d-f; Table 5.8), zein accumulation
in kernels of SS42 would be less limited by endogenous N levels than those of Jubilee. As a
consequence, SS42 would be less likely to respond to additional fertiliser N under moderate to
high soil N fertility. Observations that zein levels for Furio (wild type) responded to N fertiliser
at an earlier ontogenetic stage than Jubilee and had a significantly higher zein level at this

ontogenetic stage (Fig. 6.2) support this hypothesis.

While it is known that zein serves as a N storage protein in kernels (Geraghty et al., 1981; Jones
etal., 1977a; Tsai etal., 1978a, 1978b), results presented in Chapter 6 and in studies with maize
(Cully et al., 1984; Misra and Oaks, 1981; Tsai et al., 1978a, 1978b, 1980, 1983) show that zein
isassociated with kernel sink strength. Zein may therefore be a reliable indicator of sink strength
or perhaps even play a role in determining kernel sink strength. Evidence to suggest that zein
may be a determinant of sink strength is indicated by studies showing that zein deficient mutants
accumulate significantly less DM than wild types (Dalby and Tsai, 1975; Doehlert and Kuo,
1994; Goldman and Tracy, 1994; Ma and Nelson, 1975; Nelson et al., 1965; Tsai et al., 1978b).
Chapter 6 showed that the wild type contained 25 and 49% more zein at R4 than the sul and sh2
mutants, respectively (Fig. 6.2), and accumulated 18 and 49% more DM, respectively (Fig. 6.1).
Similarly, kemels of the su/ mutant, which contained 31% more zein than those of the shZ’
mutant, accumulated 38% more DM. Collectively, these results provide compelling evidence
that zein level is associated with kernel sink strength, and therefore grain yield (Tsai and Tsai,

1990).

Kemel growth and development is dependent on being partitioned N and DM. However, the
observation that DM was partitioned to vegetative organs in contrast to N being remobilised from
these organs (Figs. 3.13, 3.14, 5.1, and 5.2) indicates that both SS42 and Jubilee were sink
limited for current photoassimilate, yet source limited for newly assimilated N. Similar source
and sink limitations have been shown in many studies (Below et al., 1981, 1984; Cliquet et al.,
1990b; Goldsworthy et al., 1974; Hay et al., 1953; Prioul et al., 1990; Tollenaar, 1977;
Yamaguchi, 1974). With roots requiring photoassimilate for active uptake of N (Hatrick and
Bowling, 1973; Pan et al., 1995), it is unclear why roots were partitioned so little DM when

photoassimilate was in excess. This source limitation is further surprising given that soil N
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fertility was apparently high (Tables 2.1 and 4.1). Hay et al. (1953) and Sayre (1948) similarly
observed N remobilisation from vegetative organs, regardless of soil N fertility. While theremay
be many theories to explain these phenomena, evidence from two experiments (Chapters 3 and
5) suggests that the two events are linked and are initiated by limited kernel sink strcﬁgth. This

link is discussed below and summarised in Fig. 7.1.

When maximum leaf area in maize and sweet corn is reached (around R1; Alofe and Schrader,
1975; Muchow, 1988; Uhart and Andrade, 1995b), ears are relatively small sinks (Figs. 3.13 and
5.1; Edmeades and Daynard, 1979a; Prioul et al., 1990; Setter and Meller, 1984; Schussler and
Westgate, 1991a) and unable to accumulate all the photoassimilate being produced (Tanaka and
Yamaguchi, 1972). Although the excess is partitioned to stems and husks (Figs. 3.13, 3.14, 5.1,
and 5.2; Barnett and Pearce, 1983; Campbell, 1964; Huelsen, 1954), these organs can only
accumulate a limited quantity before becoming saturated (Barnett and Pearce, 1983). Once
saturated, photoassimilate may accumulate in leaves (Farrar and Gunn, 1996; Thomas and
Stoddart, 1980), causing feedback inhibition of photosynthetic enzymes (Neales and Incoll, 1968)
to reduce the supply of photoassimilate (Thomas and Stoddart, 1980). However, N assimilation
is dependent on the rate of photoassimilate supply to roots (Pan et al., 1995). Thus, inhibited
photosynthesis reduces N uptake (Hatrick and Bowling, 1973; Karlen et al., 1988; Wild and
Breeze, 1981), and as a consequence, places more demand on vegetative organs to supply N
(Figs. 3.14 and 5.2; Hageman, 1986; Reed et al., 1988). As the remobilisation of N from leaves
impairs photosynthetic activity (Hageman, 1986; Muchow, 1988; Sinclair and deWit, 1976;
Swank et al., 1982), photoassimilate supply to kemnels and roots may be further restricted
(Hageman, 1986). Hence, an inhibitory cycle (Fig. 7.1) may evolve from the limited sink

strength of kernels.



General discussion

264

l If leaves supply N...

If ears are unable to accumulate all of
the available photoassimilate the excess
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Evidence supporting this inhibitory cycle is provided by several observations in Chapters 2, 3,
and 5. For example, stems and husks were partitioned 72% of the available DM between R1 and
R2/R3, consistent with kernels and rachis of Furio (wild type) having a combined sink strength
of only 15% (Fig. 5.1). In contrast, the significantly higher sink strength of both kernels and
rachis of Jubilee resulted in 42% of the available DM being partitioned to these organs. Jubilee
had a significantly higher kernel sink strength than SS42 and partitioned significantly more DM
to roots (cf. Figs. 5.1a-c). Furio also partitioned DM to roots during this period despite having
a significantly lower kemel sink strength than Jubilee. Such partitioning was probably a
consequence of having a larger stem, thereby enabling more photoassimilate to be stored and
avoiding feedback inhibition of photosynthetic enzymes (Neales and Incoll, 1968). The higher
partitioning of DM to roots by both Jubilee and Furio compared to SS42 was associated with
these cultivars assimilating significantly more N than SS42 between R1 and R2/R3 (Table 5.6).
As Furio continued to partition DM to roots between R2/R3 and R4 (cf. Figs. 5.2a-c), it
assimilated significantly more N during this period than SS42 (Table 5.7). A lower N
assimilation rate by SS42 combined with a significantly higher kernel sink strength for N resulted
in S§42 remobilising significantly more N from stems and leaves than kernels of Furio between
R1 and R2/R3 (cf. Figs. 5.1d and 5.1f). Although Jubilee partitioned DM to roots for N uptake
between R1 and R2/R3, this cultivar also remobilised N during this period, sourcing N from
leaves and roots (Fig. 5.1e). Collectively, these observations suggest that the lower sink strength
of SS42 kernels resulted in this cultivar being more influenced by the inhibitory cycle (i.e.,

possible greater feedback inhibition of photosynthesis) than Jubilee.

The observation in Chapter 2 that a short silk delay for the secondary ear at low densities (i.e.,
40,000 plants per hectare) was associated with greater kernel recovery from the primary ear is
also consistent with the inhibitory cycle theory. Itis consistent asthe production of a secondary
ear would help establish a large sink sooner and therefore minimise any effects of the inhibitory

cycle.

Furtherevidence fortheexistence of aninhibitorycycle is derived from the remarkable similarity
between the sequence of events proposed in Fig. 7.1 and the pattern of senescence in barren

plants. Barrenness, whether arising naturally or by physical ear removal, is associated with
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accelerated leaf senescence (Allison and Weinmann, 1970; Christensenet al., 1981; Kiniryetal.,
1992; Prioul and Schwebel-Dugué, 1992; Uhart and Andrade, 1995a) as shown by a loss of
chlorophyll and leaf N (Crafts-Brandneret al., 1984b; Feller et al., 1977; Fujitaet al., 1994; Reed
etal., 1988), aloss of photosynthetic enzymes (Christensen et al., 1981; Jeannette, 1993; Millard,
1988; Prioul, 1996; Tsai et al., 1986), and a significant decline in the net assimilation rate
(Barnett and Pearce, 1983; Fujita et al., 1994; Moss, 1962; Thiagarajah et al., 1981). However,
the onset of enzyme degradation is preceded by soluble sugar accumulation in leaves and stems
(Allison and Watson, 1966; Allison and Weinmann, 1970; Setter and Flannigan, 1986; Verduin
and Loomis, 1944).

The proposed inhibitory cycle is, however, inconsistent with observations that some com plants
rapidly senesce in the absence of developing grain (Allison and Weinmann, 1970; Christensen
etal., 1981; Kiniry et al., 1992; Prioul and Schwebel-Dugué, 1992; Uhart and Andrade, 1995a)
whereas senescence in others is either delayed or does not occur (Crafts-Brandner et al., 1984a;
Crafts-Brandner and Poneleit, 1987b; Genter et al., 1970; Moss, 1962). According to the
inhibitory cycle theory, barren plants should senesce rapidly. However, such differences may be
explained by differences in the capacity to store photoassimilate, differences in net assimilation
rates, or both (Crosbie and Pearce, 1982; Earl and Tollenaar, 1998; Vietor and Musgrave, 1979)..
While a high net assimilation rate would quickly saturate storage organs, the time at which this

occurs will depend on the capacity of the storage organs to accumulate photoassimilate.

As grain filling proceeds, effects of the inhibitory cycle apparently become less important as
plants bearing ears generally do not senesce until late in theirontogeny (Pan et al., 1995). This
may occur because as kernel sink strength for DM increases (cf. Figs. 3.13, 3.14, 5.1, and 5.2),
the concentration of photoassimilate in the stem declines (Daynard et al., 1969; Hanway, 1962a;
Jones and Simmons, 1983; Jordan et al., 1950; Kiesselbach, 1950), and the inhibition of
photosynthetic enzymes is alleviated (Barnett and Pearce, 1983; Neales and Incoll, 1968).
However, effects of the cycle may still be evident. Continued remobilisation of N from stems
for both SS42 and Jubilee and leaves for SS42 between R2/R3 and R4 (Fig. 5.2; Table 5.5)
provides such evidence. Moreover, the observation that SS42 also remobilised DM from stems

between R2/R3 and R4 (Fig. 5.2a) indicates that less photoassimilate was available for N
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acquisition by roots (Pan et al., 1984), and therefore a greater influence from the inhibitory cycle

as compared to Jubilee.

Eventually plants of maize and sweet corn senesce. As the DM content of kernels approaches
physiologically maximum levels and kernel sink strength for DM declines (Hanft et al., 1986;
Johnson and Tanner, 1972), photoassimilate begins to accumulate in the stem (Hume and
Campbell, 1972), N assimilation declines (Friedrich et al., 1979), and plants begin to senesce.
Such a striking similarity between this sequence ofevents andthe premature senescence in barren

plants suggests that ultimately, the inhibitory cycle may be part of the senescence process.

The inhibitory cycle offers plausible explanations for many physiological responses observed in
sweet cornand maize. However, confirming the existence ofan inhibitory cycle requires further
research. In particular, research on ontogenetic changes in photoassimilate concentrations and
photosynthetic rates using genotypes differing in kernel sink strength but with similar prolificacy
characteristics is required. Further, if confounding influences (e.g., moisture stress,
photosynthetic photon flux density (PPFD), lodging) are to be avoided, controlled environments
would be essential. Confounding influences among cultivars forquantifying kernel sink strength
may also be eliminated by using heterozygotes pollinated with sh2 and su! pollen to obtain equal”
segregation of normal, si#2, and sul kernels on the same ear (Tsai et al., 1983). Such techniques
would avoid the confounding effects of interplant variability, interacting pleiotropic effects (e.g.,
reduced photosynthetic rates; Morot-Gaudry et al., 1978) caused by the mutations, and

environmental interactions (Tsai et al., 1980).

Confounding influences of different incident radiation levels between cultivars should also be
avoided. While different levels were identified for the cultivars in Chapters 3 and 5, data
adjustment to account for this variable showed only minor influences. Hence, although effects

were identified, general trends (as discussed in relation to the inhibitory cycle) were unchanged.
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7.2 Breeding and crop management to increase yield

Confirmation that an inhibitory cycle exists would have profound effects on both the
management and breeding of sweet corn and maize crops for increased grain yield. Strategies
which aim to increase sink strength during early grain filling or better coincide photoassimilate
production with kernel sink strength would be paramount. As such, this may involve increasing
kernel sink strength duringearly grain filling to accumulate more photoassimilate. Immediately,
one might conclude that to increase yield, kernel sink strength should be increased by increasing
the concentration of zein in the kernel; assuming there is a functional relationship between zein
and kernel sink strength. However, zein concentration is commonly negatively associated with
grain yield (Dudley et al., 1977; Frey, 1951; Motto et al., 1989; Murphy, 1980; Sander et al,,
1987) due to the movement of amino acids into kernels (presumably for zein synthesis)
decreasing sugar concentrations, thereby limiting starch synthesis (Doehlert and Kuo, 1990;
Nelson and Pan, 1995; Preiss, 1982; Preiss et al., 1991). Under conditions of zein saturation
(Tsai et al., 1992) kernel DM may not further increase (Tsai et al., 1983, 1991). The lllinois High
Protein cultivar which contains zein as the major prdtein (Dudley etal., 1974) is a good example
where the synthesis of a large quantity of protein occurs at the expense of starch accumulation
leading to reduced yield (Tsai et al., 1983). Hence, high yielding hybrids are associated with ar
low protein concentration or a high carbon/nitrogen (C/N) ratio in kernels (Tsai et al., 1990,
1992). Low-yielding hybrids, on the other hand, have a high percentage of protein (or low C/N
ratio) in the kernel so that their N sink is saturated rapidly with only a small amount of N
fertiliser (Tsai et al., 1990, 1992). This may explain why some hybrids exhibit only a limited
response to N fertilizer (Tsai et al., 1984). Tsai et al. (1983, 1984) suggest that hybrids with a
low percentage of protein in the kernel, but where zein synthesis can be induced with increasing
levels of N fertilizer, should maximise grain yield. Such hybrids avoid early zein saturation and
aretherefore likely to have along grain filling period, an important characteristic of high yielding
hybrids (Daynard and Kannenberg, 1976; Hanway and Russell, 1969; Poneleitet al., 1980). Such
a selection programme would need to be further investigated for sweet corn as kernels are

harvested before reaching maximum levels of zein (Fig. 6.2).
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Breeding to minimise the adverse effects of the inhibitory cycle may involve increasing the
storage capacity forexcess photoassimilate, presumably through larger stems. Ironically, Lafitte
and Edmeades (1994a) observed in their study that the taller plants yielded highest. However,
tall plants may shade lower leaves (Tetio-Kagho and Gardner, 1988a), thereby reducing the
photoassimilate supply to roots (Criswell et al., 1974; Eastin, 1969, 1970; Fairey and Daynard,
1978a, 1978b). Ottman and Welch (1988) highlighted the importance of solar radiation on lower
leaves by demonstrating that supplementing the PPFD of lower leaves not only increased
endogenous N levels and yield, but delayed their senescence. Thus, increased stem storage
capacity should involve selecting for increased stalk diameter rather than height. Johnson et al.
(1986) reported that selection for reduced height of the maize hybrid ‘Tuxpenio Cremal’ reduced
plant stature by 37% and increased grain yield and harvest index 50-70%. Lodging incidences
were also substantially reduced. Modarres et al. (1998) also reported increased grain yield from
reduced stature plants. While it was not reported whether the selection program employed by
Johnson et al. (1986) increased stalk diameter, decreased leaf area per plant, or both, leaf area
above the primary ear was significantly lower than normal stature plants in Modarres et al.’s

(1998) study.

Management of N inputs may also offer ways to minimise effects of an inhibitory cycle. As’
suggested by Early et al. (1967), enhanced vegetative growth on soils with high N fertility, while
pleasing in appearance, merely leads to an earlier complete leaf canopy and enhanced mutual
shading that is detrimental to grain yield. Thus, future management of both N inputs and
breeding should aim to better coincide photoassimilate production with kernel sink strength.
This may be achieved through better managing N inputs, e.g., later applications of N. Delaying
N fertiliser applications until the crop is well established or splitting the quantity of N to be
applied into several applications during ontogeny (Rhoads and Manning, 1985; Rhoads et al.,
1978) improves NUSE (Bigeriego et al., 1979; Stanley and Rhoads, 1977; Russelle et al., 1981,
1983; Welch et al., 1971) as later applied N is preferentially translocated to reproductive organs
(Below et al., 1981; Weiland, 1989b; Weiland and Ta, 1992). However, current commercial
methods of application do not allow N fertiliser application later than 6-8 weeks after emergence

without causing an unacceptable level of plant damage (Thom and Watkin, 1978).
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Better coinciding photoassimilate supplies with sink demand may also improve yield by
preserving the photosynthetic system and deferring the remobilisation of carbon and N until late
grain filling (Prioul et al., 1990; Ta and Weiland, 1992). Such deferral extends the leaf area
duration (Crafts-Brandner and Poneleit, 1987a), an important characteristic of highef yields in
many species (Adelana and Milbourn, 1972b; Eddowes, 1969; Evans et al., 1975; Gifford and
Jenkins, 1982). Genetic variation for remobilisation of N from leaves and stems to grain is
known (Beauchamp et al., 1976; Chevalier and Schrader, 1977; Eghball and Maranville, 1991;
Tsai et al., 1991) so there is potential to develop cultivars which accumulate large amounts of

N in stems for remobilisation to the grain (Beauchamp et al., 1976).

There is no doubt that the potential for producing higher yields is related to N accumulation and
the capacity of plants to continue N uptake into grain filling. Achieving higher yields therefore
requires accumulation of newly assimilated N to remain at a relatively high rate throughout the
grain filling period, preservation of photosynthetic activity throughout the grain filling period,
and accumulation of N and DM by kemels to occur atrelatively high rates (Muruli and Paulsen,
1981; Pan et al., 1984; Singer and Cox, 1998; Swank et al., 1982; Tsai et al,, 1991). In all
instances, the physiological basis for maintaining these processes centres around minimizing the'
adverse effects of the inhibitory cycle. Therefore, crop management which prolongs both N and

DM accumulation will be translated into kernel DM, and hence yield.



Chapter 8

References



References 272

Adelana, B.O. and G.M. Milbourn. 1972a. The growth of maize. 1. The effect of plant density
on yield of digestible dry matter and grain. J. Agric. Sci., Camb. 78:65-71.

Adelana, B.O. and G.M. Milbourn. 1972b. The growth of maize. II. Dry-matter partition in
three maize hybrids. J. Agric. Sci., Camb. 78:73-78.

