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curd initiation effects. 

Highest total and marketable yields occurred when soil moisture remained 

above 50% of available water and replacement of evapotranspiration loss was at 
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initiation advanced maturity and reduced leaf nitrogen levels.  Higher water levels 

delayed maturity, improved head size and external quality, but decreased internal 
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Total and marketable yields were not increased above 168 kg/ha applied 

nitrogen.  Response was optimum when splitting application rates between early 

and late post-initiation timings and at high water levels, vs. early or late timings 

alone.  External quality and head size were improved and internal quality 



declined above 56 kg/ha applied nitrogen. Water and nitrogen interacted to 

enhance this effect.  The lowest level of applied nitrogen (56 kg/ha) advanced 

harvest, particularly under intensive irrigation; other nitrogen rate and timings 

had no effect on maturity.  Nitrogen rate interacted with water to influence leaf 

nitrogen concentration, with low rates and high water levels reducing 

concentration, and higher rates increasing it.  Ammonium nitrate increased severe 

hollowness when compared to calcium nitrate, but nitrogen source had no other 

effects. 

Applied boron increased leaf boron levels but did not affect other 

parameters.  Internal solidity increased with each successive harvest. 
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EFFECTS OF IRRIGATION AND NITROGEN ON CAULIFLOWER 

DEVELOPMENT, YIELD AND QUALITY 

CHAPTER 1 

INTRODUCTION 

Cauliflower (Brassica oleracea var. botrytis L.) is a member of the 

Cruciferae or Cole crop family. As with other members of the family such as 

broccoli or cabbage, cauliflower is noted for its adaption to cooler growing 

conditions.  Maritime climatic areas such as those found in England, The 

Netherlands, the U.S. eastern seaboard and Pacific coast states have historically 

favored the commercial production of cauliflower. However, because of its wide 

range of adaption, environmentally suitable strains of cauliflower are even being 

grown for fresh market in the tropics.  Classifications such as annual types, 

"early" (spring), and "mid-season" (summer), and biennial types "late" (fall), and 

"over-wintering" (winter,) describe the range of maturity and adaptiveness of 

cauliflower.  Quality factors also vary considerably with the various types, and 

for processing needs, head quality must be high, meeting standards of yield, 

texture and color.   "Late" cultivars or biennial types typically exhibit these ideal 

characteristics and are the mainstay of the vegetable processing industry. 

The Willamette Valley of Oregon which has a transitional mediterranean / 

maritime climate is the center for the state's commercial vegetable growing and 

processing industry.  In recent years, cauliflower has become important as a 

commercial crop for this industry, being packed primarily as a fresh frozen 

product alone or in vegetable mixes.  In 1990 more than 1230 hectares were 

devoted to growing cauliflower for processing.  This compares with 405 in 1970 

and 610 hectares in 1980.  Average field sizes are small, from 15 to 20 hectares. 

Over the last 20 years, fresh market cauliflower production (160-200 ha.) has 

held steady.  Fresh market growers primarily serve the urban northern valley 
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market. (Statistics quoted from Or. State Univ. Ext. Serv. County and State 

Agric. Estimates Bull., 1970, 1980, 1990). 

As a processing commodity, cauliflower is characterized as a high value 

crop.  Prices are paid on a weight basis, in 1990 averaging $125/mt, with 

acceptable quality yields averaging between 17 and 20 mt/ha.  Grower production 

is usually on a contractual basis with the processing company and they work 

closely with field representatives following varietal, cultural and scheduling 

recommendations.  Late maturing cultivars such as the "Snowball" series are 

preferred for their head quality characteristics.  These cultivars are either direct 

seeded in the field in early summer, or transplanted in mid-summer, targeting fall 

harvest dates, (Sept. - Nov.). This timing is critical and must coincide with 

processing plant scheduling.  Even product flow through the plant maximizes 

efficiency for the processor and returns to the farmer.  Excesses or harvest gluts 

often are left in the field unless other marketing options exist for the grower. 

Culturally, cauliflower and other Brassicas are high input crops, particularly 

in regards to fertility, water, and insecticide management. Nitrogen inputs of 

224-336 kg N/ha and 38-50 cm. seasonal irrigation are not uncommon in the 

Willamette Valley.  A variety of insecticide applications are made throughout the 

season which also increase production costs. Because of the high value of the 

crop, growers often do not hesitate in applying additional increments of inputs to 

ensure high yields and a quality product, even if the benefits are minimal. 

Initial cultural concerns expressed by growers and processors were directed 

at problems in crop maturity prediction and scheduling of planting and harvest. 

Maturity prediction has long been a common problem facing cauliflower growers 

in all major production areas.  The timing of the crop maturity in some seasons 

can often be miscalculated by several weeks or more, regardless of sowing or 

planting date.  Maturity of any given field or local area could be very 

concentrated or spread out over a long period of time. Concentration of harvest 

in fields planted at various times by different growers leads to a glut situation at 



the packing plant. With the opposite, a gradual onset of maturity, harvesting 

costs increase for the grower with each consecutive pass through the field. The 

processor finds this arrangement more acceptable than unscheduled gluts but 

quantity can be a problem.  Ideally, a predictable, focused harvest would meet 

the interests of both parties. 

Research has indicated that predictability of optimum harvest maturity of 

cauliflower is related to the internal physiology of flowering (curd initiation). 

Vernalization and cold response (hence weather) influence time of curd initiation 

(change from vegetative to reproductive growth). When sowing or transplanting 

dates are combined with cultivar differences, plant population differences, soil 

types and varying cultural practices, the problem of harvest maturity prediction 

intensifies. Some of these factors will be discussed at length later. 

Another area of concern with growers and processors is the achievement of 

maximum yield and quality. Their goals are to maximize overall yield and to 

obtain a high percentage of an acceptable processing quality product.  The most 

important quality factor for the processor is outer appearance of the head which 

includes texture (smoothness), color (pure white), and curd mass (dense curd 

structure, size). Internally, the head should be solid and white, not hollow or 

discolored.  Internal hollowness or discoloration is not as important as external 

quality, because the inner core of the head is removed by machine.  However it 

can be very important when internal discoloration and decay extend into the curd 

branches from the core. External and internal quality are of equal importance for 

fresh market cauliflower. 

In Oregon, both outer and inner quality problems are common and large 

percentages of heads are culled and left in the field.  Cauliflower growers vary in 

their approach to attaining a high quality yield. Their differences are primarily in 

nitrogen and water management techniques (quantities, timing) and in the use of 

micronutrients such as boron which many believe alleviate head hollowness and 

internal discoloration problems.  Growers tend to err on the side of luxury 



consumption and excessive nitrogen and water application are often the rule. 

Promotion of unrestricted growth in cauliflower has long been the historical 

approach to yield and quality attainment with what has been described as a 

"temperamental crop" by growers.  With its high value, the costs of a "little 

extra" can be rationalized in the hope of high quality. Whether these benefits are 

real or perceived is not an economic consideration at this point. Yet 

environmentally there are long term costs to luxury application of nutrients and 

water in the form of fossil fuel consumption and potential groundwater depletion 

and contamination by nitrates.  In addition, the very sought after quality aspects 

could be compromised by cultural imbalances. 

The purpose of research reported here was to investigate more fully the 

cultural aspects of cauliflower production.  In particular, the importance of 

nitrogen and water and how these two macro-factors affect the yield, head quality 

and timing of late-season cauliflower grown commercially in the Willamette 

Valley. To a minor extent, boron, a micro-nutrient, was also evaluated as to its 

effects, particularly on head quality. 

A primary goal of our research was to address the problem of quality yield 

attainment, looking at both outer and inner quality aspects, and maximizing 

acceptable yields through an appropriate balance of mineral and water inputs. The 

primary research objective was to evaluate how nitrogen and water, and to a 

limited extent, boron, applications inter-relate or work separately to affect yield 

and quality. It is postulated that growth rate is a determining factor in affecting 

both inner and outer head quality, with hollowness in particular being influenced 

by crop growth rate, which is determined to a large extent by increasing water 

and nitrogen inputs.  Boron, believed to be a major factor in affecting head 

hollowness, plays only a minor role. With increasing nitrogen and water 

quantities it is also believed that outer appearance and quality improves.  As 

mentioned, this has been the growers historical approach, to maximize and allow 

uninterrupted growth which leads to a more visually acceptable product.  Thus a 
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balance may exist between inner and outer quality, with growth rate being the 

determining factor.  Thus as outer appearance is maximized by increased inputs, 

inner quality declines. The question becomes what is the maximum growth rate 

and yield, as influenced by nitrogen and water variables, that achieves an 

optimum economic balance of ideal outer and inner qualities.  Does outer quality 

and appearance have to be sacrificed for inner solidity and quality? 

An additional goal of our research was to evaluate not only how nitrogen 

and water application affects crop yield and quality but how both factors effect 

crop timing in the face of an overriding environmental cue of low temperature. 

The thesis being proposed is that pre- or post-curd initiation phases could be 

affected significantly by water stress timing or by nitrogen rate or timing. 

Manipulation of these factors could possibly delay or enhance curd initiation 

(flowering) or delay or enhance the progression of curd growth (post initiation). 

In either case the goal was to describe better these cultural factors and how they 

contribute to crop variability or crop uniformity. Development of irrigation and 

nitrogen application practices which revolve around the critical physiological 

stage of curd initiation would be additional beneficial goals.  Critical growth 

period demands could be identified and met, and input application during non- 

critical periods could be reduced without a reduction in yield or quality. 

In summary our overall objectives were to: 

* Evaluate the relationship of nitrogen and water and to a lesser extent boron on 

crop yield and the quality of that yield, particularly in respect to the aspect of 

growth rate influences. 

* Evaluate the effects of nitrogen and water application on crop maturity, and to 

determine their optimum relationship and effects with regards to crop growth 

stages. 



* Make more refined crop recommendations as to rates and timing of these 

factors. 

It is hoped that this research can be adapted and applied to a variety of 

cauliflower growing situations, regardless of cultivar differences and climatic 

conditions. Understanding the key factors of nitrogen, water, and boron, their 

effects and interactions, is critical in managing crop growth, development, quality 

and yield, and thus improving practical cultural recommendations. 