Adriaanse, F.G. and J.J. Human. 1992. A nitrogen-response comparison between semi-prolific
and non-prolific maize hybrids with regard to grain yield and plant nitrogen
concentrations. Field Crops Res. 30:53-61.

Albus, W.L. and J.T. Moraghan. 1995. Responses of three early maturing corn hybrids to
nitrogen fertilizer. J. Prod. Agric. 8:581-584.

Alessi, J. and J.F. Power. 1965. Influence of moisture, plant population, and nitrogen on
dryland corn in the northern plains. Agron. J. 57:611-612.

Alessi, J. and J.F. Power. 1974. Effects of plant population, row spacing, and relative maturity
on dryland corn in the northern plains. I. Corn forage and grain yield. Agron. J.
66:316-319.

Allison, J.C.S. 1969. Effect of plant population on the production and distribution o f dry matter-
in maize. Ann. Appl. Biol. 63:135-144.

Allison, J.C.S. 1984. Aspects of nitrogen uptake and distribution in maize. Ann. Appl. Biol.
104:357-365.

Allison, J.C.S. and D.J. Watson. 1966. The production and distribution of dry matter in maize
after flowering. Ann. Bot. 30:365-381.

Allison, J.C.S. and H. Weinmann. 1970. Effect of absence of developing grain on carbohydrate
content and senescence of maize leaves. Plant Physiol. 46:435-436.

Allison, J.C.S., J.H.H. Wilson, and J.H. Williams. 1975a. Effect of defoliation after flowering
on changes in stem and grain mass of closely and widely spaced maize. Rhod. J. Agric.
Res. 13:145-147.



References | 273

Allison, J.C.S., J.H.H. Wilson, and J.H. Williams. 1975b. Effect of partial defoliation during

the vegetative phase on subsequent growth and grain yield of maize. Ann. Appl. Biol.
81:367-375.

Alofe, C.O. and L.E. Schrader. 1975. Photoassimilate translocation in tillered Zea mays
following “CO, assimilation. Can. J. Plant Sci. 55:407-414.

Aluko, G.K. and K.S. Fischer. 1987. The effect of changes of assimilate supply around
flowering on grain sink size and yield of maize (Zea mays L.) cultivars of tropical and
temperate adaptation. Aust. J. Agric. Res. 38:153-161.

Amory, A.M. and C.F. Creswell. 1984. Effect of inorganic nitrogen ions on photosynthesis and

carbon dioxide compensation concentration of Themeda triandra and Zea mays. Ann.
Bot. 54:719-727.

Anderson, E.L. 1986. No-till effects on yield and plant density of maize hybrids. Agron. J.
78:323-326.

Anderson, E.L. 1987. Com root growth and distribution as influenced by tillage and nitrogen
fertilization. Agron. J. 79:544-549.

Anderson, A.J. and B. Kole. 1975. N fertilization and yield response of high lysine and normal
barley. Agron. J. 67:695-698.

Anderson, R.L. and L.A. Nelson. 1975. A family of models involving intersecting straight lines

and concomitantexperimental designsuseful in evaluating response to fertilizer nutrients.
Biometrics. 31:303-318.

Anderson, E.L., E.J. Kamprath, and R.H. Moll. 1984a. Nitrogen fertility effects on
accumulation, remobilisation, and partitioning of N and dry matter in corn genotypes
differing in prolificacy. Agron. J. 76:397-404.

Anderson, E.L., E.J. Kamprath, R.H. Moll, and W.A. Jackson. 1984b. Effect of N fertilization

on silk synchrony, ear number, and growth of semiprolific maize genotypes. Crop Sci.
24:663-666.

Anderson, E.L., E.J. Kamprath, and R.H. Moll. 1985. Prolificacy and N fertilizer effects on
yield and N utilization in maize. Crop Sci. 25:598-602.



References 274

Andrade, F.H., S.A. Uhart, and A. Cirilo. 1993a. Temperature affects radiation use efficiency
of maize. Field Crops Res. 32:17-25.

Andrade, F.H., S.A. Uhart, and M.I. Frugone. 1993b. Intercepted radiation at flowering and
kernal number in maize: shade versus plant density effects. Crop Sci. 33:482-485.

Andrew, R.H. and M.D. Groskopp. 1963. Sweet corn cultural studies on loamy sand under
supplemental irrigation. Wisc. Res. Rep. 13.

Andrew, R.H and G.C. Weis. 1974. Variation in effectiveness of supplemental irrigation on
sweet corn yield components. Agron. J. 66:345-350.

Arruda, P. and W.J. DaSilva. 1979. Amino acid composition of vascular sap of maize ear
peduncle. Phytochem. 18:409-410.

Asanuma, K., J. Naka, and K. Tamaki. 1967. Effect of topping on the growth, the translocation
and accumulation of carbohydrates in corn plants. Proc. Crop Sci. Soc. Japan.
36:481-488.

Asghari, M. and R.G. Hanson. 1984. Climate, management, and N effect on corn leaf N, yield,
and grain N. Agron. J. 76:911-916.

Bailey, R.M. 1941. The effect of plant spacing on yield, ear size, and other characteristics in
sweet corn. Proc. Amer. Soc. Hort. Sci. 38:546-553.

Balconi, C., E. Rizzi, L. Manzocchi, C. Soave, and M. Motto. 1991. Analysisofin vivo andin
vitro grown endosperms of high and low protein strains of maize. Plant Sci. 73:1-9.

Balconi, C., E. Rizzi, M. Motto, F. Salamini, and R. Thompson. 1993. The accumulation of
zein polypeptides and zein mRNA in cultured endosperms of maize is modulated by
nitrogen supply. Plant J. 3:325-334.

Baligar, V.C. 1986. Interrelationships between growth and nutrient uptake in alfalfa and corn.
J. Plant Nutr. 9:1391-1404.

Balko, L.G. and W.A. Russell. 1980a. Effects of rates of nitrogen fertilizer on maize inbred
lines and hybrid progeny. I. Prediction of yield response. Maydica. 25:65-79.



References 275

Balko, L.G. and W.A. Russell. 1980b. Response of maize inbred lines to N fertilizer. Agron.
J. 72:723-728.

Barlow, E.W.R., G.R.Donovan, andJ.W.Lee. 1983. Water relations and composition of wheat

ears grown in liquid culture: effect of carbon and nitrogen. Aust. J. Plant Physiol.
10:99-108.

Barnes, D.L. and D.G. Woolley. 1969. Effect of moisture stress at different stages of growth.
I. Comparison of a single-eared and a two-eared corn hybrid. Agron. J. 61:788-790.

Barnett, K.H. and R.B. Pearce. 1983. Source-sink ratio alteration and its effect on physiological
parameters in maize. Crop Sci. 23:294-299.

Bauman, L.F. 1960. Relative yields of first (apical) and second ears on semi-prolific southern
comn hybrids. Agron. J. 52:220-222.

Beauchamp, E.G., L.W. Kannenberg, and R.B. Hunter. 1976. Nitrogen accumulation and
translocation in corn genotypes following silking. Agron. J. 68:418-422.

Below, F.E. and L.E. Gentry. 1987. Effect of mixed N nutrition on nutrient accumulation,
partitioning, and productivity of corn. J. Fert. Issues. 4:70-85.

Below, F.E., L.E. Christensen, A.J. Reed, and R.H. Hageman. 1981. Availability of reduced N
and carbohydrates for ear development of maize. Plant Physiol. 68:1186-1190.

Below, F.E., R.J. Lambert, and R.H. Hageman. 1984a. Foliar applications of nutrients on
maize. 1. Yield and N content of grain and stover. Agron. J. 76:773-777.

Below, F.E., R.J. Lambert, and R.H. Hageman. 1984b. Foliar applications of nutrients on
maize. II. Physiological responses. Agron. J. 76:777-784.

Bennett, J.M., L.S.M. Mutti, P.S.C. Rao, and J.W. Jones. 1989. Interactive effects of nitrogen
and water stresses on biomass accumulation, nitrogen uptake, and seed yield of maize.
Field Crops Res. 19:297-311.

Bigeriego, M., R.D. Hauck, and R.A. Olson. 1979. Uptake, translocation and utilization of
’N-depleted fertilizer in irrigated corn. Soil Sci. Soc. Amer. J. 43:528-533.



References 276

Blackmer, A.M. and C.A. Sanchez. 1988. Response of corn to nitrogen-15-labelled anhydrous
ammonia with and without nitrapyrin in Iowa. Agron. J. 80:95-102.

Blackmer, A.M., D. Pottker, M .E. Cerrato, and J. Webb. 1989. Correlations between soil nitrate
concentrations in late spring and corn yields in Iowa. J. Prod. Agric. 2:103-109.

Boerboom, B.W. J. 1978. A model of dry matter distribution in cassava (Manihot esculenta
Crantz). Neth. J. Agric. Sci. 26:267-277.

Bohm, W. 1979. Methods of studying root systems. Springer-Verlag, New York.

Bonnett, O.T. 1966. Inflorescences of maize, wheat, rye, barley, and oats: their initiation and
development. University of lllinois Agr. Exp. Sta. Bul. 721.

Boote, K.J., R.N. Gallaher, W.K. Robertson, K. Hinson, and L.C. Hammond. 1978. Effect of
foliar fertilization on photosynthesis, leaf nutrition, and yield of soybeans. Agron. J.
70:787-791.

Bouma, D. 1970. Effects of nitrogen nutrition on leaf expansion and photosynthesis of

Trifolium subterraneum L. 1. Comparison between different levels of nitrogen supply.
Ann. Bot. 34:1132-1142.

Bowers, J.L. 1943. The effect of spacing and number of plants per hill on the yield of eleven
sweet corn hybrids. Proc. Amer. Soc. Hort. Sci. 43:275-277.

Boyer, C.D. and L.C. Hannah. 1994. Kemel mutants of corn. Pp. 1-28. In: Specialty corns.
A.R. Hallauer (ed.). CRC Press, Boca, Raton, Florida, USA.

Boyer, C.D. and J.C. Shannon. 1984. The use of endosperm genes for sweet corn improvement.
Plant Breed. Rev. 1:139-161.

Boyer, C.D. and J.C. Shannon. 1987. Carbohydrates of the kernel. Pp. 253-272. In: Comn
chemistry and technology. Watson, A. and P.E. Ramstad (eds). Amer. Assoc. Cereal
Chem., St Paul, MN.

Boyle, M.G., J.S. Boyer, and P.W. Morgan. 1991. Stem infusion of liquid culture medium
prevents reproductive failure of maize at low water potential. Crop Sci. 31:1246-1252.



References 277

Bray, R.H. 1954. A nutrient mobility concept of soil-plant relationship. Soil Sci. 78:9-22.

Bremner, J.M. 1960. Determination of nitrogen in soil by the Kjeldahl method. J. Agric. Sci.
55:11-33.

Brooking, I.R. and H.G. McPherson. 1986. Sweet comn as a processing crop in the Manawatu.
Proc. Agron. Soc. N.Z. 16:1-5.

Brooking, I.LR. and H.G. McPherson. 1989. The impact of weather on the scheduling of sweet
corn for processing. 1. Quantifying the link between rate of development and the
environment. N.Z. J. Crop Hort. Sci. 19:19-26.

Brouwer, R. 1962. Distribution of dry matter in the plant. Neth. J. Agric. Sci. 10:361-376.

Brown, D.M. 1986. Corn yield response to irrigation, plant population and nitrogen in a cool
humid climate. Can. J. Plant Sci. 66:453-464.

Brown, R.H., ER. Beaty, W.J. Ethredge, and D.D. Hayes. 1970. Influence of row width and
plant population on yield of two varieties of corn (Zea mays L.). Agron. J. 62:767-770.

Bunce, J.A. 1990. Afternoon inhibition of photosynthesis in maize. Evidence and relationship-
to stand density. Field Crops Res. 24:251-260.

Bundy, L.G. and T.W. Andraski. 1993. Soil and plant nitrogen availability tests for corn
following alfalfa. J. Prod. Agric. 6:200-206.

Bundy, L.G. and P.R. Carter. 1988. Corn hybrid response to nitrogen fertilization in the
northern corn belt. J. Prod. Agric. 1:99-104.

Bundy, L.G. and E.S. Malone. 1988. Effect of residual profile nitrate on corn response to
applied nitrogen. Soil Sci. Soc. Amer. J. 52:1377-1383.

Bunting, E.S. 1973. Plant density and yield of grain maize in England. J. Agric. Sci., Camb.
81:455-463.

Buren, L.L., J.J. Mock, and I.C. Anderson. 1974. Morphological and physiological traits in
maize associated with tolerance to high plant density. Crop Sci. 14:426-429.



References 278

Burr, B. and F.A. Burr. 1976. Zein synthesis in maize endosperm by polyribosomes attached
to protein bodies. Proc. Nat. Acad. Sci. 73:515-518.

Camberato, J.J. 1987. The effect of nitrogen and plant density on the growth and development
of prolific corn. PhD. dissertation. North Carolina State Univ., N.C. (Diss. Abstr.
8711595).

Camberato, J.J., E.J. Kamprath, R.H. Moll, and W.A. Jackson. 1989. Apical and subapical

earshoot development of prolific maize hybrids (Zea mays L.): The role of nitrogen.
Maydica. 34:309-317.

Campbell, C.M. 1964. Influence of seed formation of corn on accumulation of vegetative dry
matter and stalk strength. Crop Sci. 4:31-34.

Chancy, H.F. and E.J. Kamprath. 1982a. Effect of nitrapyrin on N response of corn on sandy
soils. Agron. J. 74:565-569.

Chancy, H.F. and E.J. Kamprath. 1982b. Effects of deep tillage on N response by corn on a
sandy coastal plain soil. Agron. J. 74:657-662.

Chandler, W.V. 1960. Nutrient uptake by corn. North Carolina Agric. Exp. Stn. Tech. Bull..
143.

Chanh Ta, T., C.A. Roeske, and A.R.J. Eaglesham. 1993. Changes in maize-stalk proteins
during ear development. Physiol. Plant. 87:21-24.

Chatterjee, S. and B. Price. 1991. Regression analysis by example. Second Edition. John
Wiley and Sons, Inc. New York.

Chatterton, N.J., G.E. Carlson, W.E. Hungerford, and D.R. Lee. 1972. Effect of tillering and
cool nights on photosynthesis and chloroplast starch in pangola. Crop Sci. 12:206-208.

Chevalier, P. and L.E. Schrader. 1977. Genotypic differences in nitrate absorption and
partitioning of N among plant parts in maize. Crop Sci. 17:897-901.

Chinwuba, P.M, C.O. Grogan, and M.S. Zuber. 1961. Interaction of detasseling, sterility, and
spacing on yields of maize hybrids. Crop Sci. 1:729.



References 279

Chipman, E.W. and D.C. MacKay. 1960. The interactions of plant populations and nutritional
levels on the production of sweet corn. Proc. Amer. Soc. Hort. Sci. 76:442-447.

Chotena, M., D.J. Makus, and W.R. Simpson. 1980. Effect of water stress on production and
quality of sweet corn seed. J. Amer. Soc. Hort. Sci. 105:289-293.

Chourey, P.S. 1981. Genetic control of sucrose synthase in maize endosperm. Mol. Gen.
Genet. 184:372-376.

Christensen, L.E., F.E. Below, and R.H. Hageman. 1981. The effects of ear removal on
senescence and metabolism of maize. Plant Physiol. 68:1180-1185.

Cirilo, A.G. and F.H. Andrade. 1994. Sowing date and maize productivity: I. Crop growth and
dry matter partitioning. Crop Sci. 34:1039-1043.

Claassen, M.M. and R.H. Shaw. 1970. Water deficit effects on corn. II. Grain components.
Agron. J. 62:652-655.

Cliquet, J-B., E. Deléens, A. Bousser, M. Martin, J-C. Lescure, J-L. Prioul, A. Mariotti, and J-F.
Morot-Gaudry. 1990a. Estimation of carbon and nitrogen allocation during stalk
elongation by ®C and "N tracing in Zea mays L. Plant Physiol. 92:79-87.

Cliquet, J-B., E. Deléens, and A. Mariotti. 1990b. C and N mobilization from stalk and leaves
during kemel filling by *C and "N tracing in Zea mays L. Plant Physiol. 94:1547-1553.

Clough, J.M., M.M. Peet, and P.J. Kramer. 1981. Effects of high atmospheric CO, and sink size
on rates of photosynthesis of a soybean cultivar. Plant Physiol. 67:1007-1010.

Collins, W.K. 1963. Development of potential ears in corn belt Zea mays. Iowa State J. Sci.
38:187-199.

Colville, W.L. 1961. Influence of rate and method of planting on several components of
irrigated corn yields. Agron. J. 54:297-300.

Colville, W.L. and D.P. McGill. 1962. Effect of rate and method of planting on several plant
characters and yield of irrigated corn. Agron. J. 54:235-238.



References 280

Colwell, J.D. 1994. Estimating fertilizer requirements. A quantitative approach. CAB
International, Australia.

Colyer, D. and E.M. Kroth. 1968. Corn yield response and economic optima for nitrogen
treatments and plant population over a seven year period. Agron. J. 60:524-529.

Connor,D.J., A.J. Hall,and V.O. Sadras. 1993. Effectof nitrogen content on the photosynthetic
characteristics of sunflower leaves. Aust. J. Plant Physiol. 20:251-263.

Conrad, J.P. 1937. The carbohydrate composition of corn and sorghum roots. J. Amer. Soc.
Agron. 29:1014-1021.

Cook, M.G. and L.T. Evans. 1983. The roles of sink size and location in the partitioning of
assimilates in wheat ears. Aust. J. Plant Physiol. 10:313-327.

Cox, W.J. 1996. Whole-plant physiological and yield responses of maize to plant density.
Agron. J. 88:489-496.

Crafts-Brander, S.J., F.E. Below, J.E, Harper, and R.H. Hageman. 1984a. Differential

senescence of maize hybrids following ear removal. I. Whole plant. Plant Physiol.
74:360-367.

Crafts-Brandner, S.J., F.E. Below, V.A. Wittenbach, J.E. Harper, and R.H. Hageman. 1984b.

Differential senescence of maize hybrids following earremoval. II. Selected leaf. Plant
Physiol. 74:368-373.

Crafts-Brandner, S.J. and C.G. Poneleit. 1987a. Carbon dioxide exchange rates, ribulose
bisphosphate carboxylase/oxygenase and phosphoenolpyruvate carboxylase activities,
and kernal growth characteristics of maize. Plant Physiol. 84:255-260.

Crafts-Brandner, S.J. and C.G. Poneleit. 1987b. Effect of ear removal on CO, exchange and
activities of ribulose bisphosphate carboxylase/oxygenase and phosphoenol-pyruvate
carboxylase of maize hybrids and inbred lines. Plant Physiol. 84:261-265.

Craighead, M.D. and S.A. Clark. 1989. Soil testing methods, and modelling the nitrogen
requirements of cereals. Pp. 273-284. In: Nitrogen in New Zealand Agriculture and
Horticulture. White, R. and L.D. Currie (eds.). Occasional Report No. 3. Massey
University, Palmerston North, N.Z.



References 281

Crawford, T.W.Jr., V.V. Rendig, and F.E. Broadbent. 1982. Sources, fluxes, and sinks of

nitrogen during early reproductive growth of maize (Zea mays L.). Plant Physiol.
70:1654-1660.

Criswell, J.G., D.J. Hume, and J.W. Tanner. 1974. Effect of cytoplasmic male sterility on
accumulation and translocation of C-labelled assimilates in corn. Crop Sci. 13:252-254.

Crosbie, T.M. 1982. Changes in physiological traits associated with long-term breeding efforts
to improve grain yield of maize. Pp. 206-223. In: Proc 37th Annual Corn and Sorghum
Ind. Res. Conf., Chicago. Loden, H.D. and D. Wiilkinson (eds.). Amer. Seed Trade
Assoc., Washington DC.

Crosbie, T.M. and R.B. Pearce. 1982. Effects of recurrent phenotypic selection for high and low
photosynthesis on agronomic traits of two maize populations. Crop Sci. 22:809-813.

Cruz-Castillo, J.G., S. Ganeshanandam, B. R. MacKay, G.S. Lawes, C.R.O. Lawoko, and D.J.
Woolley. 1994. Applicationsofcanonical discriminant analysis in horticultural research.
HortScience 29:1115-1119.

Cully, D.E., B.G. Gengenbach, J.A. Smith, I. Rubenstein, J.A. Connelly, and W.D. Park. 1984.
Endosperm protein synthesis and L-[**S]-methionine incorporation in maize kemels,
cultured in vitro. Plant Physiol. 74:389-394.

Cumberland, G.L.B. and J.A. Douglas. 1970. Fertilizer requirements of maize. N.Z. Soil News.
18:155-160.

Czyzewicz, J.R. and F.E. Below. 1994. Genotypic variation for nitrogen uptake by maize
kernels grown in vitro. Crop Sci. 34:1003-1008.

Dalby, A. and C-Y. Tsai. 1974. Zein accumulation in phenotypically modified lines of
Opaque-2 maize. Cereal Chem. 51:821-825.

Dalby, A. and C.Y. Tsai. 1975. Comparison of lysine, zein and nonzein protein contents in
immature and mature maize endosperm mutants. Crop Sci. 15:513-515.

Dale, R.F. and R.H. Shaw. 1965. Effect on corn yields of moisture stress and stand at two
fertility levels. Agron. J. 57:475-479.



References 282

DaSilva, W.J. and P. Arruda. 1979. Evidence for the genetic control of lysine catabolism in
maize endosperm. Phytochem. 18:1803-1805.

Daynard, T.B. and L.W. Kannenberg. 1976. Relationships between length of the actual and
effective grain filling periods and the grain yield of corn. Can. J. Plant Sci. 56:237-242.

Daynard, T.B. and J.F. Muldoon. 1983. Plant-to-plant variability of maize plants grown at
different densities. Can. J. Plant Sci. 63:45-59.

Daynard, T.B., J.W. Tanner, and D.J. Hume. 1969. Contribution of stalk soluble carbohydrates
to grain yield in corn (Zea mays L.). Crop Sci. 9:831-834.

Dewey, D.R. and K.H. Lu. 1959. A correlation and path-coefficient analysis of components of
crested wheatgrass seed production. Agron. J. 51:515-518.

Dickinson, D.B. and J. Preiss. 1969. Presence of ADP-glucose pyrophosphorylase in
shrunken-2 and brittle-2 mutants of maize endosperm. Plant Physiol. 44:1058-1062.

Dickson,J. 1968. Plant density and nitrogen studies with irrigated hybrid maize in the Lockyer
Valley Queensland. Queensland J. Agric. Animal Sci. 25:199-210.

Dijkshoorn, W. and A. Van Wyk. 1967. The sulphur requirements of plants as evidenced by the
sulphur-nitrogen ratio in organic matter. A review of published data. Plant Soil.
26:129-157.

Dill, G.M., C.A. Maxwell, and J.S. McLaren. 1987. The presence of 1-aminocyclopropane-
1-carboxylic acid in corn pollen and the evolution of ethylene during pollination. Plant
Physiol. 83:94-96.

Doehlert, D.C.and T.M.Kuo. 1990. Sugarmetabolismin developingkermnels of starch-deficient
endosperm mutants of maize. Plant Physiol. 92:990-994.

Doehlert, D.C. and T.M. Kuo. 1994. Gene expressionindeveloping kernels of some endosperm
mutants of maize. Plant Cell Physiol. 35:411-418.

Doehlert, D.C., T.M. Kuo, J.A. Juvik, E.P. Beers, and S.H. Duke. 1993. Characteristics of
carbohydrate metabolism in sweet corn (sugary-I1) endosperms. J. Amer. Soc. Hort. Sci.
118:661-666.



References ‘ 283

Dolan, D.D. and E.P. Christopher. 1952. Plant spacing of sweet corn. Rhode Island Agr. Exp.
Sta. Bull. 316:1-26.

Donald, C.M. 1962. In search of yield. J. Aust. Inst. Agric. Sci. 28:171-178.
Donald, C.M. 1963. Competition among crop and pasture plants. Adv. Agron. 15:1-118.

Donald, C.M. and J. Hamblin. 1976. The biological yield and harvest index of cereals as
agronomic and plant breeding criteria. Adv. Agron. 28:361-405.

Douglas, J.A., K. Cottier, and G.L.B. Cumberland. 1971. The effects of plant populations and
row spacings on the grain yield of maize (Zea maysL.). Proc. Agron. Soc. N.Z. 1:31-39.

Douglas, J.A., D.P. Sinclair, and T.E. Ludecke. 1972. A maize (Zea mays L.) crop rotation
study in Poverty Bay. Proc. Agron. Soc. N.Z. 2:21-29.

Douglas, J.A., C.B. Dyson, and D.P. Sinclair. 1982. Effect of plant population on the grain
yield of maize under high yielding conditions in New Zealand. N.Z. J. Agric. Res.
25:147-149.

Downey, L.A. 1971. Plant density - yield relations in maize. J. Aust. Inst. Agric. Sci.
37:138-146.

Downey, L.A. 1972. Effect of varying plant density on a tillering variety of maize. Exp. Agric.
8:25-32.

Dubetz, S. and D.B. Wilson. 1969. Growing irrigated crops on the Canadian prairies. Can.
Dep. Agric. Pub. 1400. Ottawa, Ontario.

Dudley, J.W.,R.J. Lambert, and D.E. Alexander. 1974. Seventy generations of selection for oil
and protein in maize. Pp. 181-212. In: Seventy generations of selection for oil and
protein in maize. J.W. Dudley (ed.). Crop Sci. Soc. Amer., Madison, Wisconsin, USA.

Dudley,J.W.,R.J. Lambert, and [.A.delaRoche. 1977. Genetic analysis of crosses among corn
strains divergently selected for percent oil and protein. Crop Sci. 17:111-117.

Duncan, E.R. 1954. Influences of varying plant population, soil fertility and hybrid on comn
yields. Proc. Soil Sci. Soc. Amer. 18:437-440.



References 284

Duncan, W.G., A.L. Hatfield, and J.L. Ragland. 1965. The growth and yield of corn. II. Daily
growth of corn kernals. Agron. J. 57:221-223.

Dungan, G.H. 1931. An indication that corn tillers may nourish the main stalk under some
conditions. J. Amer. Soc. Agron. 23:662-670.

Dungan, G.H. 1946. Distribution of corn plants in the field. J. Amer. Soc. Agron. 38:318-324.

Dungan, G.H., A.L.Lang,and J.W. Pendleton. 1958. Corn plant population in relation to soil
productivity. Adv. Agron. 10:435-473.

DuPlessis,D.P.and F.J. Dijkhuis. 1967. The influence of the time lag between pollen shedding
and silking on the yield of maize. S. Afr. J. Agr. Sci. 10:667-674.

Durieux, R.P., E.J. Kamprath, and R.H. Moll. 1993. Yield contribution of apical and subapical
ears in prolific and nonprolific corn. Agron. J. 85:606-610.

Durieux, R.P., E.J. Kamprath, W.A. Jackson, and R.H. Moll. 1994. Root distribution of corn:
the effect of nitrogen fertilization. Agron. J. 86:958-962.

Dwyer, L.M., M. Tollenaar, and D.W. Stewart. 1991. Changes in plant density dependence of:
leaf photosynthesis of maize (Zea mays L.) hybrids, 1959 to 1988. Can. J. Plant Sci.
71:1-11.

Dwyer, L.M., A.M. Anderson, D.W. Stewart, B.L.. Ma, and M. Tollenaar. 1995. Changes in
maize hybrid photosynthetic response to leaf nitrogen, from pre-anthesis to grain fill.
Agron. J. 87:1221-1225.

Earl, H.J. and M. Tollenaar. 1998. Differences among commercial maize (ZeamaysL.) hybrids
in respiration rates of mature leaves. Field Crops Res. 59:1-8.

Earley, E.B., R.J. Miller, G.L. Reichert, R.H. Hageman, and R.D. Seif. 1966. Effects of shade
on maize production under field conditions. Crop Sci. 6:1-7.

Earley, E.B., R.D. Seif, and F.A. Bensley. 1971. Relation of tillers to yield of dent corn (Zea
mays L.). Agron. J. 63:472-474.



References 285

Earley, E.B., J.C. Lyons, E. Inselberg, R.H. Maier, and E.R. Leng. 1974. Earshoot development

of mid-west dent corn (Zea mays L.). Univ. of Illinois at Urbana-Champaign. Agric.
Exp. Stn. Bull. 747.

Early, E.B., W.O. Mcllrath, R.D. Seif, and R.H. Hageman. 1967. Effects of shade applied at
different stages of plant development on corn (Zea mays L.) production. Crop Sci.
7:151-156.

Eastin, J.A. 1969. Leaf position and leaf function in corn-Carbon-14 labelled photoassimilate
distribution in corn in relation to leaf position and leaf function. Pp. 81-89. In: Proc. 24th
Annual Corn and Sorghum Res. Conf. Amer. Seed Trade Assoc. Sutherland, J.I.and R.J.
Falasea (eds.). Washington DC.

Eastin, J.A. 1970. "*C labelled photoassimilate export from fully expanded corn (Zea mays L.)
leaf blades. Crop Sci. 10:415-419.

Ebelhar, S.A., E.J. Kamprath, and R.H. Moll. 1987. Effects of nitrogen and potassium on
growth and cation composition of corn genotypes differing in average ear number.
Agron. J. 79:875-881.

Eck, H.V. 1984. Irrigated corn yield response to nitrogen and water. Agron. J. 76:421-428. .

Eckert, D.J. and V.L. Martin. 1994. Yield and nitrogen requirement of no-tillage corn as
influenced by cultural practices. Agron J. 86:1119-1123.

Eddowes, M. 1969. Physiological studies of competition in Zea mays L. 1. Vegetative growth
and ear development in maize. J. Agric. Sci., Camb. 72:185-193.

Edmeades, G.O. 1972. Maize in the Manawatu. A field study of the effects of spacing and

variety upon the growth of Zea mays L. M. Agr. Sci. Thesis, Massey University,
Palmerston North, N.Z.

Edmeades, G.O. and T.B. Daynard. 1979a. The development of plant-to-plant variability in
maize at different planting densities. Can. J. Plant Sci. 59:561-576.

Edmeades, G.O. and T.B. Daynard. 1979b. The relationship between final yield and
photosynthesis at flowering in individual maize plants. Can. J. Plant Sci. 59:585-601.



References 286

Edmeades, G.O., N.A. Fairey, and T.B. Daynard. 1979. Influence of plant density on the
distribution of “C-labelled assimilate in maize at flowering. Can. J. Plant Sci.
59:577-584.

Edmeades, G.O., J. Bolanos, M. Hernandez, and S. Bello. 1993. Causes for silk delay in a
lowland tropical maize population. Crop Sci. 33:1029-1035.

Edwards, G.E. 1986. Carbon fixation and partitioning in the leaf. Pp. 51-66. In: Regulation
of carbon and nitrogen reduction and utilization in maize. J.C. Shannon et al. (eds.).
Amer. Soc. Plant Physiol., Rockville, Madison.

Edwards, J.H. and S.A. Barber. 1976. Nitrogen uptake characteristics of corn roots at low N
concentration as influenced by plant age. Agron. J. 68:17-19.

Eghball, B. and J.W. Maranville. 1991. Interactive effects of water and nitrogen stresses on

nitrogen utilization efficiency, leaf water status and yield of corn genotypes. Commun.
Soil Sci. Plant Anal. 22:1367-1382.

Eghball, B. and J.W. Maranville. 1993. Root development and nitrogen influx of corn
genotypes grown under combined drought and nitrogen stresses. Agron. J. 85:147-152.

Eichelberger, K.D., R.J. Lambert, F.E. Below, and R.H. Hageman. 1989. Divergent phenotypic
recurrent selection for nitrate reductase activity in maize. Il. Efficient use of fertilizer
nitrogen. Crop Sci. 29:1398-1402.

Eik, K. and J.J. Hanway. 1965. Some factors affecting development and longevity of leaves of
corn. Agron. J. 57:7-12.

El-Hout, N.M. and A.M. Blackmer. 1990. Nitrogen status of corn after alfalfain 29 Iowa fields.
J. Soil Water Conserv. 45:115-117.

El-Lakany, M.A. and W.A. Russell. 1971. Relationship of maize characters with yield in
testcrosses of inbreds at different plant densities. Crop Sci. 11:698-701.

Elias, C.O. and D.R. Causton. 1976. Studies of data variability and the use of polynomials to
describe plant growth. New Phytol. 77:421-430.



References 2817

Enzie, W.D. 1942. The relation of spacing to yield and to plant and ear development of some
yellow sweet corn hybrids in New York. New York Agr. Exp. Sta. Bull. 700:1-19.

Esen, A. 1986. Separation of alcohol-soluble proteins (zeins) from maize into three fractions
by differential solubility. Plant Physiol. 80:623-627.

Esen, A. 1987. A proposed nomenclature for the alcohol-soluble proteins (zeins) of maize (Zea
mays L.). J. Cereal Sci. 5:117-128.

Evans, J.R. 1983. Nitrogen and photosynthesis in the flag leaf of wheat (7riticum aestivum L.).
Plant Physiol. 72:297-302.

Evans,L.T.,I.LF. Wardlaw, and R.A. Fischer. 1975. Wheat. Pp. 101-149. In: Crop physiology:
some case histories. L.T. Evans (ed.). Cambridge Press, London.

Fairey, N.A. and T.B. Daynard. 1978a. Quantitative distribution of assimilates in component
organs of maize during reproductive growth. Can. J. Plant Sci. 58:709-717.

Fairey, N.A. and T.B. Daynard. 1978b. Assimilate distribution and utilization in maize. Can.
J. Plant Sci. 58:719-730.

Fakorede, M.A.B. and J.J. Mock. 1978. Changes in morphological and physiological traits
associated with recurrent selection for grain yield in maize. Euphytica. 27:397-409.

Farrar, J.F. and S. Gunn. 1996. Effect of temperature and atmospheric carbon dioxide on
source-sink relations in the context of climate change. Pp. 389-406. In: Photoassimilate
distribution in plants and crops: source-sink relationships. Zamski, E. and A.A. Schaffer
(eds.). Marcel Dekker Inc., New York.

Feller, U.K., T-S.T. Soong,and R.H. Hageman. 1977. Leafproteolytic activities and senescence
during graindevelopment of field-grown corn (Zea mays L.). Plant Physiol. 59:290-294.

Fery, R.L. and J. Janick. 1971. Response of corn (Zea mays L.) to population pressure. Crop
Sci. 11:220-224.

Fox, R.L. 1973. Agronomic investigation using continuous function experimental designs -
nitrogen fertilization of sweet corn. Agron. J. 65:454-456.



References 288

Fox, R.H. and W.P. Piekielek. 1988. Fertilizer N equivalence of alfalfa, birdsfoot trefoil, and
red clover for succeeding corn crops. J. Prod. Agric. 1:313-317.

Fox, R.L., J.E. Weaver, and R.C. Lipps. 1953. Influence of certain soil-profile characteristics
on distribution of roots of grasses. Agron. J. 45:583-589.

Fox, R.H., JM. Kem, and W.P. Piekielek. 1986. Nitrogen fertilizer source, and method and
time of application effects on no-till corn yields and nitrogen uptakes. Agron.J.78:741-
746.

Fox, R.H., G.W. Roth, K.V. Iversen, and W.P. Piekielek. 1989. Soil and tissue nitrate tests
compared for predicting soil nitrogen availability to corn. Agron. J. 81:971-974.

Foyer, C.H. 1987. The basis for source-sink interaction in leaves. Plant Physiol. Biochem.
25:649-657.

Frederick, J.R., F.E. Below, and J.D. Hesketh. 1990. Carbohydrate, nitrogen and dry matter
accumulation and partitioning of maize hybrids under drought stress. Ann. Bot.
66:407-415.

Frey, K.J. 1951. The interrelationships of proteins and amino acids in corn. Cereal Chem..
28:123-132.

Frey, N.M. 1981. Dry matter accumulation in kernals of maize. Crop Sci.21:118-122.

Freyman, S., M.S. Kaldy, G.C. Kozub, S. Dubetz, and W.T. Andrew. 1972. Spacing and
fertilizer studies on sweet corn under irrigation in southern Alberta. Can. J. Plant Sci.
52:881-886.

Friedrich, J.W. and L.E. Schrader. 1979. N deprivation in maize during grain-filling. IL
Remobilisation of ®N and **S and the relationship between N and S accumulation.
Agron. J. 71:466-472.