CHAPTER 2 

LITERATURE REVIEW 

Section 1: Cauliflower Growth and Development 

Importance 

Cauliflower growth and development has been an important topic of research 

for the past 30 years.  Researchers have described these factors primarily as they 

relate to crop maturity. Various aspects, from detailed fundamental growth 

characterization to applied production techniques, have been studied in attempts to 

describe the factors behind the "temperamental" tendencies of this crop.  The 

area of research in this thesis is primarily that of crop yield and quality, with a 

partial emphasis on crop maturity. These areas are inter-related and an 

understanding of the historical background of crop maturity research is important 

as this work applies to other aspects of crop production. The advancement and 

depth of understanding of growth processes and how they can be affected cannot 

be understated considering the unique problems associated with cauliflower 

production. This literature section on growth and development is organized 

according to the following topics: 

1) Description of the flowering process, growth stages 

2) Curd initiation and analysis of the factors involved 

3) Cultural methods affecting crop maturity 

All three areas are inter-related, as for example factors which affect the 

flowering process may also be practically applied to affect crop maturity in the 

field. Thus these discussion points will overlap. 
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Growth Stages 

Over the past several hundred years various types of cauliflower have 

emerged.  They have been described by their maturity characteristics, ranging 

from annual types with various ranges of maturity, to true biennials with 

extremely long periods of maturity. The primary gene center for cauliflower is 

in southern Italy. By the 16th century, annual forms were established in 

Germany and Denmark, while by the 18th century biennial types began to emerge 

in the maritime climates of France, Britain, and The Netherlands (Wurr, Fellows 

and Crisp, 1982). The variability of maturity in biennial types has been related 

to heterogeneity and their outbreeding nature, while annual types are more 

homogenous, inbred and somewhat less variable (Gray and Crisp 1977; Wurr et 

al 1982). Yet even homogenous inbred biennial lines show variability in maturity 

time (Crisp 1977), which illustrates that the inherent genetic tendency for 

variability is not easily overcome by plant breeding techniques. 

Clues as to the reasons for this variability came with studies focusing on 

growth and development, especially the flowering and curd initiation processes, 

which characterize the crop. The occurrence of a distinct juvenile phase of 

growth was first indicated by the discovery of a minimum leaf number 

requirement for various cultivars before curd development (Aamilid 1952; Salter 

1960a; Sadik 1967). Researchers have since recognized from this work several 

phases of growth in cauliflower: 

1) a juvenile stage, in which the plant is not receptive to environmental stimuli 

for curd development and is characterized by vegetative development (leaf 

production). 

2) a transitional period in which vegetative growth can continue but which the 

plant is also environmentally sensitive to inductive temperatures (i.e. cold) for 

curd initiation. 



3) a mature period, in which curd initiation and development and eventually 

flower and seed development proceeds. 

Electron micrographs in Appendix A, Figure A. 1 A-F, follow the 

progression of curd initiation from the early vegetative stage through the 

transitional stage and into early visible curd initiation. 

Some researchers (Weibe 1972a, Salter and James 1974), simply describe 

growth and development as being two phases, a vegetative period in which the 

juvenile stage occurs and curds cannot be initiated and a mature or inductive 

phase when it can. The duration of juvenility is determined by growth rate and 

genetic disposition. Weibe (1972b) and Atherton, Hand and Williams (1987), 

describe the interim (transitional) phase also as being a continued period of 

vegetative growth after juvenility, it's length being determined by genotypical 

growth rate, but more importantly by the quantitative vernalization response of 

the cultivar.  This chilling requirement is the basic difference between maturity 

response in early and late types with later types or cultivars having a longer 

vernalization period (Weibe 1975, Wurr et al 1982). This should not be confused 

with leaf initiation requirements that signal the end of juvenility, which also vary 

between early and late cultivars. 

The cauliflower curd was first described by Bailey (1930) as being 

hypertrophied with defective flowers. However, Dark (1938) and Rao (1938) 

described the flowers as functional.  Aamlid (1952) found that curd morphology 

consisted of a large number of naked apices of peduncles, each surrounded by 

one or more whorls of indeterminate structures which develop into new peduncles 

or flowers.  Sadik (1962), further described curd formation as occurring in three 

stages: 

1) Curtailment of leaf production, with only bracts being formed in the curd, 

2) All lateral buds are elongated into shoots whose apices make-up the convex 

surface of the curd, 
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3) The intemodes of the shoot system are shortened, with neither hypertrophy or 

fasciation being involved. 

In later work, Sadik (1967) found that the morphology and physiology of the 

curd can be at odds.  Though the curd is morphologically an early stage of 

inflorescence development, he noted that an early summer cultivar formed a curd 

without vernalization, but would not initiate flower and seed production without 

cold exposure.  In this case the curd was technically vegetative in nature.  There 

appears then to be a range in the physiological timing of vernalization in the 

flowering process, with curd formation (i.e. curd initiation) not always dependent 

on environment, while flower development is.  Curd development and rate of 

growth is highly affected by environment and an important element in crop 

variability and scheduling as first shown by Salter (1960a) who related curd size 

and chronological time, and later curd size and thermal time (Salter 1969). Booij 

(1987a) and Wurr et al (1990b) focused on the curd growth phase and its 

variability. They conclude that this period is much less variable than the period 

from juvenility to initiation and can even be a basis for prediction of the crop. 

From this work, Wurr has developed a functional model of crop prediction based 

on curd development (Wurr 1990b). 

In understanding these basic growth phases, it is important to note variation 

of response found in cultivars.  As mentioned, this comprises the basis for group 

descriptions such as early, mid-season, late or over-wintering cauliflowers, with 

annual and biennial type differences described only by variations in length of 

particular stages and environmental response. Thus growth periods and 

environmental sensitivity can be very different between cultivars, yet the basic 

stages are the same. For example, Wurr et al (1982) studied the variability in 

leaf and curd production in a number of cultivars when exposed to timed cold 

treatments. They discovered a very complex relationship between leaf production 

rate and number, curd development and cold exposure.  Annual cultivars 
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produced a small number of leaves, had a more synchronous curd initiation 

period and rapid curd formation, while over-winter and late cultivars had a high 

rate and number of leaf production, a long transitional period and slow curd 

development. Thus in annual cultivars growth was biased toward quick curd 

production, while in biennial and late autumn cauliflower, leaf growth 

predominates, with curd initiation (vernalization) and growth being delayed and 

slower.  Distinctions should be made between the two periods of vegetative 

growth, during juvenility and also in the transitional phase, and the effects on 

growth rate and leaf number as influenced by environment and cultivar 

differences. Kesavan et al (1976) working with autumn cultivars, showed that 

mean spread of maturity and its consistency over a range of environments is 

under genetic control, and the most predictable cultivars were those with low 

environmental sensitivity. Thus the differences between growth stage 

characteristics found among cultivars is a genetic determination influenced to 

varying degrees by environment, which in turn can dictate maturity, yield and 

quality by affecting sensitive growth periods. 

Curd Initiation 

Much work has been done in describing the factors involved in curd 

initiation and vernalization in an attempt to understand variability of maturity. 

Cultivar differences in length of juvenility, leaf production, and growth responses 

to temperature have been the focus of these studies. 

The chilling stimulus is believed to be perceived in the shoot tip of 

cauliflower, as it is with other brassicas (Ito, Saito and Hatayama 1966). Weibe 

(1972b) found that within a range of 2-17 degrees C, vernalization occurred in an 

optimum curve over time. Temperatures from 7-12 degrees were best, above or 

below this vernalization was prolonged.  Though Weibe (1972a) and Parkinson 

(1952) found no benefit in seed vernalization, others (Kato 1964; Fujime and 

Hirose 1979) have shown that curd initiation could be affected by seed chilling. 
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The effect however was limited, and possibly related to seed development stages, 

indicating narrow windows of treatment.  Cold treatments during juvenility have 

not been shown to induce curd initiation (Sadik 1967; Weibe 1972a; Wurr et al 

1981; Fujime 1983; Booij 1987b). However, temperature was shown to have an 

effect on leaf initiation rate during the juvenile period, influencing its duration 

and the onset of vernalization receptibility (Hand and Atherton 1987; Booij 

1987a). 

Leaf growth rate and leaf number play an important role in understanding 

curd initiation and plant phase changes.  Physiologically, through leaf growth and 

dry matter distribution, carbohydrates appear to play a regulatory role in curd 

initiation.  Sadik and Ozbun (1968) and Atherton et al (1987) found that during 

chilling, carbohydrates accumulate in the shoot tip and later in the apical dome. 

Atherton's group showed that with suppression of leaf initiation by cold 

temperatures, sink preference for carbohydrate and dry matter distribution went 

to the apical dome. They also noted that a lack of dry matter accumulation 

delayed curd initiation and that a certain accumulation of dry matter was 

necessary for initiation to occur.  They postulated nutrient starvation as a means 

of sustaining juvenility. This carbohydrate role in floral initiation was also shown 

when sucrose application to the shoot tip partially replaced the low temperature 

requirement. 

Other research has been directed to understanding how cold temperatures 

affect the underlying growth regulatory activities of plant hormones which direct 

the sink allocation process and other growth responses related to curd initiation. 

Replacement of cold requirements with the natural hormone applications could 

lead to a uniform curd initiation response.  A number of researchers have studied 

cauliflower response to growth regulators.  As early as 1950, Vanicek reported 

that triiodobenzoic acid (TIBA) affected curd initiation, and Will (1968) showed 

that chlormequat affected time of maturity. Yet these results have not been 

duplicated.  Salter and Ward (1972), also studied the effects of TIBA and 



13 

chlormequat, along with ethrel and gibberellic acid at various concentrations and 

timings on maturity characteristics of several autumn cauliflowers.  They 

concluded that these chemicals had little effect on maturity. However, others 

have reported positive responses using gibberellic acid as a substitute for the low 

temperature requirement (Leshem and Steiner 1968; Linstrom, Wittwer, and 

Bukovac, 1957). They found gibberellic acid application in conjunction with a 

cold treatment was more effective than cold treatment alone. Their work was 

confirmed by Thomas, Lester and Salter (1972), when they assayed plant growth 

hormones and found a peak in G. A. activity at 6 and 9 weeks of age. These 

peaks could be enhanced by cold treatments. In addition they noted an increase 

in auxin activity and a reduction in cytokinin activity with chilling. Kato (1965) 

observed similar changes.  Later work by Wurr, Akehurst and Thomas (1981) 

showed distinct cultivar differences in G.A. activity peaks and the cold 

temperature effects on these periods, making application timing critical and 

cultivar dependent.  They were able to conclude that leaf number was a potential 

marker in determining G.A. timing. This relates well to leaf number also being a 

stable and critical marker in determining the chronological end of juvenility as 

has been shown by numerous researchers (Sadik 1967; Weibe 1972a, 1975; Wurr 

et al 1981,1982; Fujuime 1983; Booij 1987b). 