Friedrich, J.W., L.E. Schrader, and E.V. Nordheim. 1979. N deprivation in maize during
grain-filling. 1. Accumulation of dry matter, nitrate-N and sulfate-S. Agron. J.
71:461-465.



References 289

Fujita, K., F. Furuse, O. Sawada, and D. Bandara. 1994. Effect of defoliation and ear removal
on dry matter production and inorganic element absorption in sweet corn. Soil Sci. Plant
Nutr. 40:581-591.

Fulton, J.M. 1970. Relationships among soil moisture stress, plant populations, row spacing and
yield of com. Can. J. Plant Sci. 50:31-38.

Funnell, K.A. 1993. Dry matter partitioning in Zantedeschia K. Spreng, as influenced by
temperature and photosynthetic photon flux. PhD thesis, Massey University, Palmerston
North, N.Z.

Gardner, F.P., R.B. Pearce, and R.L. Mitchell. 1985. Physiology of crop plants. Iowa State
Univ. Press., Ames.

Gardner, C.A.C.,P.L. Bax, A.J. Cavalieri, C.R. Clausen, G.A. Luce, J.M. Meece, P.A. Murphy,
T.E. Piper, R.L. Segebart, O.S. Smith, C.W. Tiffany, M.W. Trimble, and B.N. Wilson.
1990. Response of corn hybrids to nitrogen fertilizer. J. Prod. Agric. 3:39-43.

Garwood, D.L., F.J. McArdle, S.F. Vanderslice, and J.C. Shannon. 1976. Postharvest

carbohydrate transformations and processed quality of high sugar maize genotypes. J.
Amer. Soc. Hort. Sci. 101:400-404.

Gass, W.B., G.A. Peterson, R.D. Hauck, R.A. Olson. 1971. Recovery of residual nitrogen by
comn (Zea mays L.) from various soil depths as measured by "N tracer techniques. Soil
Sci. Soc. Amer. Proc. 35:290-294.

Geiger, D.R. 1976. Effects of translocation and assimilate demand on photosynthesis. Can. J.
Bot. 54:2337-2345.

Geiger,D.R. 1979. Control of partitioning and export of carbon in leaves of higher plants. Bot.
Gaz. 140:241-248.

Genter, C.F. and H.M. Camper, Jr. 1973. Component plant part development in maize as
affected by hybrids and population density. Agron.J. 65:669-671.

Genter, C.F. and G.D. Jones. 1970. Planting date and growing season effects and interactions
on growth and yield of maize. Agron. J. 62:760-761.



References 290

Genter, C.F., G.D. Jones, and M.T. Carter. 1970. Dry matter accumulation and depletion in
leaves, stems, and ears of maturing maize. Agron. J. 62:535-537.

Geraghty, D., M.A. Peifer, 1. Rubenstein, and J.A. Messing. 1981. The primary structure of a
plant storage protein zein. Nucleic Acids Res. 9:5163-5174.

Gersani, M., S.H. Lips, and T. Sachs. 1980. Effects of wounding on transport in the phloem.
J. Exp. Bot. 31:783-791.

Gianazza, E., P.F. Righetti, F. Piofi, E. Galante, and C. Soave. 1976. Size and charge
heterogeneity of zein in normal and opaque-2 maize endosperms. Maydica 21:1-7.

Giesbrecht, J. 1969. Effect of population and row spacing on the performance of four corn (Zea
mays L.) hybrids. Agron. J. 61:439-441.

Gifford, R.M. 1974. A comparison of potential photosynthesis, productivity and yield of plant
species with differing photosynthetic metabolism. Aust. J. Plant Physiol. 1:107-117.

Gifford, R.M. 1987. Barriers to increasing crop productivity by genetic improvement of
photosynthesis. Pp.377-384. In: Progress in photosynthesis research, Vol. IV. Martinus
Nijhoff, Dordrecht, The Netherlands.

Gifford, R.M.and L.T. Evans. 1981. Photosynthesis, carbon partitioning, and yield. Ann. Rev.
Plant Physiol. 32:485-509.

Gifford, R.M. and C.L.D. Jenkins. 1982. Prospects for applying knowledge of photosynthesis
toward improving crop production. Pp. 419-457. In: Photosynthesis, Vol II
Development, carbon metabolism, and plant productivity. R. Govindjee (ed.). Academic
Press, New York.

Gifford, R.M., J.H. Thorne, W.D. Hitz, and R.T. Giaquinta. 1984. Crop productivity and
photoassimilate partitioning. Science 225:801-808.

Girardin, P., M. Tollenaar, and F.J. Muldoon. 1985. Effect of temporary N starvation on leaf
photosynthetic rate and chlorophyll content of maize. Can. J. Plant Sci. 65:491-500.

Giroux, M.J. and L.C. Hannah. 1994. ADP-glucose pyrophosphorylase in shrunken-2 and
brittle-2 mutants of maize. Mol. Gen. Genet. 243:400-408.



References 291

Glover,D.V.and E.T. Mertz. 1987. Corn. Pp. 183-336. In: Nutritional quality of cereal grains:
genetics and agronomic improvement. Olsen, R.A. and K.J. Frey (eds.). Amer. Soc.
Agron., Madison, Wisconsin.

Glover,D.V., P.L. Crane, P.S. Misra, and E.T. Mertz. 1975. Genetics of endosperm mutants
in maize as related to protein quality and quantity. Pp.228-240. In: High quality-protein
maize. CIMMY T-Purdue University. Dowden, Hutchinson, and Ross, Inc., Stroudsburg,
Pennsylvania, USA.

Goldman, I.L. and W.F. Tracy. 1994. Kemel protein concentration in sugary-1 and shrunken-2
sweet corn. HortScience 29:209-210.

Goldsworthy, P.R., A.F.E. Palmer, and D.W. Sperling. 1974. Growth and yield of lowland
tropical maize in Mexico. J. Agric. Sci., Camb. 83:223-230.

Gordon, W.B., D.H. Rickerl, D.R. Sorensen, and P.K. Wieland. 1993. Tillage and nitrogen

effects on growth, nitrogen content, and yield of corn. Commun. Soil Sci. Plant Anal.
24:421-441.

Graybill, F.A. and H.K. Iyer. 1994. Regression analysis. Concepts and applications.
Pp. 599-625. Duxbury Press, California.

Greef, JM. 1994. Productivity of maize (Zea mays L.) in relation to morphological and
physiological characteristics under varying amounts of nitrogen supply. J. Agron. Crop
Sci. 172:317-326.

Greenwood, E.A.N. 1976. Nitrogen stress in plants. Adv. Agron. 28:1-35.
Grogan, C.O. 1956. Detasseling responses in corn. Agron. J. 48:247-249.

Gu, J. and C. Marshall. 1988. The effect of tillerremoval and tiller defoliation on competition
between the main shoot and tillers of spring barley. Ann. Appl. Biol. 112:597-608.

Guillard, K., G.F. Griffin, D.W. Allinson, W.R. Yamartino, M.M. Rafey, and S.W. Pietrzyk.
1995. Nitrogen utilization of selected cropping systems in the U.S. northeast. II. Soil
profile nitrate distribution and accumulation. Agron. J. 87:199-207.



References 292

Gunary, D. 1970. A new adsorption isotherm for phosphate in soil. J. Soil Sci. 21:72-77.

Guzman, V.L. 1972. The effect of two fertilizer rates, three row, and three plant spacings on

yield and quality of Zea mays var. Rugosa. Proc. Trop. Reg. Amer. Soc. Hort. Sci.
16:231-246.

Guzman, V.L. 1973. Plantingand thinning systems for 'Florida Staysweet": a sh2 sugar retention
sweet corn hybrid. Proc. Fla. State Hort. Soc. 86:175-178.

Habeshaw, D. 1973. Translocation and the control of photosynthesis in sugar beet. Planta
110:213-226.

Hageman, R.H. 1979. Integration of nitrogen assimilation in relation to yield. Pp.591-611. In:
Nitrogen assimilation in plants. Hewitt, E.J. and C.V. Cutting. (eds). Academic Press,
New York.

Hageman, R.H. 1986. Nitrate metabolism in roots and leaves. Pp. 105-116. In: Regulation of
carbon and nitrogen reduction and utilization in maize. J.C. Shannon et al. (eds.). Amer.
Soc. Plant Physiologists, Rockville, MD.

Hallauer, A.R. 1974. Heritability of prolificacy in maize. J. Hered. 65:163-168.

Hamaker, B.R., A.A. Mohamed, J.E. Halbe, C.P. Huang, and B.A. Larkins. 1995. Efficient
procedure for extracting maize and sorghum proteins reveals higher prolamin contents
than the conventional method. Cereal Chem. 72:583-588.

Hanft, J.M., R.J. Jones, and A.B. Stumme. 1986. Dry matter accumulation and carbohydrate
concentration patterns of field grown and in vitro cultured maize kernels from the tip and
middle ear positions. Crop Sci. 26:568-572.

Hanft, J.M., A.J. Reed, and J.M. McLaren. 1988. Effect of ACC on maize kemnel abortion in
vitro. Agron. Abstracts Amer. Soc. Agron. Pp. 110.

Hannah, L.C., M. Giroux, and C.D. Boyer. 1993. Biotechnological modification of
carbohydrates for sweet corn and maize improvement. Scientia Hort. 55:177-197.



References 293

Hansel, L.W., C.Y. Tsai, and O.E. Nelson. 1973. The effect of the floury-2 gene on the
distribution of protein fractions and methionine in maize endosperma. Cereal Chem.
50:383-398.

Hanway, J.J. 1962a. Corn growth and composition in relation to soil fertility: I. Growth of
different plant parts and relation between leaf weight and grain yield. Agron. J.
54:145-148.

Hanway, J.J. 1962b. Corn growth and composition inrelation to soil fertility: II. Uptake of N,
P,and K andtheirdistribution in different plant parts during the growing season. Agron.
J.54:217-222.

Hanway, J.J. 1963. Growth stages of corn (Zea mays L.). Agron. J. 55:487-492.

Hanway, J.J. and W.A. Russell. 1969. Dry matter accumulation in corn (Zea mays L.) plants:
comparisons among single-cross hybrids. Agron. J. 61:947-951.

Harder, H.J., Carlson, R. E., and R.H. Shaw. 1982. Yield, yield components, and nutrient
content of corn grain as influenced by post-silking moisture stress. Agron. J. 74:275-278.

Harris, R.E., R.H. Moll, and C.W. Stuber. 1976. Control and inheritance of prolificacy in,
maize. Crop Sci. 16:843-850.

Hashemi-Dezfouli, A. and S.J. Herbert. 1992. Intensifying plant density response of corn with
artificial shade. Agron. J. 84:547-551.

Hatlitligh, M.B., R.A. Olson, and W.A. Compton. 1984. Yield, water use, and nutrient uptake
of corn hybrids under varied irrigation and nitrogen regimes. Fert. Res. 5:321-333.

Hatrick, A.A. and D.J.F. Bowling. 1973. A study of the relationship between root and shoot
meristem. J. Exp. Bot. 24:607-613.

Hay, R.E., E.B. Earley, and E.E. DeTurk. 1953. Concentrations and translocation of nitrogen
compounds in the corn plant (Zea mays) during grain development. Plant Physiol.
28:606-621.

Haynes, J.L.. and J.D. Sayre. 1956. Response of corn to within-row competition. Agron. J.
48:362-364.



References 294

Heckman, J.R., W.T. Hlubik, D.J. Prostak, and J.W. Paterson. 1995. Pre-sidedress soil nitrate
test for sweet corn. HortScience 30:1033-1036.

Heichel, G.H. 1971. Confirming measurements of photosynthesis with dry matter accumulation.
Photosynthetica 5:93-98.

Herrero, M.P. and R.R. Johnson. 1981. Drought stress and its effects on maize reproductive
systems. Crop Sci. 21:105-110.

Herron, G.M., A'F. Dreier, A.D. Flowerday, W.L. Colville, and R.A. Olson. 1971. Residual
mineral N accumulation in soil and its utilization by irrigated corn (Zea mays L.). Agron.

J. 63:322-327.

Hesketh, J.D. and R.B. Musgrave. 1962. Photosynthesis under field conditions. IV. Light
studies with individual corn leaves. Crop Sci. 2:311-315.

Hew, C.D., C.D. Nelson, and G. Krotkov. 1967. Hormonal control of translocation of
photosynthetically '*C in young soybeans. Amer. J. Bot. 54:252-256.

Hicklenton, P.R. 1990. Growth analysis of ‘Plumosa Compacta’ Juniper and ‘Coral Beauty’

cotoneaster subjected to different nitrogen fertilizer regimes. J. Environ. Hort.,
8:192-196.

Ho,L.C. 1988. Metabolism and compartmentation of imported sugars in sink organs in relation
to sink strength. Ann. Rev. Plant Physiol. Plant Mol. Biol. 39:355-378.

Holliday, R. 1960. Plant population and crop yield. Nature 186:22-24.

Hosmer, D.W.Jr. and S. Lemeshow. 1989. Applied logistic regression. John Wiley and Sons,
Inc. New York.

Howard, D.D. and D.D. Tyler. 1989. Nitrogen source, rate, and application method for
no-tillage corn. Soil Sci. Soc. Amer. J. 53:1573-1577.

Hoyt, P. and R.B. Bradfield. 1962. Effect of varying leaf area by partial defoliation and plant
density on dry matter production in corn. Agron. J. 54:523-525.

Huelsen, W.A. 1954. Sweet corn. Interscience Publishers, New York.



References 295

Huggins, D.R. and W.L. Pan. 1993. Nitrogen efficiency component analysis: An evaluation of
cropping system differences in productivity. Agron. J. 85:898-905.

Hume, D.J. andD.K. Campbell. 1972. Accumulation and translocation of soluble solidsin corn
stalks. Can. J. Plant Sci. 52:363-368.

Hunt, L.A. and G. Van der Poorten. 1985. Carbon dioxide exchange rates and leaf nitrogen
contents during ageing of the flag and penultimate leaves of five spring wheat cultivars.
Can. J. Bot. 63:1605-1609.

Hunter, R.B., T.B. Daynard, D.J. Hume, J.W. Tanner, J.D. Curtis, and L. Kannenberg. 1969.
Effect of tassel removal on grain yield of corn (Zea mays L.). Crop Sci. 9:405-406.

Iragavarapu, T.I., G.W.Randall, and M.P. Russelle. 1997. Yield and nitrogen uptake of rotated
corn in a ridge tillage system. Agron. J. 89:397-403.

Iremiren, G.O. and G.M. Milbourn. 1980. Effects of plant density on ear barrenness in maize.
Expl. Agric. 16:321-326.

Jackson, W.A,R.J. Volk,and D.W. Israel. 1980. Energy supply and nitrate assimilation in root
systems. Pp.25-41. In: Carbon-nitrogen interaction in crop production. A. Tanaka(ed.).,
Japan Soc. for the Promotion of Sci., Tokyo.

Jackson, W.A., W.L. Pan, R.H. Moll, and E.J. Kamprath. 1986. Uptake, translocation, and
reduction of nitrate. Pp. 73-108. In: Biochemical basis of plant breeding. Vol. II.
Nitrogen metabolism. C.A. Neyra (ed.). CRC Press Inc., Boca Ranton, Florida.

Jacobs, B.C. and C.J. Pearson. 1991. Potential yield of maize, determined by rates of growth
and development of ears. Field Crops Res. 27:281-298.

Jeannette, E. 1993. Effetde modifications de la demande en photosynthétats sur le métabolisme
carbonéd'une feuille de mais. Modulations del'activité ADPglucose pyrophosphorylase.
Thése de Doctorat en Sciences de I'Université de Paris-Sud.

Jenkinson, D.S., R.H. Fox, and J.H. Rayner. 1985. Interactions between fertilizer nitrogen and
soil nitrogen: the so-called ‘priming’ effect. J. Soil Sci. 36:425-444.



References 296

Jennings, P.H. and C.L. McComb. 1969. Effects of sugary-1 and shrunken-2 loci on kernel
carbohydrate contents, phosphorylase and branching enzyme activities during kernel
ontogeny. Phytochem. 8:1357-1363.

Johnson, D.R. and J.W. Tanner. 1972. Calculation of the rate and duration of grain filling in
corn (Zea mays L.). Crop Sci. 12:485-486.

Johnson, R.R., K.E. McClure, L.J. Johnson, E.-W. Klosterman, and G.B. Triplett. 1966. Corn
plant maturity. 1. Changes in dry matter and protein distribution in corn plants. Agron.
J. 58:151-153.

Johnson, E.C., K.S. Fischer, G.O. Edmeades, and A.F.E. Palmer. 1986. Recurrent selection for
reduced plant height in lowland tropical maize. Crop Sci. 26:253-260.

Jokela, W.E. 1992. Nitrogen fertilizer and dairy manure effects on corn yield and soil nitrate.
Soil Sci. Soc. Amer. J. 56:148-154.

Jokela, W.E. and G.W. Randall. 1989. Corn yield and residual soil nitrate as affected by time
and rate of nitrogen application. Agron. J. 81:720-726.

Jolliffe, I.T. 1972. Discarding variables in a principal component analysis. II: Artificial data.,
Appl. Statist. 22:21-31.

Jones, R.J. and S.R. Simmons. 1983. Effect of altered source-sink ratio on growth of maize
kernals. Crop Sci. 23:129-134.

Jones, R.A., B.A. Larkins, and C.Y. Tsai. 1977a. Storage protein synthesis in maize. II.
Reduced synthesis of a major zein component by the opaque-2 mutant of maize. Plant
Physiol. 59:525-529.

Jones, R.A., B.A. Larkins, and C.Y. Tsai. 1977b. Storage protein synthesis in maize. II.
Developmental changes in membrane-bound polyribosome composition and in vitro
protein synthesis of normal and opaque-2 maize. Plant Physiol. 59:733-737.

Jordan, H.V., K.D. Laird, and D.D. Ferguson. 1950. Growth rate and nutrient uptake by corn
in a fertilizer spacing experiment. Agron. J. 42:261-268.



References 297

Jorgenson, L.G. 1966. Sweet corn production in Alberta. Alberta Dep. Agric. Publication 253.
Edmonton, Atlanta.

Jungk, A. and J. Wehrmann. 1978. Determination of nitrogen fertiliser requirements by plant
and soil analysis. Pp. 209-224. In: Plant Nutrition. Ferguson, A.R., R.L. Bieleski, and
I.B. Ferguson. 8th International Colloquium on Plant Analysis and Fertiliser Problems.
N.Z. Department of Scientific and Industrial Res., Auckland, N.Z.

Kalt-Torres, W. and S.C. Huber. 1987. Diumnal changes in maize photosynthesis. III. Leaf
elongation rate in relation to carbohydrates and activities of sucrose metabolizing
enzymes in elongating leaf tissue. Plant Physiol. 83:294-298.

Kamprath, E.J., R.H. Moll, and N. Rodriguez. 1982. Effects of nitrogen fertilization and
recurrent selection performance on hybrid populations of corn. Agron. J. 74:955-958.

Karlen, D.L. and C.R. Camp. 1985. Row spacing, plant population, and water management
effects on corn in the Atlantic Coastal Plain. Agron. J. 77:393-398.

Karlen, D.L., E.J. Sadler, and C.R. Camp. 1987. Dry matter, nitrogen, phosphorous, and
potassium accumulation rates by corn on Norfolk loamy sand. Agron. J. 79:649-656.

Karlen, D.L., R.L. Flannery, and E.J. Sadler. 1988. Aerial accumulation and partitioning of
nutrients by corn. Agron. J. 80:232-242.

Karlen, D.L., L.A. Kramer, and S.D. Logsdon. 1998. Field-scale nitrogen balances associated
with long-term continuous corn production. Agron. J. 90:644-650.

Karlsson, M.G., M.P. Pritts,and R.D. Heins. 1988. Path analysis of chrysanthemum growth and
development. HortScience 23:372-375.

Kasperbauer, M.J. and D.L. Karlen. 1986. Light-mediated bioregulation of tillering and
photoassimilate partitioning in wheat. Physiol. Plant. 66:159-163.

Kasperbauer, M.J. and D.L. Karlen. 1994. Plant spacing and reflected far-red light effects on
phytochrome-regulated photoassimilate allocation in corn seedlings. Crop Sci.
34:1564-1569.



References - 298

Kawashima, N. and S.G. Wildman. 1970. Rate-limiting processes in photosynthesis at
saturating light intensities. Ann. Rev. Plant Physiol. 21:325-358.

Keating, B.A., J.P. Evenson, and S. Fukai. 1982. Environmental effects on growth and
development of cassava (Manihot esculenta Crantz.). IIl. Assimilate distribution and
storage organ yield. Field Crops Res. 5:293-303.

Keeney, D.R. 1970. Protein and amino acid composition of maize grain as influenced by variety
and fertility. J. Sci. Food. Agric. 21:182-184.

Keeney, D.R. and D.W. Nelson. 1982. Nitrogen-inorganic forms. Amer. Soc. Agron: Spec.
Publ. 9:643-698.

Khoo, V. and M.J. Wolf. 1970. Origin and development of protein granules in maize
endosperm. Amer. J. Bot. 57:1042-1050.

Kiesselbach, T.A. 1950. Progressive development and seasonal variation in the corn crop.
Nebr. Agr. Exp. Sta. Bull. 166.

Kimble, J.M., R.J. Bartlett, J.L. McIntosh, and K.E. Vamey. 1972. Fate of nitrate from manure

and inorganic nitrogen in a clay soil cropped with continuous corn. J. Environ. Qual.
1:413-415.

Kiniry, J.R., C.R. Tischler, W.D. Rosenthal, and T.J. Gerik. 1992. Nonstructural carbohydrate
utilization by sorghum and maize shaded during grain growth. Crop Sci. 32:131-137.

Kirby, E.J.M. and H.G. Jones. 1977. The relations between the main shoot and tillers in barley
plants. J. Agric. Sci., Camb. 88:381-389.

Kirihara,J.A.,J.P. Hunsperger, W.C. Mhoney, and J.W. Messing. 1988. Differential expression
of a gene for a methionine-rich storage protein in maize. Mol. Gen. Genet. 211:477-484.

Koch, K.E., C-L. Tsai, L.E. Schrader, and O.E. Nelson. 1982. Source-sink relations in maize
mutants with starch-deficient endosperms. Plant Physiol. 70:322-325.

Kodrzycki, R., R.S. Boston, and B.A. Larkins. 1989. The opaque-2 mutation of maize
differentially reduces zein gene transcription. Plant Cell 1:105-114.



References 299

Kovacs, G. 1970. Development of P-transport between the main shoot and tillers during
ontogenesis. Pp. 331-345. In: Some methodological achievements of the Hungarian
hybrid maize breeding. I. Kovacs (ed.). Akademiai Kiado, Budapest.

Krantz, B.A. and W.V. Chandler. 1951. Lodging, leaf composition, and yield of corn as
influenced by heavy applications of nitrogen and potash. Agron. J. 43:547-552.

Krantz, B.A. and W.V. Chandler. 1954. Fertilize corn for higher yields. North Carolina Agr.
Exp. Sta. Bull. 366.

Lafitte, H.R. and G.O. Edmeades. 1994a. Improvement for tolerance to low soil nitrogen in
tropical maize. I. Selection criteria. Field Crops Res. 39:1-14.

Lafitte, H.R. and G.O. Edmeades. 1994b. Improvement for tolerance to low soil nitrogen in
tropical maize. II. Grain yield, biomass production, and N accumulation. Field Crops
Res. 39:15-25.

Lana, E.P. 1956. Effects of plant population and seasons on the performance of sweet corn for
canning. Proc. Amer. Soc. Hort. Sci. 67:460-467.

Lang, A.L.,J.W. Pendleton, and G.H. Dungan. 1956. Influence of population and nitrogen level,
on yield and protein and oil contents of nine corn hybrids. Agron. J. 48:284-289.

Larkins, B.A., C.R. Lending, J.C. Wallace, G. Galili, E.E. Kawata, K.B. Geetha, A.L. Kriz, D.N.
Martin, and C.E. Bracker. 1989. Zein gene expression during maize endosperm
development. Pp. 109-120. In: The molecular basis of plant development. R. Goldberg
(ed.). Alan R. Liss, New York.

Laughnan, J.R. 1953. The effect of the sh2 factor on carbohydrate reserves in the mature
endosperm of maize. Genetics 38:485-499.

Lee, L. and C.Y. Tsai. 1985. Effect of sucrose accumulation on zein synthesis in maize
starch-deficient mutants. Phytochem. 24:225-229.

Lee, K.H., R.A. Jones, A. Dalby, and C.Y. Tsai. 1976. Genetic regulation of storage protein
content in maize endosperm. Biochem. Gen. 14:641-650.



References 300

Lemcoff, J.H. and R.S. Loomis. 1986. Nitrogen influences on yield determination in maize.
Crop Sci. 26:1017-1022.

Lemcoff, J.H. and R.S. Loomis. 1994. Nitrogen and density influences on silk emergence,
endosperm development, and grain yield in maize (Zea mays L.). Field Crops Res.
38:63-72.

Lending, C.R. and B.A. Larkins. 1989. Changes in the zein composition of protein bodies
during maize endosperm development. Plant Cell 1:1011-1023.

Lending, C.R. and B.A. Larkins. 1992. Effect of the floury-2 locus on protein body formation
during maize endosperm development. Protoplasma 171:123-133.

Lending, C.R., A.L. Kriz, C.E. Bracker, and B.A. Larkins. 1988. Structure of maize protein
bodies and immunocytochemical localization of zeins. Protoplasma 143:51-62.

Li, C.C. 1975. Path analysis - a primer. Boxwood Press, Pacific Grove, California.

Liegel, E.A. and L. M. Walsh. 1976. Evaluation of sulphur-coated urea (SCU) applied to
irrigated potatoes and corn. Agron. J. 68:457-463.

-

Linscott, D.L., R.L. Fox, and R.C. Lipps. 1962. Corn root distribution and moisture extraction
in relation to nitrogen fertilization and soil properties. Agron J. 54:185-189.

Lizaso, J.I. and J.T. Ritchie. 1997. Maize shoot and root response toroot zone saturation during
vegetative growth. Agron. J. 89:125-134.

Lory, J.A., G.W. Randall,and M.P. Russell. 1995a. Crop sequence effects onresponse of corn
and soil inorganic nitrogen to fertilizer and manure nitrogen. Agron. J. 87:876-883.

Lory, J.A., M.P. Russelle, and G.W. Randall. 1995b. A classification system for factors
affecting crop response to nitrogen fertilization. Agron. J. 87:869-876.

Lyon, T.L. 1905. Tillering of corn. Nebr. Agric. Exp. Sta. Bull. 91:16-24.

Lyznik, L.A. and C.Y. Tsai. 1989. Protein synthesis in endosperm cell cultures of maize (Zea
mays L.). Plant Sci. 63:105-114.



References 301

Ma, T. and O.E. Nelson. 1975. Amino acid composition and storage proteins in two new
high-lysine mutants in maize. Cereal Chem. 52:412-419.

MacGregor, J.M., L.T. Taskovitch, and W.P. Martin. 1961. Effect of nitrogen fertilizer and soil
type on the amino acid content of corn grain. Agron. J. 53:211-214.

Mack, H.J. 1972. Effects of population density, plant arrangement, and fertilizers on yield of
sweet corn. J. Amer. Soc. Hort. Sci. 97:757-760.

MacKay, B.R. 1995. Root restriction and root-shoot relationships in tomato (Lycopersicon
esculentum Mill.). PhD thesis, Massey University, Palmerston North, N.Z.

Mackay, A.D. and S.A. Barber. 1986. Effect of nitrogen on root growth of two corn genotypes
in the field. Agron. J. 78:699-703.

Mackay, D.C. and C.A. Eaves. 1962. The influence of irrigation treatments on yields and on
fertilizer utilization by sweet corn and snap beans. Can. J. Plant Sci. 442:219-228.

Maddonni, G. and M.E. Otegui. 1996. Leaf area, light interception, and crop development in
maize. Field Crops Res. 48:81-87.

Maddonni, G.A., M.E. Otegui, and R. Bonhomme. 1998. Grain yield components in maize. IL
Postsilking growth and kernel weight. Field Crops Res. 56:257-264.

Magdoff, F.R.,D. Ross, and J. Amadon. 1984. A soil test for nitrogen availability to corn. Soil
Sci. Soc. Amer. J. 48:1301-1304.

Manly, B.F.J. 1986. Multivariate statistical methods: a primer. Chapman, London.

Manters, J.W. and D.C. Amy. 1967. Nitrogen and sugar levels of pith tissue of corn as

influenced by plant age and potassium and chloride ion fertilization. Agron. J.
59:332-334.

Manther, D.E. and H. Giese. 1984. Protein and carbohydrate accumulation in normal and
high-lysine barley in spike culture. Physiol. Plant. 60:75-80.

Marschner, H. 1986. Mineral nutrition in higher plants. Academic Press, Orlando, Florida.



References 302

Marshall, S.W. 1987. Sweet corn. Pp. 431-445. In: Corn chemistry and technology. Watson,
S.A. and P.E. Ramstad (eds). Amer. Associ. Cereal Chem., St Paul, MN.

Mathew, C., C.R.O. Lawoko, C.J. Korte, and D. Smith. 1994. Application of canonical
discriminant analysis, principal component analysis, and canonical correlation analysis

as tools for evaluating differences in pasture botanical composition. N.Z. J. Agric. Res.
37:509-520.

McAllan, A.B. and R.H. Phipps. 1977. The effect of sample date and plant density on the

carbohydrate content of forage maize and the changes that occur on ensiling. J. Agric.
Sci., Camb. 89:589-597.

McClelland, C.K. 1928. Arkansaw Agricultural Exp. Sta. Bull 231.

McClung, A M., C.T. Ta, A.R.J. Eagkesham, and R.L. Garcia. 1990. An integrated approach
to the improvement of nitrogen use efficiency in maize. Pp. 879-899. In: Proceedings
of the II national maize conference, research, economy, environment. Grado, Italy.

McCullough, D.E., A. Aguilera, and M. Tollenaar. 1994a. N uptake, N partitioning, and

photosynthetic N-use efficiency of an old and a new maize hybrid. Can. J. Plant Sci.
74:479-484.

McCullough, D.E., P. Girardin, M. Mihajlovic, A. Aguilera, and M. Tollenaar. 1994b.
Influence of N supply on development and dry matter accumulation of an old and a new
maize hybrid. Can. J. Plant Sci. 74:471-477.

McGiffen, M.E. Jr., D.J. Pantone, and J.B. Masiunas. 1994. Path analysis of tomato yield
components in relation to competition with black and eastern black nightshade. J. Amer.
Soc. Hort. Sci. 119:6-11.

Mead, R., R.N. Cumnow, and A.M. Hasted. 1993. Statistical methods in agriculture and
experimental biology. Second edition. Pp. 245-276. Chapman and Hall, London,
England.

Mengel, D.B. and S.A. Barber. 1974. Development and distribution of the corn root system
under field conditions. Agron. J. 66:341-344.



References 303

Mertz, E.T., L.S. Bates, and O.E. Nelson. 1964. Mutant gene that changes protein composition
and increases lysine content of maize endosperm. Science 145:279-280.

Milbourn, G.M., G.E.D. Tiley, and M.K.V. Carr. 1978. Planting density for grain maize in
south-east England. Exp. Agric. 14:261-268.

Millard, P. 1988. The accumulation and storage of nitrogen by herbage plants. Plant Cell
Environ. 11:1-8.

Misra, S. and A. Oaks. 1981. Enzymes of nitrogen assimilation during seed development in
normal and high lysine mutants in maize (Zea mays, W64A). Can. J. Bot. 59:2735-2743.

Misra, P.S., R. Jambunathan, E.T. Mertz, D.V. Glover, H.M. Barbosa, and K.S. McWhirter.
1972. Endosperm protein synthesis in maize mutants with increased lysine content.
Science 176:1425-1427.

Misra, P.S., E.T. Mertz, and D.V. Glover. 1975a. Studies on corn proteins. VI. Endosperm

protein changes in single and double endosperm mutants of maize. Cereal Chem.
52:161-166.

Misra, P.S.,E.T. Mertz,and D.V. Glover. 1975b. Studiesoncorn proteins. VII. Developmental,
changes in endospern proteins of high-lysine mutants. Cereal Chem. 52:734-739.

Misra, P.S., E.T. Mertz, and D.V. Glover. 1976. Studies on corn proteins. X. Polypeptide
molecular-weight distribution in Landry-Moureaux fractions of normal and mutant
endospermns. Cereal Chem. 53:705-711.

Mitscherlich, E.O. 1909. Das Gesetz des Minimums und das Gestez des abnehmenden
Bodenertrages. Landw. Jahrb. 38:537-552.

Modarres, A.M., R.I. Hamilton, M. Dijak, L.M. Dwyer, D.W. Stewart, D.E. Maher, and D.L.
Smith. 1998. Plant population density effects on maize inbred lines grown in
short-season environments. Crop Sci. 38:104-108.

Mohamed, G.E.S. and C. Marshall. 1979. Physiological aspects of tiller removal in spring
wheat. J. Agric. Sci., Camb. 93:457-463.



References 304

Moll, R.H,, E.J. Kamprath, and W.A. Jackson. 1982a. Analysis and interpretation of factors
which contribute to efficiency of nitrogen utilization. Agron. J. 74:562-564.

Moll, R.H., E.J. Kamprath, and W.A. Jackson. 1982b. The potential for genetic improvement
in nitrogen use efficiency in maize. Proc. Ann. Corn and Sorghum Indus. Res. Confer.
37:163-175.

Moll,R.H.,E.J. Kamprath,and W.A.Jackson. 1987. Development of nitrogen-efficient prolific
hybrids of maize. Crop Sci. 27:181-186.

Moll,R.H., W.A.Jackson, and R.L. Mikkelsen. 1994. Recurrent selection for maize grain yield:
dry matter and nitrogen accumulation and partitioning changes. Crop Sci. 34:874-881.

Mondal, M.H., W.A. Brun, and M.L. Bremner. 1978. Effects if sink removal on photosynthesis
and senescence in leaves of soybean (Glycine maxL.) plants. Plant Physiol. 61:394-397.

Montgomery, E.G. 1909. The economic value of tillers. Nebraska Agric. Exp. Sta. Bull.
112:31-34.

Morita, K. 1980. Release of nitrogen from chloroplasts during leaf senescence in rice (Oryza
sativa L..). Ann. Bot. 46:297-302.

Morot-Gaudry, J.F., D.A. Thomas, M.E. Deroche, and P. Chartier. 1978. Growth, leaf optical
properties, chlorophyll content, and net assimilation rate in maize seedlings with and

without the gene opaque-2. Photosynthetica 12:284-289.

Morris, T.F. and A.M. Blackmer. 1989. Survey of the nitrogen status of corn in two Iowa
counties in 1988. Pp 247. Agronomy Abstracts, ASA, Madison, WI.

Moss, D.N. 1962. Photosynthesis and barrenness. Crop Sci. 2:366-367.

Moss, J.D. and H.J. Mack. 1979. Effects of plant density and nitrogen fertilizer on sweet corn.
HortScience 14:176-177.

Moss, D.N. and H.T. Stinson, Jr. 1961. Differential response of corn hybrids to shade. Crop
Sci. 1:416-418.



References 305

Moss, D.N.,R.B. Musgrave and E.R. Lemon. 1961. Photosynthesis under field conditions. III.
Some effects of light, carbon dioxide, temperature and soil moisture on photosynthesis,
respiration and transpiration of corn. Crop Sci. 1:83-7.

Mosse, J. 1990. Nitrogen to protein conversion factor for ten cereals and six legumes or
oilseeds. A reappraisal of its definition and determination. Variation according to
species and to seed protein content. J. Agric. Food. Chem. 38:18-24.

Mostut, A.J. and J.N. Marais. 1982. The effect of detasseling on the yield of irrigated maize.
Crop Prod. 11:163-167.

Motto, M., N. Di Fonzo, H. Hartings, M. Maddaloni, F. Salamini, C. Soave, and R.D.
Thompson. 1989. Regulatory genes affecting maize storage protein synthesis. Oxford
Surv. Plant Mol. Cell Biol. 6:87-114,

Motto, M. and R.H. Moll. 1983. Prolificacy in maize: A review. Maydica. 28:53-76.

Moutot, F., J-C. Huet, J-F. Morot-Gaudry, and J-C. Pernollet. 1986. Relationship between
photosynthesis and protein synthesis in maize. I. Kinetics of translocation of the
photoassimilated carbon from ear leaf to the seed. Plant Physiol. 80:211-215.