Hand and Atherton (1987), in characterizing the end of juvenility, showed 

that time, leaf area and dry weight were not adequate predictors.  Nor did they 

find that phase change was affected by irradiance or photoperiod but only by 

chilling, which advanced curd initiation once critical leaf number was reached. 

Weibe (1972a), too, noted that light had no effect on the vernalization period. 

However, studies by Wood (1975), with early cultivars showed that 

supplementary illumination of seedlings advanced the date of 50% maturity by 20 

days when compared with controls. 

Booij (1987b) showed that leaf initiation rate during juvenility determined 

the number of days to its end, with temperature not predictably affecting this 
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rate, but with other unknown factors involved as well, such as possibly 

carbohydrate and nutritional status (Atherton et al 1987). Booij found that mean 

maximum daily temperature more accurately predicted the period from critical 

leaf attainment (i.e. end juvenility) to actual curd initiation and that high 

temperatures delayed curd initiation and increased leaf number, thus setting the 

stage for enhanced variability.  This confirms work by Kato (1964) in which he 

found that daily interposal of high temperatures as found in day/night field 

conditions, enhanced the low temperature requirement for floral differentiation. 

In additional work, Booij (1990) showed a linear relationship between leaf 

number and curd size, and from this developed a method to estimate curd 

initiation date and determine how variability in harvest onset and duration occurs. 

Using this relationship, he found that variation in curd initiation dates was caused 

by plant to plant variation within a population in reaching the end of juvenility. 

The subsequent mean daily maximum temperatures encountered by individual 

plants as they entered into their respective transitional periods, affected the time 

to curd initiation. This variation in curd initiation among individuals in a 

population, along with temperatures during curd growth accounted for 55% of the 

variance in duration of the harvest period. Booij suggested that transplant 

establishment in the field, and environmental conditions found there can have a 

large effect on variability by causing plant to plant variation in juvenile stage 

termination. Thus the potential benefits of uniform transplants may be nullified 

by field conditions. 

Salter (1960a, 1969) first recognized the correlation between curd initiation 

and harvest period, noting distinct cultivar differences.  Stang (1988) using 

different transplanting dates, showed that the onset of harvest was related to the 

interval between curd initiation and curd maturity, which varied depending on 

planting date, and was cultivar dependent.  He, too, showed that maturity spread 

is determined by the spread in curd initiation. Wurr et al (1990), also showed 

that transplanting date was not a reliable indicator in crop prediction and that 
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timing could be off three weeks before or after a projected date.  As found by 

Stang (1988), later crops took longer to mature and exhibited greater variation in 

harvest spread.  With results similar to Booij's (1990) work, Wurr's group also 

noted that differences between transplant date maturity periods were a result of 

the combined effects of the time taken to satisfy vernalization requirements and 

the duration and rate of curd growth.  This was illustrated by the increased 

number of leaves added when vernalization proceeded slowly, depending on 

season.  Curd initiation to maturity (i.e. curd growth rate) was shown to be a 

more stable period, with less variability than the time from juvenility to curd 

initiation (vernalization). This agrees with Booij's (1987b, 1990) findings.  Yet 

Wurr et al also showed conclusively that uniformity in transplants (cell grown), 

significantly increased crop concentration over bare-root seedlings, which 

disagrees with the hypothesis by Booij that environmental effects at transplanting 

would override uniformity as a factor in determining when individuals in a 

population reached the end of juvenility. In separate experiments Wurr et al 

(1990b) focused on this more predictable period of growth, curd initiation to 

maturity. They showed the extreme sensitivity between and within cultivars to 

environmental conditions during the curd initiation process.  Because prediction 

of temperatures over such a brief period is difficult, Wurr developed a predictive 

model based on the relationship between post-initiation growth which is a longer 

period of time, and environment. Using the logarithm of curd diameter and its 

relationship to chronological and thermal time as established by Salter (1960a, 

1969), Wurr and his associates found that by using a day-degree scale, a single 

quadratic relationship could be established between log curd diameter (beginning 

at a very early stage) and accumulated day-degrees greater than 0 degrees C 

(from meteorological data). This model accounted for 96.5% of the variation in 

curd diameter development, independent of site and seasonal influence. Thus 

predictions of crop maturity could be made in mid-crop development with relative 

accuracy depending on curd size desired.  Though this system does not address 
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scheduling of planting and the luxury of overall crop timing, it is valuable in that 

growers have 4-6 weeks of preparation for an accurately dated harvest, with the 

additional advantage of curd size prediction for specific market purposes. This 

system is now used successfully in the United Kingdom as an aid in fresh market 

crop prediction (Wurr 1990b). Well documented meteorological data for an area 

is critical in aiding predictions, and some variance is expected between actual 

temperatures and long term averages entered into the model. 

Cultural Methods 

Using an understanding of the source of variability and the factors affecting 

curd initiation and the growth process is important in attempting to influence crop 

maturity. A large portion of this overall understanding has come from work 

directed towards developing cultural techniques which affect crop maturity. This 

has long been the historical focus of cauliflower crop research, from which has 

come a greater understanding of crop growth and development. 

The sensitivity of cauliflower to climatic conditions which vary from year to 

year has made normal time scale predictions such as days from sowing (i.e. 

chronological age) impractical in scheduling production. To adjust timing in 

response to environment, the use of "heat units" as a predictor for various crops 

was first suggested by Reaumer in 1735 (from Abbe 1905) and developed in more 

detail by Arnold (1959). Went (1957) and Ottosson (1958) expanded on this 

concept, differentiating between overall growth and developmental periods that 

vary in heat requirements.  Salter (1960) first studied the response of cauliflower 

to accumulated temperature.  He found that dry weight increases from 

germination to curd maturity was an exponential function above 42 degrees F. 

Changes in development from vegetative to generative phases did not influence 

the relative growth rate and dry matter accumulation. This is not true in other 

crops such as com, soybeans or flax, which exhibit a series of exponential growth 

surges related to physiological growth stages making them more predictable in 
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temperature requirements (Hammond and Kirkham 1949; Hanson and McGregor 

1954). He was however able to correlate curd growth with temperature, and this 

relationship has lead to an accurate prediction model developed by Wurr et al 

(1990b). From Salter's study it was also first noted that curd growth (yield) was 

directly related to leaf number and growth, and that curd maturity was 

coincidental with leaf weight. Hand and Atherton (1987) in later studies state that 

leaf area and dry weight are not consistent predictors. It is important to keep in 

mind the complex relationship between leaf initiation before and after juvenility 

and the vernalization response (Booij 1987, 1990). From this relationship, 

ultimate leaf number is determined by environment, making the subsequent 

effects on curd yield and maturity variable and unpredictable, as Hand and 

Atherton found. Though sowing periods using day-degrees has an aspect of 

unpredictability, work has been directed in understanding cultivar tendencies. 

Planned continuity and production schedules have been developed by overlapping 

the heat predicted maturity periods of various cultivars to obtain a continuous 

fresh market harvest (Wood and Whitwell 1974; Salter and Williams 1974). 

Salter and Fradgley (1963), in working with different cultivars and groups of 

summer and autumn cauliflower, examined the effect of sowing dates throughout 

the season and the seasonal progression of maturity across cultivars. This was 

done at several locations in England and included crop quality evaluations. 

Though they found that no one cultivar could hold up an entire season, optimum 

sowing periods existed for the different groups allowing high quality curds to be 

produced season long. Environment, similar at all locations, led to similar results 

showing it to be an over-riding factor in crop quality. To an extent this practice is 

successful, however harvest gluts within and between sowings are inevitable. 

Salter and Laflin (1974) found that cold storage of curds is a successful method 

of alleviating market gluts in this type of continuity program, providing a more 

even release of product on the market. 



18 

Parkinson (1952), first attempted cold storage of transplants, which he found 

allowed continuity and some level of prediction by setting plants out at different 

dates.  Later, Salter and Ward (1972) experimented with cold storage not as a 

method of plant holding, but as a potential method of controlling vernalization. 

By controlling the curd initiation period, the harvest period could also be affected 

as Salter had found in earlier work (1969). Using a directed cold treatment to 

transitional transplants for a period of two weeks at 2 degrees C, they effectively 

reduced harvest spread, in one cultivar up to 20 days. They noted no adverse 

effects on curd quality or yield. This technique was further refined in certain 

cultivars by Wheeler and Salter (1974), to the extent that economic consideration 

was given to once-over harvesting.  Though this initial work was promising, 

concurrent work by Salter and James (1974) with other cultivars proved to be 

more variable.  Reductions in harvest length obtained with some cultivars were 

67%, while in others there was an 112% increase.  As found by Weibe (1972a), 

temperature conditions prior to cold exposure were important, and he concluded 

that a standard cold treatment for all cultivars would require identification and 

quantification of the factors modifying the cold treatment effect. Wurr, Kay and 

Allen (1981), found that cold treatments delayed maturity, but did not affect 

spread.  These results were attributed to within population variability and they 

note that plant raising conditions (i.e. temperature) were critical in obtaining a 

population of even receptiveness.  In concurrent work, Wurr, Akehurst and 

Thomas (1981) showed the importance of cultivar response, and leaf number 

attainment under cold treatments, with later maturing varieties exhibiting a 

requirement for greater leaf number before a cold treatment is effective. 

Responses tended to be more pronounced with summer and fall vs. winter or 

biennial types.  Further characterization of individual cultivar response was made 

by Wurr, Fellows and Crisp (1982) who discovered a complex relationship 

between leaf production rate and number, curd development and cold treatments. 
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Early work often focused on handling and culture of transplants in an effort 

to affect timing and spread of harvest, and to an extent direct field seeding. 