Muchow, R.C. 1988. Effect of nitrogen supply on the comparative productivity of maize and

sorghum in a semi-arid tropical environment. I. Leaf growth and leaf nitrogen. Field
Crops Res. 18:1-16.

Muchow, R.C. and R. Davis. 1988. Effect of nitrogen supply on the comparative productivity
of maize and sorghum in a semi-arid tropical environment: II. Radiation interception and
biomass accumulation. Field Crops Res. 18:17-30.

Muchow, R.C. and T.R. Sinclair. 1994. Nitrogen response of leaf photosynthesis and canopy
radiation use efficiency in field-grown maize and sorghum. Crop Sci. 34:721-727.

Muchow, R.C. and T.R. Sinclair. 1995. Effect of nitrogen supply on maize yield: II. Field and
model analysis. Agron. J. 87:642-648.

Muchow, R.C., T.R. Sinclair, and J.M. Bennett. 1990. Temperature and solar radiation effects
on potential maize yield across locations. Agron. J. 82:338-343.



References 306

Murata, Y. and S. Matsushima. 1975. Rice. Pp. 73-99. In: Crop physiology - some case
histories. L.T. Evans (ed.). Cambridge University Press, Cambridge, England.

Murphy, T.C. 1980. Root ammonium assimilation enzyme activities, grain storage protein and
grain yield response to high ammonium fertilizer among maize hybrids. PhD thesis,
Purdue University, West Lafayette, Indiana, USA.

Muruli, B.I. and G.M. Paulsen. 1981. Improvement of nitrogen use efficiency and its
relationship to other traits in maize. Maydica 26:63-73.

Myers, R.H. 1990. Classical and modern regression with applications. Second Edition.
PWS-Kent Publishing Company, Boston.

Nafziger, E.D. and H.R. Koller. 1976. Influence of leaf starch concentrations of CO, in
soybean. Plant Physiol. 57:560-563.

Nakaseko, K. and K. Gotoh. 1976. Physio-ecological studies on prolificacy in maize. L
Differences in dry matter accumulation among one-, two-, and three-eared plants. Proc.
Crop Sci. Soc. Japan. 45:263-269.

Nass, H.G. and P.L. Crane. 1970. Effects of endosperm genes on dry matter accumulation and.
moisture loss in corn (Zea mays L.). Crop Sci. 10:276-280.

Natr, L. 1972. Influence of mineral nutrients on photosynthesis of higher plants.
Photosynthetica 6:80-99.

Natr, L., B.T. Watson, and P.E. Weatherley. 1974. Glucose absorption, carbohydrate

accumulation, presence of starch and rate of photosynthesis in barley leaf segments. Ann.
Bot. 38:589-593.

Neales, T.F.andL.D. Incoll. 1968. Thecontrol ofleaf photosynthesis rate by level of assimilate
concentration in the leaf: a review of the hypothesis. Bot. Rev. 34:107-125.

Nelson, O.E. 1980. Genetic control of polysaccharides and storage protein synthesis in the
endosperms of barley, maize, and sorghum. Adv. Cereal Sci. Tech. 3:41-71.

Nelson, O.E. and D. Pan. 1995. Starch synthesis in maize endosperms. Ann. Rev. Plant
Physiol. 46:475-496.



References 307

Nelson, O.E., E.T. Mertz, and L.S. Bates. 1965. Second mutant gene affecting the amino acid
pattern of maize endosperm proteins. Science 150:1469-1470.

Neyra, C.A. and R.H. Hageman. 1976. Relationships between carbon dioxide, malate, and
nitrate accumulation and reduction in corn (Zea mays L.) seedlings. Plant Physiol.
58:726-730.

Nichols, M.A. 1974. A plant spacing study with sweet corn. N.Z. J. Exp. Agric. 2:377-379.
Novoa, R. and R.S. Loomis. 1981. Nitrogen and plant production. Plant Soil. 58:177-204.

Nunez, R. and E. Kamprath. 1969. Relationships between N response, plant population, and
row width on growth and yield of corn. Agron. J. 61:279-282.

Oaks, A., K.E. Jones, D.W. Ross, I. Boesel, D. Lenz, and S. Misra. 1979. Enzymes of nitrogen
assimilation in developing seeds of Zea mays L. Pp. 179-186. In: FAQ/IAEA
symposium on seed protein development in cereals and legumes. Vol. 1. International
Atomic Energy Agency, Vienna.

Oberle, S.L. and D.R. Keeney. 1990a. Soil type, precipitation, and fertilizer N effects on corn
yields. J. Prod. Agric. 3:522-527.

Oberle, S.L. and D.R. Keeney. 1990b. Factors influencing corn fertilizer N requirements in the
northern U.S. corn belt. J. Prod. Agric. 3:527-534.

Oikeh, S.0,, J.G. Kling, and A.E. Okoruwa. 1998. Nitrogen fertilizer management effects on
maize grain quality in the West African moist savanna. Crop Sci. 38:1056-1061.

Olsen, R.J.,R.F. Hensler, O.J. Attoe, S.A. Witzel, and L.A. Peterson. 1970. Fertilizer nitrogen
and crop rotation in relation to movement of nitrate nitrogen through soil profiles. Proc.
Soil Sci. Soc. Amer. 34:448-452.

Olson, R.A. 1977. Fertilizers for food production vs. energy needs and environmental quality.
Ecotoxicol. Environ. Safety. 1:311-326.

Olson, R.A. and L.T. Kurtz. 1982. Crop nitrogen requirements, utilization, and fertilization.

Pp. 567-604. In: Nitrogen in agricultural soils. F.J. Stevenson (ed.). Madison,
Wisconsin, USA.



References 308

Osman, A.M. and F.L. Milthorpe. 1971. Photosynthesis of wheat leaves in relation to age,
illuminance, and nutrient supply: II. Results. Photosynthetica 5:61-70.

Otegui, M.E. 1995. Prolificacy and grain yield components in modern argentinian maize
hybrids. Maydica. 40:371-376.

Otegui, M.E. 1997. Kemel set and flower synchrony within the ear of maize: II. Plant
population effects. Crop Sci. 37:448-455.

Otegui, M.E. and R. Bonhomme. 1998. Grain yield components in maize. I. Ear growth and
kernel set. Field Crops Res. 56:239-246.

Otegui, M.E. and S. Melén. 1997. Kemel set and flower synchrony within the ear of maize: I.
Sowing date effects. Crop Sci. 37:441-447.

Otegui, M.E., M.G. Nicolini, R.A. Ruiz, and P.A. Dodds. 1995. Sowing date effects on grain
yield components of different maize genotypes. Agron. J. 87:29-33.

Ott, L. and W. Mendenhall. 1990. Understanding statistics. Fifth Edition. Pp. 566-583.
PWS-Kent Publishing Company. Boston.

Ottman, M.J. and L.F. Welch. 1988. Supplemental radiation effects on senescence, plant
nutrients, and yield of field-grown corn. Agron. J. 80:619-626.

Palmer, A.F.E., G.H. Heichel, and R.B. Musgrave. 1973. Patterns of translocation, respiratory
loss, and redistribution of '“C in maize labelled after flowering. Crop Sci. 13:371-376.

Pan, W.L., E.J. Kamprath, R.H. Moll, and W.A. Jackson. 1984. Prolificacy in corn: its effects
on nitrate and ammonium uptake and utilization. Soil Sci. Soc. Amer. J. 48:1101-1106.

Pan, W.L., J.J. Camberato, W.A. Jackson, and R.H. Moll. 1986. Utilization of previously
accumulated and concurrently absorbed nitrogen during reproductive growth in maize.
Influence of prolificacy and nitrogen source. Plant Physiol. 82:247-253.

Pan, W.L., J.J. Camberato, R.H. Moll, E.J. Kamprath, and W.A. Jackson. 1995. Altering
source-sink relationships in prolific maize hybrids: consequences for nisrogen uptake and
remobilisation. Crop Sci. 35:836-845.



References 309

Pandey, J.P. and J.H. Torrie. 1973. Path coefficient analysis of seed yield components in
soybeans (Glycine max (L.) Merr.). Crop Sci. 13:505-507.

Parr, J.F. 1973. Chemical and biochemical considerations for maximising the efficiency of
fertilizer nitrogen. J. Environ. Qual. 2:75-84.

Pate, J.S. 1973. Uptake, assimilation and transport of nitrogen compounds by plants. Soil Biol.
Biochem. 5:109-119.

Paulis, J.W.,J.S. Wall, and J. Sanderson. 1978. Origin of high methionine content in sugary-1
corn endosperm. Cereal Chem. 55:705-712.

Paulis, J.W., J.A. Bietz, T.P. Bogyo, T.C. Nelson, L.L. Darrah, and M.S. Zuber. 1992.
Expression of A/B zeins in single and double maize endosperm mutants. Theor. Appl.
Genet. 85:407-414.

Petho, M. 1967. Ontogenetic changes of nitrogen metabolism in vegetative parts of maize (Zea
mays L.) in relation to location and developmental stage of the ear. Acta. Agron. Acad.
Sci. Hung. 16:303-312.

Pickett, B.S. 1944. The effect of spacing and number of kernals per hill on sweet corn yields.,
Proc. Amer. Soc. Hort. Sci. 45:421-424.

Pinthus, M.J. and A.R. Belcher. 1994. Maize top most axillary shoot interference with lower
ear development in vitro. Crop Sci. 34:458-461.

Pollmer, W.G., D. Eberhard, D. Klein, and B.S. Dhillon. 1979. Genetic control of nitrogen
uptake and translocation in maize. Crop Sci. 19:82-86.

Poneleit, C.G. and D.B. Egli. 1979. Kernal growth rate and duration in maize as affected by
plant density and genotype. Crop Sci. 19:385-388.

Poneleit, C.G., D.B. Egli, P.L. Comelius, and D.A. Reicosky. 1980. Variation and associations
of kernal growth characteristics in maize populations. Crop Sci. 20:766-770.

Preiss, J. 1982. Regulation of biosynthesis and degradation of starch. Ann. Rev. Plant Physiol.
33:431-454.



References 310

Preiss, J., C. Lammel, and A. Sabraw. 1981. A unique adenosine diphosphoglucose
pyrophosphorylase associated with maize embryo tissue. Plant Physiol. 47:104-108.

Preiss, J., K. Ball, J. Hutney, B. Smith-White, L. Li, and T.W. Okita. 1991. Regulatory
mechanisms involved in the biosynthesis of starch. Pure Appl. Chem. 63:535-544.

Prince, A.B. 1954. Effects of nitrogen fertilization, plant spacing, and variety on the protein
composition of corn. Agron. J. 46:185-186.

Prine, G.M. 1962. Studies on removal of leaves from Florida 200 corn. Proc. Soil Crop Sci.
Soc. Fla. 22:220-227.

Prine, G.M. 1971. A critical period for ear development in maize. Crop Sci. 11:782-786.

Prine, G.M. and V.N. Schroder. 1964. Above-soil environment limits yield of semi-prolific
cormn as plant population increases. Crop Sci. 4:361-362.

Prine, G.M. and V.N. Schroder. 1965. Varying the light environment of semi-prolific hybrid
corn (Zea mays L.). Proc. Soil Crop Sci. Soc. Fla. 25:284-294.

Prioul, J-L. 1996. Comn. Pp. 549-594. In: Photoassimilate distribution in plants and crops.,
Source-sink relationships. Zamski, E. and A.A. Schaffer (eds.). Marcel Dekker, Inc.
New York.

Prioul, J-L. and N. Schwebel-Dugué. 1992. Source-sink manipulations and carbohydrate
metabolism in maize. Crop Sci. 32:751-756.

Prioul, J-L., A. Reyss, and N. Schwebel-Dugué. 1990. Relationships between carbohydrate
metabolism in ear and adjacent leaf during grain filling in maize genotypes. Plant
Physiol. Biochem. 28:485-493.

Pullar, W.A. 1962. Soils and agriculture of Gisborne plains. Soil Bureau Bull. 20. Department
of Scientific and Industrial Research. R.E. Owen (ed.). Government Print, Wellington,
N.Z.

Rabuffetti, A. and E.J. Kamprath. 1977. Yield, N, and S content of corn as affected by N and
S fertilization on coastal plain soils. Agron. J. 69:785-788.



References 311

Raper, C.D.Jr.,, W.W. Weeks, and M. Wann. 1976. Temperatures in early post-transplant
growth: influence on carbohydrate and nitrogen utilization and distribution in tobacco.
Crop Sci. 16:753-757.

Raper, C.D.Jr.,D.L. Osmond, M. Wann, and W.W. Weeks. 1978. Interdependence of root and
shoot activities in determining nitrogen uptake rate of roots. Bot. Gaz. 139:289-294.

Ratkowsky,D.A. 1990. Handbook of non-linear regression models. Marcel Dekker, Inc., New
York.

Reddy, V.M. and T.B. Daynard. 1983. Endosperm characteristics associated with rate of grain
filling and kernel size in corn. Maydica 28:339-355.

Reddy, G.B. and K.R. Reddy. 1993. Fate of nitrogen-15 enriched ammonium nitrate applied to
corn. Soil Sci. Soc. Amer. J. 57:111-115.

Reed, A.J. and R.H. Hageman. 1980. Relationship between nitrate uptake, flux, and reduction
and the accumulation of reduced nitrogen in maize (ZeamaysL.): I. Genotypic variation.
Plant Physiol. 66:1179-1183.

Reed, A.J. and G.W. Singletary. 1989. Roles of carbohydrate supply and phytohormones in.
maize kernel abortion. Plant Physiol. 91:986-992.

Reed, A. J., F.E. Below, and R.H. Hageman. 1980. Grain protein accumulation and the
relationship between leaf nitrate reductase and protease activities during grain

development in maize (Zea mays L.): 1. Variation between genotypes. Plant Physioi.
66:164-170.

Reed, A.J,, J.R. Schussler, G.W. Singletary, D.R. Williamson, A.L. Christy, B.R. Heyde, E.F.
Sanders, G.C. Davis, and M.G. Cames. 1984. Relationships between carbon and
nitrogen metabolism, kernel number and yield in corn (Zea mays L.). Agron. Abstracts,
Amer. Soc. Agron., Pp. 115.

Reed, A.J.,G.W. Singletary, J.R. Schussler, D.R. Williamson, and A.L. Christy. 1988. Shading
effects on dry matter and nitrogen partitioning, kernal number, and yield of maize. Crop
Sci. 28:819-825.



References 312

Remison, S.U. and O. Omueti. 1982. Effects of nitrogen application and leaf clipping after
mid-silk on yield and protein content of maize. Can. J. Plant Sci. 62:777-779.

Rendig, V.V. and F.E. Broadbent. 1979. Proteins and amino acids in grain maize grown with
various levels of applied N. Agron. J. 71:509-512.

Rendig, V.V. and T.W. Crawford, Jr. 1985. Partitioning into maize grain fractions of N
absorbed through the roots before and after pollination. J. Sci. Food. Agric. 36:645-650.

Rendig, V.V.andJ. Jimenez. 1978. Nitrogen nutrition as a regulator of biosynthesis of storage
proteins in maize (Zea mays L.) grain. P.253-298. In: Nitrogen in the environment. Vol.
2. Nielsen, D.R. and J. G. MacDonald (eds). Academic Press, New York.

Rhoads, F.M. and A. Manning. 1985. Response of irrigated maize to nitrogen management.
Soil Crop Sci. Soc. Fla. Proc. 45:22-24.

Rhoads, F.M. and R.L. Stanley, Jr. 1984. Yield and nutrient utilization efficiency of irrigated
com. Agron. J. 76:219-223.

Rhoads, F.M., R.S. Mansell, and L.C. Hammond. 1978. Influence of water and fertilizer
management on yield and water input efficiency of com. Agron. J. 70:305-308.

Ritchie, S.W. and J.J. Hanway. 1984. How a corn plant develops. Iowa State Univ. Ext. Spec.
Rep. 48.

Rizzi, E., C. Balconi, C. Manusardi, E. Gentinetta, and M. Motto. 1991. Genetic variation for
traits relating to nitrogen content in maize stalks. Euphytica 52:91-98.

Roberts, S., W.H. Weaver, and S.R. Drake. 1980a. Yield, leaf composition and processing
characteristics of sweet corn with different fertilizers and plant populations. Washington
State Uni., College of Agric. Res. Center Circ. 623.

Roberts, S., W.H. Weaver, and J.P. Phelps. 1980b. Use of the nitrate soil test to predict sweet
corn response to nitrogen fertilization. Soil Sci. Soc. Amer. J. 44:306-308.

Robertson, W K., L.G. Thompson, Jr.,and L.C. Hammond. 1968. Yield and nutrient removal
by comn (Zea mays L.) for grain as influenced by fertilizer, plant population, and hybrid.
Soil Sci. Soc. Amer. Proc. 32:245-249.



References 313

Rogers, I.S. and G.J. Lomman. 1988. Effects of plants spacing on yield, size and kernel fill of
sweet corn. Aust. J. Exp. Agric. 28:787-792.

Rosenquist, C.E. 1968. The effect of tillers in corn upon the development of the main stalk. J.
Amer. Soc. Agron. 32:915-917.

Roth, G.W. and R.H. Fox. 1990. Soil nitrate accumulation following nitrogen-fertilized corn
in Pennsylvania. J. Environ. Qual. 19:243-248.

Rudert, B.D. and S.J. Locascio. 1979. Growth and tissue composition of sweet corn as affected
by nitrogen source, nitrapyrin, and season. J. Amer. Soc. Hort. Sci. 104:520-523.

Rufty, T.W. and S.C. Huber. 1983. Changes in starch formation and activities of sucrose
phosphate synthase and cytoplasmic fructose-1,6-bisphosphatase in response to
source-sink alterations. Plant Physiol. 72:474-480.

Russell, W.A. 1985. Evaluation for plant, ear, and grain traits of maize cultivars representing
seven eras of breeding. Maydica 30:85-96.

Russelle, M.P., E.J. Deibert, R.D. Hauck, M. Stevanovic, and R.A. Olson. 1981. Effects of
water and nitrogen management on yield and '*N-depleted fertilizer use efficiency of,
irrigated corn. Soil Sci. Soc. Amer. J. 45:553-558.

Russelle, M.P., R.D. Hauck, and R.A. Olson. 1983. Nitrogen accumulation rates of irrigated
maize. Agron. J. 75:593-598.

Russelle, M.P., J.A Schild, and R.A. Olson. 1984. Phosphorous translocation between small,
non-reproductive tillers and the main plant of maize. Agron. J. 76:1-4.

Rutger, J.N. 1971. Effect of plant density on yield of inbred lines and single crosses of maize
(ZeamaysL.). Crop Sci. 11:475-476.

Rutger, J.N. and L.V. Crowder. 1967. Effect of high plant density on silage and grain yields of
six corn hybrids. Crop Sci. 7:182-184,

Sabata, R.J. and S.C. Mason. 1992. Corn hybrid interactions with soil nitrogen level and water
regime. J. Prod. Agric. 5:137-142.



References 314

Salardini, A.A., Sparrow, L. A, and R.J. Holloway. 1992. Sweet corn responses to basal and
top-dressed rates and sources of nitrogenous fertilizers. Aust. J. Agric.Res.43:171-180.

Sanchez,C.A.,R.T.Nagata, and V.I. Guzman. 1989. Response of sweet corn tonitrogen source
and rate on histols. HortScience 24:925-927.

Sander, D.H. and W.J. Moline. 1980. Sulfur-coated urea and ureacompared as nitrogen sources
forirrigated comn. Soil Sci. Soc. Amer. J. 44:777-782.

Sander, D.H., W.H. Allaway, R.A. Olsen. 1987. Modification of nutritional quality by
environment and production practices. Pp. 45-82. In: Nutritional qualityofcereal grains:
genetic and agronomic improvement. Olsen, R.A. and K.J. Frey (eds.). Amer. Soc.
Agron., Monograph No. 28, Madison, Wisconsin.

Sanmaneechai, M., F.E. Koehler, and S. Roberts. 1984. Nitrogen fertilization practices for
sequential cropping of wheat, turnips, and sweet corn. Soil Sci. Soc. Amer. J. 48:81-86.

Sarquis, J.I., H. Gonzalez, E. Sanchez de Jiménez, J.R. Dunlap. 1998. Physiological traits

associated with mass selection for improved yield in a maize population. Field Crops
Res. 56:239-246.

SAS Institute. 1989. SAS User's Guide: Statistics. Version 6, 4th ed. vol. 1. SAS Institute,
Cary, North Carolina.

Sass, J.E. and F.A. Loeffel. 1959. Development of axillary buds in maize in relation to
barrenness. Agron. J. 51:484-486.

Sato, H., K. Nakaseko, and K. Gotoh. 1978. Physio-ecological studies on prolificacy in maize.
II. Differences in dry matter accumulation between prolific and single-ear type hybrids.

Japan J. Crop Sci. 47:206-211.

Sauberlich, H.E., W.Y. Chang, and W.D. Salmon. 1953. The amino acid and protein content
of corn as related to variety and nitrogen fertilization. J. Nutr. 51:241-250.

Sawada, O., J. Ito, and K. Fuyjita. 1995. Characteristics of photosynthesis and translocation of
13C-labelled photoassimilate in husk leaves of sweet corn. Crop Sci. 35:480-485.

Sayre, J.D. 1948. Mineral accumulation in corn. Plant Physiol. 23:267-281.



References 315

Schepers, J.S., K.D. Frank, and C. Bourg. 1986. Effect of yield goal and residual soil nitrogen
considerations on nitrogen fertilizer recommendations for irrigated maize in Nebraska.
J. Fert. Issues. 3:133-139.

Schlegel, A.J. and J.L. Havlin. 1995. Corn response to long-term fertilization and phosphorous
fertilization. J. Prod. Agric. 8:181-185.

Schmid, A.R., A.C. Caldwell, and R.A. Briggs. 1959. Effect of various meadow crops,
soybeans, and grain on the crops which follow. Agron. J. 51:160-162.

Schneider, E.O., E.B. Earley,and E.E. DeTurk. 1952. Nitrogen fractions of the component parts
of the corn kernel as affected by selection and soil nitrogen. Agron. J. 44:161-169.

Schoper, J.B., R.R. Johnson, and R.J. Lambert. 1982. Maize yield response to increased
assimilate supply. Crop Sci. 22:1184-1189.

Schrader, L.E. 1978. Uptake, accumulation, assimilation and transport of nitrogen in higher
plants. Pp. 101-141. In: Nitrogen in the environment. Vol. 2. Soil-plant-nitrogen
relationships. Nielson, D.R. and J.G. MacDonald (eds.). Academic Press, New York.

Schussler,J.R. and M.E. Westgate. 1991a. Maize kernel set at low water potential: I. Sensitivity,
to reduced assimilates during early kernel growth. Crop Sci. 31:1189-1195.

Schussler, J.R. and M.E. Westgate. 1991b. Maize kernel set at low water potential: II.
Sensitivity to reduced assimilates at pollination. Crop Sci. 31:1196-1203.

Schussler, J.R. and M.E. Westgate. 1994. Increasing assimilate reserves does not prevent kernel
abortion at low water potential in maize. Crop Sci. 34:1569-1576.

Scott, W.R., C.T. Dougherty, and R.H.M. Langer. 1975. An analysis of a wheat yield
depression caused by high sowing rate with reference to the patterns of grain set within
the ear. N.Z. J. Agr. Res. 18:209-214.

Setter, T.L. and B.A. Flannigan. 1986. Sugar and starch redistribution in maize in response to
shade and ear temperature treatment. Crop Sci. 26:575-579.

Setter, T.L. and V.H. Meller. 1984. Reserve carbohydrate in maize stem. ["“C]glucose and
[*C]sucrose uptake characteristics. Plant Physiol. 75:617-622.



References | 316

Shasha's, N.S., W.P. Nye, and W.F. Campbell. 1973. Path coefficient analysis of correlation

between honey bee activity and seed yield in Allium cepa L. J. Amer. Soc. Hort. Sci.
98:341-347.

Shaw, R.H. 1974. A weighted moisture-stress index for corn in Iowa. Iowa State J. Res.
49:101-114.

Sheen, J. 1990. Metabolic repression of transcription in higher plants. Plant Cell. 2:1027-1038.

Shinano, T., M. Osaki, and T. Tadano. 1991. Effect of nitrogen application on reconstruction
of nitrogen compounds during the maturation stage of several field crops. J. Soil Sci.
Plant Nutr. 37:259-270.

Shoemaker, J.S. and C. Walkof. 1941. Sweet corn in Alberta. Univ. of Alberta Bull. 38.

Simmons, S.R. and R.J. Jones. 1985. Contributions of pre-silking assimilate to grain yield in
maize. Crop Sci. 25:1004-1006.

Sims, A.L., J.S. Schepers, R.A. Olson, and J.F. Power. 1998. Irrigated corn yield and nitrogen
accumulation response in a comparison of no-till and conventional till: tillage and
surface-residue variables. Agron. J. 90:630-637.

Sinclair, T.R. 1998. Historical changes in harvest index and crop nitrogen accumulation. Crop
Sci. 38:638-643.

Sinclair, T.R. and C.T. deWit. 1976. Analysis of carbon and nitrogen limitations to soybean
yield. Agron. J. 68:319-324.

Sinclair, T.R. and T. Horie. 1989. Leaf nitrogen, photosynthesis, and crop radiation use
efficiency: A review. Crop Sci. 29:90-98.

Sinclair. T.R. and R.C. Muchow. 1995. Effect of nitrogen supply on maize yield: I. Modelling
physiological approaches. Agron. J. 87:632-641.

Singer, J.W. and W.J. Cox. 1998. Corn growth and yield under different crop rotation, tillage,
and management systems. Crop Sci. 38:996-1003.



References 317

Singletary, G.W. and F.E. Below. 1989. Growth and composition of maize kernals cultured in
vitro with varying supplies of carbon and nitrogen. Plant Physiol. 89:341-346.

Singletary, G.W., D.C. Doehlert, C.M. Wilson, M.J. Muhitch, and F.E. Below. 1990. Response

of enzymes and storage proteins of maize endosperm to nitrogen supply. Plant Physiol.
94:858-864.

Smiciklas, K.D. and F.E. Below. 1990. Influence of heterotic pattern on nitrogen use and yield
of maize. Maydica 35:209-213.

Smith, N. 1934. Response of inbred lines and crosses in maize to variations of nitrogen and
phosphorous supplied as nutrients. J. Amer. Soc. Agron. 26:785-804.

Smith, C.B. 1984. Sweet corn growth responses and leaf concentrations as affected by lime
types and fertilizer treatments in a five-year study. J. Amer. Soc. Hort. Sci. 109:572-577.

Spalding, R.F. and M.E. Exner. 1993. Occurrence of nitrate in groundwater: A review. J.
Environ. Qual. 22:392-402.

Stanford, G. 1973. Rationale for optimum nitrogen fertilization in corn production. J. Environ.
Qual. 2:159-166.

Stanford, G. and J. Hanway. 1955. Predicting nitrogen fertilizer needs of lowa soils. II. A
simplified technique for determining relative production in soils. Proc. Soil Sci. Soc.
Amer. 19:74-77.

Stanford, G. and S.J. Smith. 1972. Nitrogen mineralization potential of soils. Proc. Soil Sci.
Soc. Amer. 36:465-472.

Steele, K.W. 1983. Efficient utilisation of soil and fertiliser N to optimise maize grain yield.
Proc. Agron. Soc. N.Z. 13:33-38.

Steele, K.W. and D.M. Cooper. 1980. Reducing fertiliser applications to maize. Proc. Ruakura
Farmers’ Conf. Pp. 25-34.

Steele, K.W., D.M. Cooper, and C.B. Dyson. 1982. Estimating nitrogen fertilizer requirements
in maize grain production. 1. Determination of available soil nitrogen and prediction of
grain yield increase to applied nitrogen. N.Z. J. Agric. Res. 25:199-206.



References 318

Steenvoorden, J.H. 1989. Agricultural practices to reduce nitrogen losses via leaching and
surfacerunoff. Pp. 72-84. In: Management systems to reduce the impact of nitrates. J.C.
Germon (ed.). Elsevier Appl. Sci., London.

Stickler, F.C. 1964. Row width and population studies with corn. Agron. J. 56:438-441.

Stocking, C.R. and A. Ongun. 1962. The intracellular distribution of some metallic elements
in leaves. Amer. J. Bot. 49:284-289.

Stone, P.J., I.B. Sorensen, and J.B. Reid. 1998. Effect of plant population and nitrogen fertiliser
on yield and quality of super sweet corn. Proc. Agron. Soc. N.Z. 28:1-5.

Sugiyama, T., M. Mizuno, and M. Hayashi. 1984. Partitioning of nitrogen among
ribulose-1,5-bisphosphate carboxylase/oxygenase, phosphoenolpyruvate carboxylase, and

pyruvate orthophosphate dikinase as related to biomass productivity in maize seedlings.
Plant Physiol. 75:665-669.

Swank, J.C., F.E. Below, R.J. Lambert, and R.H. Hageman. 1982. Interaction of carbon and
nitrogen metabolism in the productivity of maize. Plant Physiol. 70:1185-1190.

Ta,C.T.and R.T. Weiland. 1992. Nitrogen partitioning in maize during ear development. Crop
Sci. 32:443-451.

Taber, H.G. and D.F. Cox. 1983. Nitrogen effect on yield and kernel protein content of sweet
corn grown on sandy soils. Commun. Soil Sci. Plant Anal. 14:585-599.

Taber, H.G. and L.E. Peterson. 1979. Effect of nitrogen source and nitrapyrin on sweet corn.
HortScience 14:34-36.

Tanaka, A.and J. Yamaguchi. 1972. Dry matter production, yield components and grain yield
of the maize plant. J. Fac. Agric. Hokkaido Uni. 57:71-132.

Tetio-Kagho, F. and F.P. Gardner. 1988a. Responses of maize to plant population density. I.
Canopy development, light relationships, and vegetative growth. Agron. J. 80:930-935.

Tetio-Kagho, F. and F.P. Gardner. 1988b. Responses of maize to plant population density. II.
Reproductive development, yield, and yield adjustments. Agron. J. 80:935-941.



References 319

Thiagarajah, M.R., L.A. Hunt, and J.D. Mahon. 1981. Effects of position and age on leaf
photosynthesis in corn (Zea mays). Can. J. Bot. 59:28-33.

Thimann, K.V. 1980. The senescence of leaves. Pp. 85-116. In: Senescence in plants. K.V.
Thimann (ed.). CRC Press, BocaRaton, Fla.

Thiraporn, R., G. Geisler, and P. Stamp. 1987. Effects of nitrogen fertilization on yield and
yield components of tropical maize cultivars. J. Agron. Crop Sci. 159:9-14,

Thom, E.R. and B.R. Watkin. 1978. Effectofrate and time of fertilizer nitrogen application on
total plant, shoot, and root yields of maize (Zea mays L.). New Zealand J. Exp. Agric.
6:29-38.

Thomas, W. 1956. Effectof plant population and rates of fertilizer nitrogen on average weight
of ears and yield of corn in the south. Agron. J. 48:228-230.

Thomas, H. and J.L.. Stoddart. 1980. Leaf senescence. Ann.Rev.Plant Physiol. 31:83-111.

Thompson, L.M. 1988. Effects of changes in climate and weather variability on the yields of
corn and soybeans. J. Prod. Agric. 1:20-27.

Thomne, J.H. and H.R. Koller. 1974. Influence of assimilate demand on photosynthesis,
diffusive resistances, translocation, and carbohydrate levels in soybean leaves. Plant
Physiol. 54:201-207.

Tietz, A, M. Ludewig, M. Dingkuhm, and K. Dorffling. 1981. Effect of abscisic acid on the
transport of assimilates in barley. Planta 152:557-561.

Tollenaar, M. 1977. Sink-source relationships during reproductive development in maize: a
review. Maydica 22:49-75.

Tollenaar, M. 1989. Genetic improvement in grain yield of commercial maize hybrids grown
in Ontario from 1959 to 1988. Crop Sci. 29:1365-1371.

Tollenaar, M. 1991. Physiological basis of genetic improvement of maize hybrids in Ontario
from 1959 to 1988. Crop Sci. 31:119-124.



References 320

Tollenaar, M. and T.B. Daynard. 1978a. Kemel growth and development at two different
positions on the ear of maize (Zea mays). Can. J. Plant Sci. 58:189-197.

Tollenaar, M. and T.B. Daynard. 1978b. Dry weight, soluble sugar content, and starch content
of maize kernals during the early postsilking period. Can. J. Plant Sci. 58:199-206.

Tollenaar, M. and T.B. Daynard. 1978c. Effect of defoliation on kernal development in maize.
Can. J. Plant Sci. 58:207-121.

Tollenaar, M. and T.B. Daynard. 1978d. Leaf senescence in short-season maize hybrids. Can.
J. Plant Sci. 58:869-874.

Tollenaar, M. and T.B. Daynard. 1982. Effect of source-sink ratio on dry matter accumulation
and leaf senescence of maize. Can. J. Plant Sci. 62:855-860.

Tollenaar, M., T.B. Daynard and R.B. Hunter. 1979. Effect of temperature on rate of leaf
appearance and flowering date in maize. Crop Sci. 19:363-366.

Tollenaar, M., Dwyer, L. M, and D.W. Stewart. 1992. Ear and kernal formation in maize

hybrids representing three decades of grain yield improvement in Ontario. Crop Sci.
32:432-438.

Tracy, W.F. 1997. History, genetics, and breeding of supersweet (shrunken2) sweet corn. Plant
Breed. Rev. 14:189-236.

Treat, C.L. and W.F. Tracy. 1994. Endosperm type effects on biomass production and on stalk
and root quality in sweet corn. Crop Sci. 34:396-399.

Tripathy, P.C., J.A. Eastin, and L.E. Schrader. 1972. A comparison of *C-labelled
photoassimilate export from two leaf positions in a corn (Zea maysL.) canopy. Crop Sci.
12:495-497.

Tsai, C.Y. 1979a. Early termination of zein accumulation in opaque-2 maize mutant. Maydica
24:129-140.

Tsai, C.Y. 1979b. Tissue-specific zein synthesis in maize kermel. Biochem. Gen.
17:1109-1119.



References 321

Tsai, C.L. and H.W. Chung. 1984. Effects of population density and N-fertiliser on the yield
and ear quality of super sweet corn. Res. Bull. Tainan District Agric. Improvement Sta.
18:39-45.

Tsai, C.Y. and A. Dalby. 1974. Comparison of the effect of shrunken-4, opaque-7 and floury-2
genes on the zein content of maize during endosperm development. Cereal Chem.
51:825-829.

Tsai, C.Y. and O.E. Nelson. 1966. Starch-deficient maize mutant lacking adenosine
diphosphate glucose pyrophosphorylase activity. Science 151:341-343.

Tsai, C.L. and C.Y. Tsai. 1990. Endosperm modified by cross-pollinating maize to induce
changes in dry matter and nitrogen accumulation. Crop Sci. 30:804-808.

Tsai, C.Y., D.M. Huber, and H.L. Warren. 1978a. Relationship of the kernal sink for N to
maize productivity. Crop Sci. 17:399-404.

Tsai, C.Y., B.A. Larkins, and D.V. Glover. 1978b. Interaction of the opaque-2 gene with

starch-forming mutant genes on the synthesis of zein in maize endosperm. Biochem.
Gen. 16:883-896.

Tsai, C.Y,D.M. Huber, and H.L. Warren. 1980. A proposed role of zein and glutelin as N sinks
in maize. Plant Physiol. 66:330-333.

Tsai, C.Y., H.L. Warren, D.M. Huber, and R.A. Bressan. 1983. Interactions between the kernel

N sink, grain yield and protein nutritional quality of maize. J. Sci. Food Agric.
34:255-263.

Tsai. C.Y., D.M. Huber, D.V. Glover, and H.L. Warren. 1984. Relationship of N deposition to
grain yield and N response of three maize hybrids. Crop Sci. 24:277-281.

Tsai, C.Y., D.M. Huber, H.L. Warren, and L.A. Lyznik. 1985. Com physiology and genetics
as they interact under nitrogen stress. Pp. 133-135. In: Physiology, biochemistry and
chemistry associated with maximum yield corn. Potash & Phosphate Institute, Atlanta,
Georgia.



References 322

Tsai, C.Y., D.M. Huber, H.L. Warren, and C.L. Tsai. 1986. Sink regulation of source activity
by nitrogen utilization. Pp. 247-260. In: Regulation of carbon and nitrogen reduction

and utilization in maize. Shannon, J.C. et al. (eds.). Amer. Soc. Plant Physiol.,
Rockville, MD.