Typically plants are either grown in beds, dug and transplanted bareroot, or 

grown in individual containers, usually in a greenhouse, and planted with a 

minimum of root disturbance.  Delay in establishment after planting varies, while 

direct seeded crops experience no delays.  Salter and Fradgley (1969) in looking 

at several cultural factors, noted that transplants were always later than 

comparably planted field drilled crops (direct seeded). Brown (1965), Garthwaite 

(1967), Wood (1975) and Linfors (1975) had similar results, with Linfors also 

showing that direct seeding reduced harvest spread, and Woods showing that 

direct seeding advanced earliness by 2-3 weeks over greenhouse transplants sown 

at the same time.  Salter and Fradgley also found that age of transplants was a 

factor, with later transplants from same sowings maturing later.  They found that 

seedbed competition delayed maturity, increased harvest spread and reduced curd 

size.  Skapski and Oyer (1964) and Wood (1975) also showed that high seedbed 

densities delayed curd initiation and therefore maturity. Lindfors (1975) also 

noted that seedbed density affected uniformity, and was cultivar dependent. 

Salter and Fradgley did not find a correlation between selection of uniform 

bareroot transplants from beds and maturity. However Linfors (1975), found that 

bareroot transplant selection, soil block growing (undisturbed roots) and use of 

graded seed led to harvest uniformity. Wood (1975), showed that plants raised in 

containers were more uniform and earlier than bareroot transplants.  Similar 

conclusions were drawn by Birkenshaw et al (1982), who related that unrestricted 

plant growth, size uniformity and low root disruption of container grown plants at 

planting contributed to earlier and more uniform receptivity to cold stimulus, and 

thus greater harvest uniformity than bareroot transplants. However they also 

noted that yields could be reduced as curds initiated before adequate leaf numbers 

could be reached.   Wurr et al (1990a), too, showed conclusively that container 

grown transplants were significantly more uniform than bareroot plants and could 
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reduce harvest period spread by more than a week.  Correlating plant size and 

physiological age visually, along with degree of individual field check, is a major 

problem in transplant selection.  As pointed out by Booij (1990), uniformity in 

the population in reaching end of juvenility is the key objective in transplant 

manipulation, and micro-environment at establishment is a critical period and its 

effects on growth dominant, indicating temperature, fertility and water are keys in 

establishment.  Early work by Parkinson (1952), indicated that curd initiation and 

therefore cutting date was delayed by both high temperatures and nitrogen 

starvation.  Nitrogen deficiency was related to a reduced rate of leaf production 

but a higher final leaf number.  Atherton et al (1987) found that carbohydrate 

allocation is critical in affecting leaf growth and suggested that nutrient limitation 

is a potential means of "holding" plants in a continuous state of juvenility. 

Skapski and Oyer (1964) also related nitrogen deficiency and subsequent reduced 

plant size with delayed curd initiation. They correlated greater fresh weight and 

stem diameter with earliness under cool conditions, while under warm conditions 

curd development was inhibited.  Salter and Fradgley (1969) found that nitrogen 

application had no effect on transplant establishment and uniformity, but nitrogen 

applied to direct seeded crops reduced harvest spread, and when combined with 

no water stress and the use of graded seed, precision drilling led to a 70-80% 

harvest concentration. Work by Wurr, Cox and Fellows (1986) was similar. 

They found that low nitrogen transplant feeding regimes before field planting 

significantly increased plant dry weight over high nitrogen treatments.  Yet after 

transplanting, differences between treatments disappeared, and there was little 

effect on curd initiation timing, final number of leaves formed, 50% curd 

maturity and curd yield.  This confirms the later work by Wurr et al (1990), and 

Booijs' (1990) hypothesis that field conditions and rapid establishment affect 

uniformity more than transplant nutrient status before planting. This would seem 

to point to transplant size and root development as important factors in field 

establishment and subsequent growth and maturity.  In early work, Skapski and 
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Oyer (1964) emphasized the relationship of transplant size, earliness and curd 

yields.  They found that earliness was associated with larger transplants but curd 

yield could be affected by buttoning brought on by premature curd initiation in 

response to cool field temperatures.  By controlling plant raising temperatures, 

plants attained adequate leaf initiation and strong root growth before curd 

initiation. Parkinson (1952) and Winter (1952) found that pot size affected 

growth rate, with constriction causing variability and lateness, with increased 

rooting space leading to earlier maturity.  Heydecker and Nichols (1967), 

reported an opposite response, in that transplants held in pots and delayed in 

planting advanced maturity, yet decreased yields.  Earlier planted crops had a 

longer growing period and were able to "settle in" and grow more vegetatively 

before initiation with increased yields.  Birkenshaw, Wurr and Fellows (1982), 

working with greenhouse grown transplants, found that larger plants were 

obtained with large containers, which was correlated with earliness, lower yield, 

and a large percentage of buttoning, while smaller plants initiated curd later, gave 

fewer buttons and had the highest yield. They found that yield was negatively 

correlated with the number of leaves at transplanting and positively correlated 

with final number of leaves, with a higher number giving a greater marketable 

return. Thus curd initiation was influenced by pot size, with unrestricted growth 

rate ending juvenility faster allowing earlier response to cold temperatures, but in 

turn affecting yield by terminating leaf production after curds were initiated. 

Dufault and Waters (1985a) found with increasing container size and decreased 

density of transplants, the number of leaves, leaf dry weight, plant height and leaf 

area also increased.  However, their results differed from others and they found 

that transplant container size did not affect yields, earliness or harvest spread. 
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Section 2: Nitrogen Effects on Growth and Yield of Cauliflower 

Nitrogen: Importance 

From early studies it has been shown that cauliflower and other members of 

the Brassica genus are high in their requirement of mineral elements, particularly 

nitrogen. Initial estimates of normal crop removal ranged from 153-180 kg N/ha, 

a similar amount of potassium, and from 56-80 kg P/ha, (Stutger 1931, as quoted 

by Vanstone and Knapson, 1939).  Other estimates have been higher for nitrogen, 

280 kg/ha (Nieuwhof, 1969). Nieuwhof separated plant component parts to 

evaluate nitrogen uptake and accumulation in the plant and found that nitrogen 

accumulated into a 3:1:1:0.5 respective ratio, between leaves, stem, curd, and 

roots.  Leaves removed from 90-224 kg N/ha, dependent on application rate, 

while curds consistently removed 50-56 kg N/ha, regardless of rate.  In more 

recent studies in California, Welch et al, (1987), found that nitrogen, phosphorus, 

and potassium absorption in cauliflower was highest at 210 kg N/ha, with the 

most rapid absorption associated with dry weight development during the last 

30% of crop growth.  Absorption of micronutrients calcium and magnesium was 

best at 134 kg N/ha, but fell at higher rates, which indicates the importance and 

influence of nitrogen as it affects overall plant metabolism and growth.  Their 

work showed that in above ground parts at harvest there was removal of 180 kg 

N, 43 kg P, 250 kg K, 90 kg Ca and 13 kg Mg, on a per hectare basis. 

Nitrogen Effects on Growth 

Growth and development in cauliflower has been shown to be influenced by 

nitrogen in a number of ways, depending on rates applied, nutrient release 

characteristics of the soil, sources of nitrogen, and timing of application.  Growth 

and developmental characteristics such as dry matter production, leaf and floral 

initiation, crop maturity and nutrient metabolism and absorption are some of the 

important factors influenced by nitrogen.  The interaction of applied nitrogen with 
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water and other factors in affecting growth, yields and quality are additional areas 

of importance as nitrogen effects are reviewed later. 

In the earliest work with nitrogen effects on crop development, Robbins et al 

(1931) and Skinner and Purvis (1951), found that a deficiency resulted in poor 

growth and premature, small head formation, also known as "buttoning". 

Parkinson (1952), in pot culture of cauliflower, found that a richer, fertilized 

media combined with larger pots led to an increased rate of leaf development and 

greater final leaf number, while a poorer mix resulted in smaller heads and 

delayed harvest, which was compounded by smaller pots and restricted roots. 

Others have found leaf number and plant height to increase with increased 

nitrogen, Shrivastava (1958), Choudhury (1961), Rajput and Singh (1975), 

Randhawa and Bhail (1976). Leaf number was significant as an indicator of 

juvenility termination (Booij 1987b; Hand and Atherton 1987) and as a 

contributing factor in yield (Aamilid 1952; Salter, 1960; Birkenshaw et al 1982). 

Plant height is also a significant factor in that it indicates stem growth, possibly 

related to internal head quality aspects (Jenkinson and Williams 1967).  Skapski 

and Oyer (1963) working with transplants, found that increased nitrogen levels 

prior to field planting increased fresh weight. They correlated apical broadening 

and a transitional character of the transplant, with size, (plants > 5 mm stem 

diameter and 5 gram weight), and not age as a factor in pre-disposition to 

buttoning. They advocated nitrogen deprivation as a method of delaying curd 

initiation and inhibiting this disorder.  Wurr et al (1986) also studied transplant 

feeding regimes, and found that fertility significantly affected transplant dry 

matter percent and leaf number formed. Older "low" fed plants had the highest 

dry matter content, while "high" fed older plants had a higher fresh weight and 

increased leaf number, which agrees with work by Skapski and Oyer (1963). 

Young "high" fed plants were lowest in dry weights.   Yet after transplanting 

these treatment effects disappeared, and had no effect on final leaf number or 

curd initiation. Later work by Wurr et al (1988), showed that field application of 
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nitrogen rates from 0-225 kg/ha three weeks after transplanting and prior to curd 

initiation, also had no significant effect on leaf number or curd initiation. 

Rahman (1965) found that added nitrogen effects in the field varied 

depending on inherent soil fertility, and that higher rates increased plant dry 

matter accumulation. Dry matter increases in response to added nitrogen have 

been reported by others, Sharma and Parashar (1981), Roy (1981), Welch et al 

(1987) and Sharma and Arora (1984,1987). Nilsson (1980) observed differences 

between soil types and crop response to nitrogen, but with some variation 

between seasons. He found that organic soils (13.1% O.M.) produced curds with 

higher soluble carbohydrates, increased dry matter and a lower nitrogen content 

than sand or sandy loam soils.  Though nitrogen effects on chemical composition 

varied with soils, in general Nilsson found that increased nitrogen (from 150 to 

300 kg N/ha) changed the relationship between the amount of protein and free 

amino acids, increased nitrate and amino and non-protein nitrogen in the curd, 

and decreased dry matter content and soluble carbohydrates.  Randhawa and Bhail 

(1976), also noted increased curd protein content and ascorbic acid as nitrogen 

rates increased to 120 kg/ha, but not over this level.  At 134 kg N/ha, Welch et 

al (1987) found a similar peak and leveling off of plant dry matter production, 

which occurred during the last 30 days of crop growth.  Atherton et al (1987) 

studied nitrogen starvation and its correlation with the three related areas of leaf 

development, curd initiation and dry matter distribution.  They found that under 

warm conditions (non-chilling), nitrogen limitation delayed curd initiation in 

young plants, chronologically and physiologically, while leaf initiation, but not 

normal leaf growth, continued.  Dry matter production in the shoot tip and in the 

whole plant was reduced.  With the cultivars studied, curds were initiated after 

thirty-three leaves had initiated, provided that plant dry weight had reached five 

grams.  Where there was less dry matter, a greater number of leaves initiated 

before curd initiation. Under vernalization temperatures, nitrogen had no effect 

on curd initiation, from which the authors suspect that a dry matter diversion to 
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the shoot dome under a chilling stimulus, rather than an general increase in dry 

matter availability, permits curd initiation. 

Nitrogen as a Factor in Maturity 

Variation exists in the literature as to the effects of nitrogen, in excess or 

deficiency, on crop maturity. How nitrogen affects the timing of curd initiation 

is a primary consideration, but its effects on growth and development of the curd 

after initiation may also be important, particularly as it relates to leaf and stem 

growth. Robbins et al (1931) and Skinner and Purvis (1951) describe seasonal 

nitrogen deficiency not only as causing small, buttoned head formation, but that 

head formation was premature also.  Parkinson (1952) working in pure sand pot 

culture, (vs. compost medias as described earlier), noted that high nitrogen over 

the growing season increased leaf growth rate and curd size, reduced leaf number 

and significantly increased earliness compared to low nitrogen treatments which 

had a slower growth rate, greater leaf number, reduced plant size and delayed 

harvest. Salter and Fradgley (1969b) noticed a trend for early applications of 

nitrate to reduce the spread of maturity with a direct seeded crop, possibly due to 

the reduction of spot to spot field variability of soil nitrogen content. Skapski 

and Oyer (1963), showed that a minimum plant size was required for curd 

initiation, (as did Atherton et al (1987), and that nitrogen starvation can slow 

plant growth at an early stage, extending the juvenility period, and thereby 

delaying curd initiation. This may be the reason for maturity delay responses in 

phosphorus deficient soils in Canada (Cutcliffe and Munro 1976,1977). Work by 

Atherton et al (1987) suggest that nitrogen deficiency and subsequent low dry 

matter production can delay curd initiation and thereby affect maturity, but 

environmental response to cold may override deficits of dry matter production, as 

the plant re-directs available carbohydrates to the developing apical dome in 

initiation. In their work with transplants, Wurr et al (1986), used "high" and 

"low" fertility treatments which affected plant size and leaf number, but these 
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effects were lost after planting in the field, and had no effect on curd initiation, 

final number of leaves or maturity spread. Within normal limits, precise age and 

feeding regimen of transplants had no effect on continuity schedules.  Later work 

by Wurr et al (1988) more specifically evaluated nitrogen timing in regards to the 

curd initiation period.  Using rates from 0-225 kg N/ha, nitrogen was applied 

three weeks after transplanting, approximately 7-10 days before the mean curd 

initiation date.  There was no consistent effect of nitrogen on curd initiation, nor 

was there any significant difference found between treatments in the time from 

curd initiation to 50% maturity or harvest spread.  However, in the time from 

planting to 50% curd initiation, the highest nitrogen rate delayed this period. 

Other researchers have evaluated nitrogen effects on crop maturity without 

specific reference to curd initiation or growth stage, and inference must be made 

as to application timings. Hartman (1969) and others, Cutcliffe and Munro 

(1977), Sullivan (using rates up to 448 kg N/ha), (1981), reported no effect from 

nitrogen on crop maturity.  Nilsson (1980) working with 150 and 300 kg N/ha 

rates on three soil types reported also that earliness and spread of maturity was 

not affected significantly by treatments.  Nitrogen source does not seem to be a 

factor in earliness either, as shown by Sumiati (1986), who evaluated rates along 

with nitrogen source (urea, ammonium and calcium nitrate, and ammonium 

sulphate), and found no difference in crop maturity effects from treatments. 

Rahman (1965), and Pimpini et al (1971a) reported that added nitrogen delayed 

harvest, as did Singh et al (1976), who worked with nitrogen rates from 40-120 

kg/ha, which at the highest level delayed maturity by 15 days.  Skapski et al 

(1969) reported enhancement of maturity at optimum fertility levels and harvest 

delay at lower nitrogen levels.  Cutcliffe and Munro (1976), in increasing 

nitrogen rates from 0-336 kg/ha, found a slight but non-significant advancement 

of harvest in cauliflower planted in maritime Nova Scotia. They also noted that 

additions of phosphorus and potassium enhanced maturity, due to positive 

response in deficient soils.  In a subsequent study (1977) they found no maturity 
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response to nitrogen, but found phosphorus again advanced harvest.  Pandey et al 

(1982) split various nitrogen rates between a basal and 30 and 60 day (post- 

transplanting) application timings. In all cases, in the 60 vs. the 40 kg N/ha 

basal rate application, earliness was enhanced.  This timing would suggest a pre- 

curd initiation effect. 

Nitrogen Concentration in Plant Tissue 

In general terms, nitrogen absorption and compartmentalization have been 

discussed previously (Nieuwhof 1969, Welch et al 1987). However, nitrogen 

status in cauliflower growth can be affected by a number of specific variables. 

Estimates of actual leaf nitrogen concentrations, as a method of determining plant 

nitrogen status, are high for the leafy brassicas.  Munro and Cutcliffe (1970), 

working with brussels sprouts, determined leaf N concentrations to be as high as 

5.2-5.6%, while others working with cauliflower, (Randhawa and Bhail, 1976) 

found that leaf nitrogen levels increased linearly with increased nitrogen rates, to 

a maximum of 4.1% at 180 kg N/ha. Nilsson (1980), Vigier and Cutcliffe 

(1984), and Csizinszky and Schuster (1988) have also correlated leaf nitrogen in 

cauliflower with increasing levels of applied nitrogen.  In the latter study, 

concentrations in the leaf increased up to harvest, even as soil concentrations 

leveled off. Work by Wall et al (1989) conflicted in this regard, when increasing 

nitrogen rates at six levels from 0-240 kg/ha resulted in an increase in whole 

nitrogen leaf levels above the check, but there was no difference between rates. 

Gallagher (1966), found that in Brassicas (broccoli), plant tissue nitrogen content 

was significantly related to soil organic carbon, which in turn was related to total 

soil nitrogen release.  In greenhouse studies, Pimpini et al (1970,1971a), found 

that cauliflower responded to levels of 500 kg N/ha, and that as rates increased, 

both nitrate and total nitrogen content in the curd concentrated in vascular tissues 

and older parts of the curd where metabolism was lower. In an earlier study by 

Welch et al (1985), mid-rib nitrate nitrogen status was used as a means of 
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following nitrogen status of the crop, along with isotopically labeled nitrogen to 

evaluate plant nitrogen uptake and percent absorption.  They concluded that a 

single application of nitrogen was inefficient, and resulted in less uptake than split 

applications or the use of nitropyrin at 0.56 kg/ha rate as an inhibitor of 

nitrification, the bacterial oxidation of ammonium.   Mid-rib analysis indicated 

that a one-time application of nitrogen caused declining plant nitrogen levels one- 

third of the way into curd production, thereby resulting in yield reduction. 

Cauliflower also showed a strong capacity to use residual soil nitrogen, probably 

as related to organic matter release, (Gallagher, 1966), since only 30-40% of 

isotopically labeled nitrogen was retrieved in plant tissue.  In work of greater 

detail, Gardner and Roth (1990), using mid-rib analysis, determined upper limits 

and critical levels of cauliflower plant nitrogen throughout various plant growth 

stages.  Working on a sandy soil in Arizona, they evaluated five levels of 

ammonium nitrate, at five irrigation levels, which were tested and adjusted over a 

period of four years, depending on plant analysis.  They discovered a high degree 

of correlation between mid-rib nitrate nitrogen levels at various growth stages and 

yields, and established critical nitrogen tissue levels for these periods.  Optimum 

nitrogen application rates for critical periods ranged from 260-270 kg/ha, above 

which tissue levels indicated excessive and inefficient concentrations, and below 

these levels yields were reduced. They further noted that mid-rib concentrations 

are valid for diagnostic and corrective purposes, but not as a method of 

predicting yield.  Lorenz and Tyler (1976), also reported deficient and sufficient 

levels of nitrate nitrogen in cauliflower by mid-rib sampling, but only at the 

button stage of growth. 