Tsai, C.L., I. Dweikat, and C.Y. Tsai. 1990. Effects of source supply and sink demand on the
carbon and nitrogen ratio in maize kernels. Maydica 35:391-397.

Tsai, C.Y., D.M. Huber, H.L. Warren, and A. Lyznik. 1991. Nitrogen uptake and redistribution
during maturation of maize hybrids. J. Sci. Food Agric. 57:175-187.

Tsai, C.Y., I. Dweikat, D.M. Huber, and H.L. Warren. 1992. Interrelationship of nitrogen
nutrition with maize (Zea mays) grain yield, nitrogen use efficiency and grain quality.
J. Sci. Food Agric. 58:1-8.

Uhart, S.A. and F.H. Andrade. 1995a. Nitrogen and carbon accumulation and remobilisation
during grain filling in maize under different source/sink ratios. Crop Sci. 35:183-190.

Uhart, S.A. and F.H. Andrade. 1995b. Nitrogen deficiency in maize: I. Effects on crop growth,
development, dry matter partitioning, and kernel set. Crop Sci. 35:1376-1383.

VanReen, R. and W.R. Singleton. 1952. Sucrose content in the stalks of maize inbreds. Agron.
J. 44:610-614.

Vanotti, M.B. and L.G. Bundy. 1994a. An alternative rationale for corn nitrogen fertilizer
recommendations. J. Prod. Agric. 7:243-249.

Vanotti, M.B.and L.G. Bundy. 1994b. Com nitrogen recommendations based on yield response
data. J. Prod. Agric. 7:249-256.

Veen, B.W. 1981. Relations between root respiration and root activity. Plant Soil. 63:73-76.
Venekamp, J.H., F.W.T. Penning De Vries, and J.T.M. Koot. 1985. Influence of different levels
of nitrogen nutrition and metabolism of maize plants, Zea mays L. Z. Acker- und

Pflanzenbau. 155:217-226.

Verduin, J. and W.E. Loomis. 1944. Absorption of carbon dioxide by maize. Plant Physiol.
19:278-293.



References - ' 323

Vesk, M., J.V. Possingham, and F.V. Mercer. 1965. The effect of mineral nutrie¢nt deficiencies
on the structure of the leaves of tomato, spinach, and maize. Aust. J. Bot. 14:1-18.

Vietor, D.M. and R.B. Musgrave. 1979. Photosynthetic selection of Zea mays L. II. The
relationship between CO, exchange and dry matter accumulation of canopies of two
hybrids. Crop Sci. 19:70-75.

Viets, F.G.Jr., A.L. Moxon, and E.I. Whitehead. 1946. Nitrogen metabolism of corn (Zea mays
L.) as influenced by ammonium nutrition. Plant Physiol. 21:271-289.

Vittum, M.T., N.H. Peck, and A. Carruth. 1959. Responses of sweet corn to irrigation, fertility
level and spacing. New York Agr. Exp. Sta. Geneva. Bull. 786.

Vyn, T.J. and M. Tollenaar. 1998. Changes in chemical and physical quality parameters of
maize grain during three decades of yield improvement. Field Crops Res. 59:135-140.

Walker, G.K., M.H. Miller,and M. Tollenaar. 1988. Source-sink limitations of maize growing
in an outdoor hydroponic system. Can. J. Plant Sci. 68:947-955.

Wallace, J.C., M.A. Lopes, E. Paiva, and B.A. Larkins. 1990. New methods for extraction and
quantification of zeins reveal a high content of 4-zein in modified opaque-2 maize. Plant,
Physiol. 92:191-196.

Wann, E.V., G.B. Brown, W.A. Hills. 1971. Genetic modifications of sweet corn quality. J.
Amer. Soc. Hort. Sci. 96:441-444.

Wardlaw, L.F. 1980. Translocation and source-sink relationships. Pp.297-339. In: The biology
of crop productivity. P.S. Carlson (ed.). Academic Press, New York.

Wardlaw, LF. 1990. The control of carbon partitioning in plants. New Phytol. 116:341-381.

Wareing, P.F. and J. Patrick. 1975. Source-sink relations and the partition of assimilates in the
plant. Pp.481-499. In: Photosynthesis and productivity in different environments. J.P.
Cooper (ed.). Cambridge Univ. Press, Cambridge, U.K.

Warren, J.A. 1963. Use of empirical equations to describe the effects of plant density on the
yield of con and the application of such equations to variety evaluation. Crop Sci.
3:197-201.



References 324

Warren, J.A. and W.C. Kelly. 1963. Effects of plant density on husk appearance and yield of
fresh market sweet corn. New York. Agr. Exp. Sta. Ithaca. Res. Bull.

Warrington, I.J. and E.T. Kanemasu. 1983. Corn growth response to temperature and
photoperiod II. Leaf-initiation and leaf-appearance rates. Agron. J. 75:755-761.

Watson, A.N. and R.L. Davis. 1938. The statistical analysis of a spacing experiment with sweet
corn. J. Amer. Soc. Agron. 30:10-17.

Weiland, R.T. 1989a. Evaluation of maize inbreds for vegetative nitrate uptake and
assimilation. Aust. J. Plant Physiol. 16:161-168.

Weiland, R.T. 1989b. Maize (Zea mays L.) hybrid use of *N-nitrate absorbed vegetatively by
roots. Can. J. Plant Sci. 69:383-393.

Weiland, R.T. and T.C. Ta. 1992. Allocation and retranslocation of ’N by maize (Zea maysL.)
under field conditions of low and high N fertility. Aust. J. Plant Physiol. 19:77-88.

Welch, L.F. 1979. Nitrogen use and behaviour in crop production. Pp. 31-33. Agric. Exp. Sta.
Bull. 761. University of Illinois, Urbana-Champaign, Illinois.

Welch, L.F.,D.L. Mulvaney, M.G. Oldham, L.V. Boone, and J.W. Pendleton. 1971. Corn yield
with fall, spring, and sidedress nitrogen. Agron. J. 63:119-123.

Welton, F.A., V.H. Morris, and A.J. Hartzler. 1930. Distribution of moisture, dry matter and
sugars in the maturing corn stem. Plant Physiol. 5:555-564.

Westgate, M.E. and J.S. Boyer. 1985. Carbohydrate reserves and reproductive development at
low leaf water potentials in maize. Crop. Sci. 25:762-769.

Westgate, M.E. and J.S. Boyer. 1986. Reproduction at low silk and pollen water potentials in
maize. Crop Sci. 26:951-956.

Whitear, J.D. 1976. Nitrogen: too much at the wrong time? J. National Inst. Agric. Bot.
14:196-201.

Wianko, A.T. 1911. The inheritance and effect of sucker production in comn. J. Amer. Soc.
Agron. 3:51-58.



References 325

Wienhold, B.J., T.P. Trooien, and G.A. Reichman. 1995. Yield and nitrogen use efficiency of
irrigated corn in the northern great plains. Agron. J. 87:842-846.

Wild, A. and V.G. Breeze. 1981. Nutrient uptake in relation to growth. Pp. 331-344. In:
Physiological processes limiting plant productivity. C.B. Johnson (ed.). Butterworths,
London.

Willey, R.W.and S.B. Heath. 1969. The quantitative relationship between plant population and
crop yield. Adv. Agron. 21:281-321.

Willey R.W. and R. Holliday. 1971. Plant population and shading studies in wheat. J. Agric.
Sci., Camb. 77:453-461.

Williams, W.A., R.S. Loomis, W.G. Duncan, A. Dovrat, and F. Nunez A. 1968. Canopy
architecture at various population densities and grain yield of corn. Crop Sci. 8:303-308.

Wilson, C.M. 1991. Multiple zeins from maize endosperms characterized by reversed-phase
high performance liquid chromatography. Plant Physiol. 95:777-786.

Wilson, C.M. 1992. Zeins in sweet corn (Sugary-1). Cereal Chem. 69:113-114.

Wilson, J.H. and J.C.S. Allison. 1978a. Effect of plant population on ear differentiation and
growth in maize. Ann. Appl. Biol. 90:127-132.

Wilson, J.H. and J.C.S. Allison. 1978b. Production and distribution of dry matter in maize
following changes in plant population after flowering. Ann. Appl. Biol. 90:121-126.

Wolf, E.A. 1978. Florida Staysweet, a high quality sh2 sweet corn hybrid. Univ. Fla. Agr. Exp.
Sta. Circ. S-259.

Wolfe, D.W., D.W. Henderson, T.C. Hsiao, and A. Alvino. 1988a. Interactive water and
nitrogen effects on senescence of maize. 1. Leaf area duration, nitrogen distribution, and
yield. Agron. J. 80:859-864.

Wolfe, D.W., D.W. Henderson, T.C. Hsiao, and A. Alvino. 1988b. Interactive water and
nitrogen effects on senescence of maize. II. Photosynthetic decline and longevity of
individual leaves. Agron. J. 80:865-870.



References 326

Wolfson, J.L. and G. Shearer. 1981. Amino acid composition of grain protein of maize grown
with and without pesticides and standard commercial fertilizers. Agron.J. 73:611-613.

Wong, S-C, I.R. Cownan, and G.D. Farquhar. 1985. Leaf conductance in relation to rate of CO,
assimilation. 1. Influence of nitrogen nutrition, phosphorous nutrition, photon flux
density, and ambient partial pressure of CO, duringontogeny. Plant Physiol. 78:821-825.

Wong, A.D., J.A. Juvik, D.C. Breeden, J.M. Swiader. 1994. Shrunken2 sweet corn yield and
the chemical components of quality. J. Amer. Soc. Hort. Sci. 119:747-755.

Wong, A.D., J.M. Swiader, and J.A. Juvik. 1995. Nitrogen and sulfur fertilization influences

aromatic flavour components of shrunken2 sweet corn kernels. J. Amer. Soc. Hort. Sci.
120:771-7717.

Woolley, D.G., N.P. Baracco, and W.A. Russell. 1962. Performance of four corn inbreds in

single-cross hybrids as influenced by plant density and spacing patterns. Crop Sci.
2:441-444.

Wright, S. 1921. Systems of matings, I, II, III, IV, V. Genetics 6:111-178.

Wu, P., Q. Dai, and Q. Tao. 1993. Effects of fertilizer rates on the growth, yield and kemel’
composition of sweet corn. Commun. Soil Sci. Plant Anal. 24:237-253.

Yamaguchi, J. 1974. Varietal traits limiting the grain yield of tropical maize. IV. Plant traits
and productivity of tropical varieties. Soil Sci. Plant Nutr. 20:287-304.

Yodpetch, C. and O.K. Bautista. 1984. Sweet corn (Zea mays L.) as potential young cob corn.
II. Fertilization and population density. Philippine Agriculturalist 67:121-134.

Yoshida, S. 1972. Physiological aspects of grain yield. Ann. Rev. Plant Physiol. 23:437-464.

Zink, F. 1980. Preliminary results concerning the N-accumulation in the maturing kernel of
maize hybrids with different protein content. Pp. 273-285. /n: Improvement of quality
traits of maize for grain and silage use. Pollmer, W.G. and R.H. Phipps (eds.). Martinus
Nijhoff Publishers, L.ondon.



References 327

Zink, F. and G. Michael. 1985. The effect of reduced number of kernels and leaves per plant
on the nitrogen storage characteristics of the kernels of two maize hybrids with different
grain-N content. Z. Acker- und Pflanzenbau 154:203-212.

Zuber, M.S. and M.S. Kang. 1978. Corn lodging slowed by sturdier stalks. Crops Soils
3:18-19.



	20001.pdf
	20002.pdf
	20003.pdf
	20004.pdf
	20005.pdf
	20006.pdf
	20007.pdf
	20008.pdf
	20009.pdf
	20010.pdf
	20011.pdf
	20012.pdf
	20013.pdf
	20014.pdf
	20015.pdf
	20016.pdf
	20017.pdf
	20018.pdf
	20019.pdf
	20020.pdf
	20021.pdf
	20022.pdf
	20023.pdf
	20024.pdf
	20025.pdf
	20026.pdf
	20027.pdf
	20028.pdf
	20029.pdf
	20030.pdf
	20031.pdf
	20032.pdf
	20033.pdf
	20034.pdf
	20035.pdf
	20036.pdf
	20037.pdf
	20038.pdf
	20039.pdf
	20040.pdf
	20041.pdf
	20042.pdf
	20043.pdf
	20044.pdf
	20045.pdf
	20046.pdf
	20047.pdf
	20048.pdf
	20049.pdf
	20050.pdf
	20051.pdf
	20052.pdf
	20053.pdf
	20054.pdf
	20055.pdf
	20056.pdf
	20057.pdf
	20058.pdf
	20059.pdf
	20060.pdf
	20061.pdf
	20062.pdf
	20063.pdf
	20064.pdf
	20065.pdf
	20066.pdf
	20067.pdf
	20068.pdf
	20069.pdf
	20070.pdf
	20071.pdf
	20072.pdf
	20073.pdf
	20074.pdf
	20075.pdf
	20076.pdf
	20077.pdf
	20078.pdf
	20079.pdf
	20080.pdf
	20081.pdf
	20082.pdf
	20083.pdf
	20084.pdf
	20085.pdf
	20086.pdf
	20087.pdf
	20088.pdf
	20089.pdf
	20090.pdf
	20091.pdf
	20092.pdf
	20093.pdf
	20094.pdf
	20095.pdf
	20096.pdf
	20097.pdf
	20098.pdf
	20099.pdf
	20100.pdf
	20101.pdf
	20102.pdf
	20103.pdf
	20104.pdf
	20105.pdf
	20106.pdf
	20107.pdf
	20108.pdf
	20109.pdf
	20110.pdf
	20111.pdf
	20112.pdf
	20113.pdf
	20114.pdf
	20115.pdf
	20116.pdf
	20117.pdf
	20118.pdf
	20119.pdf
	20120.pdf
	20121.pdf
	20122.pdf
	20123.pdf
	20124.pdf
	20125.pdf
	20126.pdf
	20127.pdf
	20128.pdf
	20129.pdf
	20130.pdf
	20131.pdf
	20132.pdf
	20133.pdf
	20134.pdf
	20135.pdf
	20136.pdf
	20137.pdf
	20138.pdf
	20139.pdf
	20140.pdf
	20141.pdf
	20142.pdf
	20143.pdf
	20144.pdf
	20145.pdf
	20146.pdf
	20147.pdf
	20148.pdf
	20149.pdf
	20150.pdf
	20151.pdf
	20152.pdf
	20153.pdf
	20154.pdf
	20155.pdf
	20156.pdf
	20157.pdf
	20158.pdf
	20159.pdf
	20160.pdf
	20161.pdf
	20162.pdf
	20163.pdf
	20164.pdf
	20165.pdf
	20166.pdf
	20167.pdf
	20168.pdf
	20169.pdf
	20170.pdf
	20171.pdf
	20172.pdf
	20173.pdf
	20174.pdf
	20175.pdf
	20176.pdf
	20177.pdf
	20178.pdf
	20179.pdf
	20180.pdf
	20181.pdf
	20182.pdf
	20183.pdf
	20184.pdf
	20185.pdf
	20186.pdf
	20187.pdf
	20188.pdf
	20189.pdf
	20190.pdf
	20191.pdf
	20192.pdf
	20193.pdf
	20194.pdf
	20195.pdf
	20196.pdf
	20197.pdf
	20198.pdf
	20199.pdf
	20200.pdf
	20201.pdf
	20202.pdf
	20203.pdf
	20204.pdf
	20205.pdf
	20206.pdf
	20207.pdf
	20208.pdf
	20209.pdf
	20210.pdf
	20211.pdf
	20212.pdf
	20213.pdf
	20214.pdf
	20215.pdf
	20216.pdf
	20217.pdf
	20218.pdf
	20219.pdf
	20220.pdf
	20221.pdf
	20222.pdf
	20223.pdf
	20224.pdf
	20225.pdf
	20226.pdf
	20227.pdf
	20228.pdf
	20229.pdf
	20230.pdf
	20231.pdf
	20232.pdf
	20233.pdf
	20234.pdf
	20235.pdf
	20236.pdf
	20237.pdf
	20238.pdf
	20239.pdf
	20240.pdf
	20241.pdf
	20242.pdf
	20243.pdf
	20244.pdf
	20245.pdf
	20246.pdf
	20247.pdf
	20248.pdf
	20249.pdf
	20250.pdf
	20251.pdf
	20252.pdf
	20253.pdf
	20254.pdf
	20255.pdf
	20256.pdf
	20257.pdf
	20258.pdf
	20259.pdf
	20260.pdf
	20261.pdf
	20262.pdf
	20263.pdf
	20264.pdf
	20265.pdf
	20266.pdf
	20267.pdf
	20268.pdf
	20269.pdf
	20270.pdf
	20271.pdf
	20272.pdf
	20273.pdf
	20274.pdf
	20275.pdf
	20276.pdf
	20277.pdf
	20278.pdf
	20279.pdf
	20280.pdf
	20281.pdf
	20282.pdf
	20283.pdf
	20284.pdf
	20285.pdf
	20286.pdf
	20287.pdf
	20288.pdf
	20289.pdf
	20290.pdf
	20291.pdf
	20292.pdf
	20293.pdf
	20294.pdf
	20295.pdf
	20296.pdf
	20297.pdf
	20298.pdf
	20299.pdf
	20300.pdf
	20301.pdf
	20302.pdf
	20303.pdf
	20304.pdf
	20305.pdf
	20306.pdf
	20307.pdf
	20308.pdf
	20309.pdf
	20310.pdf
	20311.pdf
	20312.pdf
	20313.pdf
	20314.pdf
	20315.pdf
	20316.pdf
	20317.pdf
	20318.pdf
	20319.pdf
	20320.pdf
	20321.pdf
	20322.pdf
	20323.pdf
	20324.pdf
	20325.pdf
	20326.pdf
	20327.pdf
	20328.pdf
	20329.pdf
	20330.pdf
	20331.pdf
	20332.pdf
	20333.pdf
	20334.pdf
	20335.pdf
	20336.pdf
	20337.pdf
	20338.pdf
	20339.pdf
	20340.pdf
	20341.pdf
	20342.pdf
	20343.pdf
	20344.pdf
	20345.pdf
	20346.pdf
	20347.pdf
	20348.pdf
	20349.pdf