Nitrogen Effects on Yield 

Early experimental findings on cauliflower requirements for nitrogen led to 

recommendations for heavy applications of farmyard manure alone or in 

combination with manufactured nitrogen, Judson (1911), Jones (1935), Tiebout 
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(1939), Croxall and Pickford (1944), Thompson (1945), and Nicholas and Catlow 

(1948). This practice continued into recent years, particularly in developing areas 

of the world, such as in India, where cauliflower is an important cool season 

crop, Roy and Choudhury (1950), Sharma and Singh (1963), Choudhury (1961), 

and Yalwalker (1969). More recent research has focused on various aspects of 

chemical nitrogen application as a means of increasing yield and the quality of 

that yield. Factors such as rate, timing, multiple application, placement, and 

nitrogen source have been the focus of a number of studies in recent years.  In 

addition interactions of nitrogen with cultural conditions such as water, other 

nutrients, and plant population, and the subsequent effects on yield, play an 

integral part of the overall response of cauliflower to applied nitrogen. 

rates: 

In some of the earliest work in cauliflower nutrition, Roy and Choudhury 

(1950) evaluated four rates of nitrogen in different combinations with phosphorus 

and potassium. They found that 90 kg N/ha as ammonium sulphate was optimum 

as compared to 45, 67, or 180 kg, which caused reductions in yield, this response 

occurring with or without manurial addition, and independent of phosphorus or 

potassium levels. Parkinson (1952), noted that lack of fertility in greenhouse pot 

culture caused a reduction in curd size. Effects of nitrogen on curd size have 

been reported by many others: Mishra et al (1959), Rahman (1965), Rajput and 

Singh (1975), Nilsson (1980), Sullivan (1981), Sharma and Parashar (1981), 

Nagda and Chauhan (1987), Csizinszky (1987), and Wurr et al (1988). Sharma 

and Singh (1963), working with a winter cauliflower, 'Snowball 16', in India, 

observed a linear response in yield with 0, 67 and 135 kg N/ha ammonium 

sulphate applied with farmyard manure at 45 mt/ha, though there was no 

significant difference in yield response between the two higher rates.  Using the 

same nitrogen rates and cultivar, Rahman (1965), found that residual soil fertility 

could affect rate response, but in general as rates increased, total and marketable 
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yield increased, as well as individual head size.  Nilsson (1980) working in 

Sweden, also found that soil types could influence nitrogen response, but this was 

variable with the season.  Rajput and Singh (1975) and Singh et al (1976) also 

working with 'Snowball 16', observed similar linear yield responses consistently 

over two seasons with rates 0, 40, 80, and 120 kg N/ha.  Sharma and Parashar 

(1980, 1981) developed linear and quadratic models for curd yield in response to 

tested nitrogen levels.  They determined an optimum level to be 120 kg N/ha, 

with 60 and 120 kg N/ha rates increasing respective yields by 80 and 186%  over 

the check.  Others have described linear relationships between applied nitrogen 

and cauliflower yield, Sullivan (1981), Singh et al (1983), Sharma and Arora 

(1984), Nagda and Chauhan (1987), Csizinszky (1987), Welch et al (1985a,b), 

and Rosen (1990). Jenkinson and Williams (1967) doubled nitrogen rates from 

157 to 314 kg/ha to evaluate effects on yield and quality, but observed no total 

yield increase with a single or split application of these rates, while marketable 

yields were reduced by excess nitrogen effects on internal curd quality.  In a 

similar experiment, Nilsson (1980) evaluated the effects of low (150 kg/ha) and 

high (300 kg/ha) nitrogen rates, and found that doubling rates increased total 

yields significantly through greater curd weight. However marketable yield and 

curd quality were not affected.  Soil type was also a factor in nitrogen response, 

but was not consistent between seasons.  Saimbhi et al (1969), also working with 

'Snowball 16' evaluated four nitrogen rates 112, 168, 224 and 280 kg/ha.  They 

found no significant difference in yield or curd size between these rates, but 

noted a trend for yields to increase with nitrogen rates up to 224 kg/ha, but to 

decline above this rate.  Dhesi et al (1964) reported a similar optimum response 

to nitrogen up to 224 kg N/ha, as did Supriyadi (1976) for 240 kg N/ha, though 

yield was not significantly different than 210 or 180 kg N/ha. Welch et al (1987) 

reported no differences in crop yield response between split applications of 210 

and 280 kg N/ha in California. Both rates were significantly better than split or 

single applications of 70 or 140 kg N/ha, which reduced yield and head quality. 
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In Canada, Cutcliffe and Munro (1976), evaluated four progressive rates of 

ammonium nitrate, 0, 112, 224, and 336 kg N/ha on late season cultivar 

'Snowball Y'. In only two of nine maritime locations was there a significant 

response to nitrogen over 112 kg, with no difference between the two higher 

rates.  Balyan et al (1988) noted maximum yields occurring at 160 kg N/ha, and 

Rosen (1990) at 200 kg N/ha, though higher rates were not tested in these 

studies. Work by Pimpini et al (1971a), in greenhouse pot studies showed that 

cauliflower can respond to N rates as high as 500 kg/ha, while Weier and Scharpf 

(1988) in Germany, obtained maximum yields when soil inorganic levels of 

nitrogen were as high as 300-345 kg/ha. Boma (1971) evaluated crop response to 

N rates ranging from 171 to 428 kg/ha, and depending on irrigation, obtained an 

optimum increase in total and marketable yield; with irrigation at the 257 kg rate, 

and without added water at only the 171 kg rate.  In his work in California, 

Sullivan (1981) evaluated four increasing levels of nitrogen, 56, 112, 224, and 

448 kg N/ha.  All rates above 56 kg/ha increased curd diameter and number of 

marketable curds, though there was no difference between these higher rates for 

those parameters.  The percent of marketable curds at 448 kg/ha was 88%, while 

at the 112 kg rate, it was 82%; this difference was not economically or 

statistically significant.  Sullivan described a significant linear relationship 

between nitrogen applied and total curd yield, though actual yields by weight on a 

percentage basis were not great.  For example at 448 kg/ha yield was 22,600 

kg/ha, while yield at 112 kg/ha was 20,500 kg/ha, only a 9% difference. 

Individual curd weight increases were significant at the 224 and 448 kg/ha rates, 

indicating increasing mass with higher nitrogen rates.   Similar results were 

obtained by Csizinszky (1987) and Csizinszky and Schuster (1988), with 

individual curd weight and marketable yield increasing linearly with nitrogen to 

an optimum of 256 kg N/ha (1987) or 298 kg N/ha (1988) under Florida growing 

conditions. Using mid-rib nitrogen as a guide for application of nitrogen during 

critical periods of growth, Gardner and Roth (1990) determined a total seasonal 
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nitrogen rate of 260-270 kg/ha as ideal on irrigated sandy soils in Arizona. 

Dufault and Waters (1985b), found no significant linear yield response to nitrogen 

at 54, 112, and 224 kg N/ha. There was no marketable yield obtained at 54 

kg/ha of applied nitrogen, and no significant difference between yields at the 

higher rates.  They suggest that between 54 and 112 kg/ha there may exist a rate 

which would define a minimum yield response, and that residual soil fertility 

should be taken into account in determining application rates.  Wurr et al (1988) 

noted no significant difference in curd quality or the percent of marketable curds 

between rates above 75 kg N/ha. However as rates (0, 75, 150, 225 kg N/ha) 

increased, total yields as expressed in curd diameter and curd weight increased, 

and leveled off at 150 kg/ha for optimum yields, with internal head quality 

dropping and reaching its maximum decline at this rate also, (follow-up, Scaife 

and Wurr 1990). Wall et al (1989) did not observe a significant increase in 

yields between rates above 60 kg N/ha on sandy soils in Florida, but quality 

aspects were not evaluated. 

timing and split application: 

The timing of application and the division of nitrogen rates must be 

considered as critical a factor as total amounts applied. Cauliflower crop 

response to nitrogen depends on periods of need and can not be necessarily 

related to rigid chronology such as days or weeks after transplanting or plant age, 

but rather specific growth stages must be identified in which nitrogen inputs and 

subsequent crop response can be maximized. This must be considered in terms 

of not only the cost of the nitrogen itself, but also in field application costs on a 

commercial basis as related to expected yield and return.  Multiple applications 

assuring a continuous supply of nitrogen regardless of stage of growth may be 

ideal, but may not be cost effective; thus timing and either none or a limited 

division of total rates should be focused at specific growth periods for maximum 

crop response.  Understanding such growth changes as curd initiation and the 
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impact of nitrogen before and after this period is critical, along with practical 

considerations such as root extension and crop cover over rows, which can affect 

commonly used application methods.  Factors such as fertilizer placement, soil 

type and residual fertility are also important considerations. 

A number of researchers have evaluated effects of timing as well as split or 

multiple applications on crop response to specific rates of nitrogen. That early or 

late nitrogen applications affect crop growth differently was shown by Jenkinson 

and Williams (1967). Though little difference was found in total yields between 

split and single applications, early and mid-season timings increased stem growth 

rate, resulting in a reduction of yield and quality due to head hollowness.  Later 

timings resulted in a slower stem growth and ultimate size which was correlated 

with less head hollowness. In Italy, Borrelli and Tedeschi (1972), also observed 

no yield difference between single or split applications of 80, 160 or 240 kg 

N/ha, though split applications enhanced rates, with an optimum at 160 kg/ha. 

Responses to solid fertilizers were better than fertigation in their study.  Rajput 

and Singh (1975) evaluated three nitrogen rates, 40, 80 and 120 kg/ha, against a 

check, and compared methods of application. Basal application at planting of half 

the total rate, followed by two splits of the remainder at 35 and 45 days after 

planting was ideal.  However specific plant growth stages were not identified in 

this study.  Maximum response was at the highest rate in soil vs. a foliar 

application method. Lower total rates applied in this mode, soil or foliar, 

produced higher yields than higher rates applied less efficiently (i.e. one basal 

application). Pandey et al (1982) in a similar experiment, also found that three 

splits of the full nitrogen rate over the season (basal, 30, 60 days) was superior to 

full basal or one split.  In one treatment a combination of soil and foliarly applied 

nitrogen resulted in less total nitrogen use in maximizing response.  Csizinszky 

and Overman (1979) compared banding vs. broadcasting of 160 kg N/ha of slow 

release osmocote and found no significant difference in yield. In a different study, 

Csizinszky (1982) compared placement of nitrogen at 194 kg N/ha, and found no 
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difference between banding, broadcasting or their combination in affecting 

marketable yield. In one of four years, broadcasting increased curd size, while 

banding significantly increased the percent of marketable curds. Residual soil 

salts were higher at harvest with the broadcast method.  Sharma and Arora (1984) 

compared full basal and a split application (at planting, 40 days post-planting) of 

60, 120, 180 kg N/ha and found the split application significantly better. Welch 

et al (198Sa,b) focused on seasonal nitrogen use and requirements, and evaluated 

four rates (70, 140, 210, and 280 kg N/ha) as a single or split treatment (at 

transplanting and at 35 days, with one-third of growth period passed), along with 

nitropyrin applied as a nitrification inhibitor at all but the highest rate.  Mid-rib 

nitrate levels and isotopically labeled nitrogen were used to evaluate uptake.  A 

single application of nitrogen was inefficient, resulted in less nitrogen uptake, and 

reduced yields over all rates tested when compared to a split application. 

Nitropyrin application with pre-plant incorporated nitrogen significantly improved 

yields, and increased nitrogen uptake at all rates tested when compared to single 

applications without it. When compared to split applications, only at 70 and 140 

kg N/ha did nitropyrin significantly enhance yields.  At 210 kg N/ha split, there 

was no benefit to using nitropyrin, nor was there any difference between the 210 

and 280 kg/ha N rate in yield. With isotopically labeled nitrogen, it was shown 

that cauliflower had an ability to use residual soil nitrogen, as only 30-40% of 

labeled nitrogen was retrieved in all treatments.  Through mid-rib analysis it was 

shown that plant concentrations sufficient to sustain yield, dropped at one-third of 

the way into curd formation with a single early application, and yields were 

depressed.  Above ground parts of cauliflower at harvest had absorbed 180 kg 

N/ha.  Specifically timed nitrogen in relation to curd initiation was studied by 

Wurr et al (1988). With a basal application of 100 kg N/ha, additional rates of 

0, 75, 150, and 225 kg N/ha were applied three weeks after transplanting, which 

was 7-10 days before the mean curd initiation date.  At any rate tested, nitrogen 

had no effect on curd initiation or the time from curd initiation to maturity. 
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However at this timing, curd diameter and weight increased with rates, except for 

the percent of marketable heads which only increased up to 75 kg/ha. 

nitrogen source: 

There has been a limited amount of research involving direct comparisons of 

various nitrogen sources on cauliflower yield and quality, though all 

experimentation with nitrogen has required the use of one type or another.  Salter 

and Fradgley (1969b) compared calcium and sodium nitrate and found no 

difference in yield or curd quality when applied at the seedling stage (35 days), 

whether on direct seeded or on transplanted crops.  Sumiati (1986) compared four 

nitrogen sources, urea, ammonium nitrate, ammonium sulfate, and calcium 

ammonium nitrate at 100 kg N/ha in tropical Indonesia. He found that 

ammonium nitrate gave increased curd weights (0.45 kg/curd) and greater overall 

yield (16.5 mt/ha) than the other sources.  Both ammonium nitrate and urea 

increased curd diameter.  Maturity was not affected by source.  Csizinsky and 

Stanley (1987) compared soluble nitrogen (30% ammonium, 70% nitrate), and 

soluble nitrogen + IBDU (slow release isobutylidene diurea) at a 70 and 30% 

respective ratio, and soluble nitrogen + nitropyrin, a nitrification inhibitor. All 

three sources were applied at one rate, 277 kg N/ha, with 50% applied at 

planting and 50% split five times over the season with trickle irrigation.  Highest 

yields were achieved with the soluble nitrogen treatment without additions. 

Average curd weight was not affected by source, however overall marketable 

curd number and yield were depressed when IBDU was used when compared to 

soluble nitrogen alone, but not when compared to an addition of nitropyrin. 

Accumulation of ammonium nitrate in soils or plant tissue was not observed with 

any treatment. Due to the method of seasonal application with irrigation, a 

nitrification inhibitor was of no practical purpose.  A combination of soil applied 

calcium ammonium phosphate, and foliar urea proved beneficial in promoting 

yields in a study by Pandey et al (1982), with a late season, light foliar treatment 
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increasing yields over soil treatments alone. In a related experiment with 

broccoli, Tremblay (1989) compared four nitrogen sources, ammonium nitrate, 

calcium nitrate, ammonium sulphate and urea.  He observed that nitrate fertilizers 

increased yields by 4%, but head quality was reduced by 13% due to increased 

hollowness. 

Nitrogen Interaction With Water Application 

Plant utilization of soil applied nitrogen is dependent on available soil 

moisture, in which nutrients, including nitrogen, are transported to the plant in 

the form of dissolved nitrate (mass flow) and ammonium (diffusion) ions, which 

are then absorbed by plant roots (Mengal and Kirkby 1982). In most 

experimentation, either one or the other factor is kept at a constant level in order 

to evaluate the individual effects of nitrogen or applied water.  Most often, 

responses to either factor are dependent on and interact with each other.  As has 

been noted, cauliflower has a high requirement for nitrogen, and it follows that to 

optimize response, sufficient water application is necessary. 

In early work by Salter (1961), higher nitrogen levels tended to decrease 

yield at various plant densities, but if irrigated this trend was reversed.  In a 

related study with broccoli, Hoyle et al (1973) found that higher nitrogen rates of 

448 kg N/ha increased head defects, unless under higher than normal irrigation 

(0.2 bar).  Working in India, Rahman (1965) found no significant interaction 

between nitrogen rates and soil moisture levels or mulching of soils.  Nitrogen 

levels had a greater effect on yields than the other factors.  Skapski et al (1969) 

compared natural rainfall and irrigated conditions and noted that added water 

increased nitrogen requirements, with optimum utilization at 200 kg N/ha, while 

non-irrigated plots did not respond to nitrogen rates greater than 100 kg/ha. 

Similar results were obtained by Boma (1971), who tested the interaction of four 

progressive nitrogen rates (171, 257, 342, 428 kg N/ha) and their response over 

three water levels.  Though there was no significant difference between water 
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levels tested, without added irrigation, there was no significant yield response to 

rates over 171 kg N/ha, but with irrigation, 257 kg N/ha produced the highest 

increase in total and marketable yield.  Boma noted that under the conditions of 

the study, irrigation without added fertilizers resulted in higher yields than from 

no irrigation with fertilizers, yet the plant response from fertility was greater than 

that from irrigation.  The effect of nitrogen on cauliflower water use was studied 

by Sharma and Parashar (1979). At three soil moisture levels of wet, moist and 

dry, plant water requirements were greater under a wet regime vs. a dry one, but 

when nitrogen was increased from 0-120 kg N/ha, water consumption increased 

more, by 8.4%.  Added nitrogen also caused plants to extract more water from 

deeper soil depths, though the bulk of extraction occurred from 0-15 cm depth, 

and was not significantly affected by nitrogen application.  Additionally, Sharma 

and Parashar (1980,1981) note that increased water caused tissue nitrogen levels 

to decline, even though uptake was progressively increased as nitrogen and soil 

moisture status increased.  A significant interaction was apparent as curd yield 

increased with increases in soil moisture and nitrogen.  However, with no added 

nitrogen, yields were not increased by extra water.  Hartman et al (1988) also 

noted that without added nitrogen in a fertigation system, irrigation had little 

effect on yield. In comparison to findings by Sharma and Parashar (1979), 

Hartman et al found that nitrogen depletion also caused plants to extract water 

from a greater soil depth.  Nilsson (1980), evaluated high and low rates of 

nitrogen (150,300 kg/ha), at both normal and intensive irrigation, on three soil 

types.  In one of two seasons, intensive irrigation significantly reduced yields, 

curd quality and curd weight.  On an organic sand (13.1% O.M.), this response 

was most evident at the lower nitrogen rate.  It was less evident, but yields were 

also reduced at the higher nitrogen level on this soil.  On a sandy soil, intensive 

irrigation and high fertility interacted to reduce yields, while lower levels of 

nitrogen under intensive irrigation yielded better. In the second season, intensive 

irrigation did not significantly reduce yields, regardless of soils or nitrogen level. 
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Mangal et al (1982) also noted a seasonal variation in nitrogen and water 

interactions, but when it occurred, a maximum water level (125% of pan 

evaporation) and nitrogen rate (150 kg N/ha) combined to enhance curd yield 

over either treatment alone or in combination with other treatments.  Scaife and 

Wurr (1990) evaluated nitrogen rate and intensive irrigation and their effects on 

head quality aspects (hollowness), a factor in marketable yields.  Over a period of 

two growing seasons, additional water significantly enhanced the nitrogen effect 

of increased hollowness, particularly at 150 and 225 kg N/ha rates.  Below 150 

kg/ha, there was a seasonal difference in water effects, with the 75 kg/ha rate 

variable in water interaction. These rates were in addition to 100 kg N/ha basal 

rate.  Gardner and Roth (1990), in a four year study, worked to determine upper 

limits and critical tissue nitrogen requirements for cauliflower using mid-rib 

nitrate nitrogen analysis.  They used five levels of nitrogen and five water levels, 

which were tested and adjusted each season depending on plant analysis. 

Optimum seasonal nitrogen levels required to maintain tissue nitrogen levels and 

yields were 260-270 kg N/ha.  As long as mid-rib nitrate levels were above a 

critical level, maximum yields were obtained for all water levels tested.  Even if 

water was decreased and was a yield limiting factor, mid-rib nitrate levels still 

indicated sufficient or deficient levels, and when levels fell below the critical 

level, there was a reduction of yield regardless of water treatment levels, low or 

high. 
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Section 3: Cauliflower Growth and Yield as Related to Water Application 

Growth as Affected by Water 

The effects of water, as rainfall or irrigation, on the growth of cauliflower is 

dependent not only on total amounts, but also on timing of application in relation 

to specific crop growth stages.  Understanding how water affects growth prior to, 

during and after curd initiation is critical. Leaf number, and its relation to head 

size, earliness, as related to time of curd initiation, and yield and quality can be 

affected greatly by amounts and timing of water application. 

It was determined in early research that water was readily available to plants 

between soil field capacity and the permanent wilting point (Veihmeyer and 

Hendrickson, 1950). However, subsequent studies, as first shown by Stanhill 

(1957), revealed that the growth of various crop plants can be sensitive to the 

degree of depletion of available water in the soil.  Robbins et al (1931) found that 

dry soil conditions caused "buttoning", a pre-mature heading condition of 

cauliflower, which results in small, unmarketable heads.  Similar effects of a dry 

period after transplanting were obtained by Weibosh et al, (1950) and Jensma 

(1957). Aamilid (1952) and Parkinson (1952) first correlated final leaf number 

with earliness, with later maturing plants having initiated more leaves.  Aamilid 

also associated increased curd size with plant and leaf weight, which in turn 

occurred with later maturity and an increase in leaf number. In the seedling 

stage, Aamilid noted that leaf number was increased by dry conditions, while 

Parkinson reduced leaf number by a 16 day dry period during the seedling stage. 

However, once set out in the field, differences in final leaf number, cutting date 

and curd diameter were no different from plants not stressed.   Early estimates of 

crop water needs from research done in Germany by Penningsfield (1954) and 

Frolich (1955), set requirements for continuous soil moisture at 80% of field 

capacity to obtain optimal results with cauliflower. For a crop harvested in June, 

Frolich found the maximum irrigation period to be from mid-May to harvest, 
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indicating the post initiation period as critical.  Salter (1959), working with 

summer cauliflower, evaluated the effect of post-transplant seasonal water stress, 

comparing soils kept at field capacity (F.C.) with those at 25, 50, and 75% 

depletion levels. He found no significant difference between growth and yield 

responses at F.C. and 25% depletion. At 50 and 75% depletion, only yield was 

affected, with smaller curd formation occurring.  Other growth parameters such 

as leaf area, and plant mean fresh weight were not affected. Salter attributed this 

to the ability of the plant to extract needed moisture from lower soil levels, 

particularly under cool atmospheric conditions. Though leaf area differences 

were not significant between treatments, Salter found a linear correlation between 

final leaf area and curd size, yet a water excess or severe deficiency altered this 

relationship, causing smaller curd formation and reductions in yield. He also 

noted that frequent irrigation delayed harvest by 2-3 days.  In further 

experiments, Salter (1960) evaluated the effects of early water stress (wet vs. dry) 

in cauliflower transplant growing beds, and the subsequent effects of similar field 

conditions on these plants after transplanting. With regards to transplant growing 

conditions, a no-stress situation (wet) resulted in higher fresh and dry weights, 

reduced dry matter and percent tissue nitrogen, increased head weights and curd 

diameter, and leaf number. Earlier curd initiation was also a result of the "wet" 

treatment, but harvest was delayed, while "dry" plants initiated curds 10 days 

later.  This disputes findings by Weibosh et al (1950) that dry conditions in the 

early stage of growth hastened curd initiation. In addition, Salter found that 

subsequent "wet" field conditions enhanced curd weight, while leaf number and 

crop maturity were not affected by field "wet" or "dry" conditions. There was 

no interaction between transplant growing and field conditions, and a moist field 

condition did not reverse the effects of a dry transplant environment.  "Wet" 

grown transplants also adjusted to planting stress more quickly.  As with other 

studies (Aamilid 1952), a low final leaf number was associated with earliness, 

while increased plant weight and curd size were related to later maturity and an 
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increase in leaf number. The increase in yield from the "wet" growing condition 

was a result of an increase in leaf number, which could not be reversed by field 

treatments.  In another study by Salter (1961) of irrigation timings at specific 

growth stages, there was no period in growth in which water could be withheld 

without a loss of yield. This contrasts with work done by Jorgensen and 

Henriksen (1984), who found no particular period of drought sensitivity during 

growth phases, but concluded that long periods of drought (1.2 bars vs. 0.3 bars) 

could reduce yields by 32-40%, and affect quality adversely.  In India, Rahamn 

(1965) evaluated three levels of seasonal soil moisture regimes, with field 

capacity ranges as a percent of available water: wet (70-80%), moist (50-60%) 

and dry (30-40%). Total leaf number and dry matter accumulation were 

depressed by wetter conditions, but not curd yield, which had a linear function 

with water condition. Soils below 50% available field moisture reduced both 

total and marketable yield . Working with similar treatments, Sharma and 

Parashar (1979) kept soil moisture levels in a sandy loam at .25, .40, and .63 

atmospheric tension. They found that seasonal and daily consumptive use of 

water was greatest under a wet soil regime, but water use efficiency was less. 

Maximum water extraction was at the 0-15 cm depth, and declined at lower 

depths. Under a dry soil regime, plants extracted a higher percentage of water 

from the 45-60 cm depth, however the bulk of water utilization (90%) was from 

the 0-45 cm depth. In separate papers, detailing plant growth responses from this 

experiment, Sharma and Parashar (1980, 1981) reported that leaf number, leaf 

area, dry matter production, curd depth, branching, diameter and yield increased, 

but leaf nitrogen decreased as water tensions were lowered, the greatest response 

being from dry to moist regimes.  Wet and moist regimes produced 26.4 and 

16.8 percentages of curd yield increases, respectively, over the dry regime. 

Singh and Bhandari (1984) working with the frequency of three levels of water 

transpiration deficit replacement (50, 100, 150% of ETo) also noted that water 

use efficiency declined as net water applied increased, with best efficiency 
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achieved at 50% deficit replacement, but production was lowered. Water use 

efficiency increased with more frequent replacement of the transpiration deficit. 

Sharma and Arora (1987) also noted that consumptive use of water was higher 

with increased irrigation, but that efficiency of use fell. In one of two seasons, 

Nilsson (1980) noted also that intensive irrigation reduced yields, curd weight and 

quality, particularly on sandy soils and at low fertility levels.  Curd dry matter 

content but not mineral content was also reduced by intensive irrigation, along 

with a trend for delayed harvest. Hellwig et al (1977) also reported that 

irrigation benefits vary depending on the season.  Wurr et al (1988) evaluated 

natural rainfall, vs. supplemented rainfall (irrigation at a 25 mm deficit), and 

found no differences in maturity, curd initiation, or curd diameter and weight, 

however the percentage of marketable heads was reduced by extra irrigation. 

Yield as Affected by Water 

The effects of applied water on yield parameters are a result of related 

effects on growth and development, some of which have been discussed. 

Understanding how specific water application levels and timing affect yield is the 

major objective of research dealing with the irrigation and water requirements of 

cauliflower.  A correlation between leaf number, leaf weight, leaf area, and water 

applied as these factors affect yield has been made by Salter (1959, 1960) and 

others, Aamilid (1952), Sharma and Parashar (1980, 1981). The effects of 

timing of water stress, as shown by Salter (1960, 1961), particularly as related to 

water stress of young plants, is critical for attainment of maximum yields. 

Increased curd weight and diameter were related to early water availability. 

Irrigation before harvest was shown to be beneficial to yields, while water 

deficiency at any growth stage had negative effects on yield, Salter (1961). 

Rahman (1965) showed that decreasing available soil moisture from 80 to 30% 

linearly affected both total and marketable yields, with head size and quality 

dropping when soils fell below 50% available moisture. Jorgensen and Henriksen 
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(1984) also noted that long periods of drought (.8 to 1.2 bar deficit) could reduce 

yields by 32-40%, as well as significantly affect quality. Nilsson (1980) found 

variability between seasons and soil types in cauliflower response to intensive 

irrigation, with curd weight, overall yields and curd quality being significantly 

reduced on sandy soils.  Salter (19S9) noted that an excess as well as a deficiency 

of seasonal water could reduce yields.  Sharma and Parashar (1981), working 

with three seasonal stress regimes, note the most dramatic increase in yield was 

from a seasonally "dry" regime to a "moist" regime, and that "wet" and "moist" 

regimes had 26.4 and 16.8 respective percentages of yield increase over the "dry" 

treatment.  Mangal et al (1982) working with late season cauliflower evaluated 

plant response to four levels of irrigation, 50, 75, 100, and 125% of calculated 

pan evaporation loss.  At the two highest levels of irrigation (4 & 6 irrigations), 

overall curd yield and diameter were not significantly different from other 

treatments, but individual curd and leaf weight were greatest at the highest water 

level.  Singh and Bhandari (1984), also used pan evaporation, at three levels of 

water deficit replacement, 50, 100, and 150% of evapotranspiration, along with 

frequency of replacement (7 or 14 days). They found that yield was 10% greater 

with more frequent irrigation every 7 days, though cumulative amounts used to 

refill respective deficits were similar. In either case, 7 or 14 days, 100% 

replacement maximized crop response.  A 50% replacement reduced yields by 

32%, while over-replacement of the water deficit decreased yields by 10%, 

primarily due to a reduction in head size.  Excessive leaching of nutrients was 

implicated as a probable cause. In addition, frequency and water replacement 

levels significantly interacted to affect yield and curd weight.  Higher frequencies 

using less water, were better than fewer, heavier irrigations.  When total seasonal 

irrigation exceeded seasonal crop E.T. levels, yields were decreased, with a soil 

deficit replacement range of 80-100% of field capacity being ideal.  Sharma and 

Arora (1987) evaluated the response of mid-season cauliflower to three 

progressive water stresses before irrigating, which resulted in a comparison of 8, 
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6, or 4 seasonal irrigations to field capacity. More frequent irrigations (8) 

resulted in increased curd and dry matter yields, and increased curd diameters, 

with yields of the highest level 26.9 percent greater than at the lower level.  In 

their work comparing rainfall and supplemented rainfall, Wurr et al (1988) found 

that a more intensive level of water had little effect on individual curd weight and 

diameter, but it did reduce the percent of marketable curds, though whether inner 

or outer quality was a factor in this reduction was not detailed. 

Differential Irrigation and Crop Water Use 

Establishing differential irrigation levels in agricultural experimentation can 

be accomplished with regulation and control of applied water to the experimental 

units, preferably in a randomized fashion. Methods such as controlled drip or 

micro-emitters, small area irrigation and use of temporary covers are just a few 

ways to deliver differential irrigation to experimental plots. 

A differential system developed by Hanks et al (1976) utilizes a line source 

sprinkler system consisting of a single lateral line placed in the center of the plot, 

parallel to rows on either side.  As the distance from the lateral increases, water 

applied decreases, allowing each row to receive variable amounts of moisture.  A 

split-plot experimental design can be utilized with this system, with water applied 

as the whole-plot factor with sub-plot variable treatments arranged perpendicular 

to the line source lateral. However, in this systematic design, water is applied 

non-randomly, which provides no valid estimate of error for the irrigation main 

effect, or for comparisons that involve the irrigation effects, though the analysis 

of variance does provide valid error terms for testing the effects of the other 

variables and their interaction with irrigation levels, providing they are 

randomized (Cochran and Cox 1957; Hanks et al 1980).  Often the irrigation 

effects are large and obvious, and there is no need to assign a probability level to 

their significance, however in interpretation of small differences between adjacent 

irrigation levels, caution should be exercised with regards to potential bias in the 
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estimates of regressions of yield or other parameters on irrigation level (Hanks et 

al 1980). 

Crop water use can be estimated by various evapotranspiration equations, or 

by measuring soil moisture depletion using various devices. 

One model of estimating daily crop evapotranspiration was developed by 

Doorenbos and Pruitt (1977). This model predicts a reference evapotranspiration 

coefficient (ETo) from a grass surface in which pan evaporation, relative 

humidity, temperature and daily wind speed are taken into account. This method 

can give a daily or seasonal estimate of crop water use, and water applied to the 

crop over the season can be expressed as the percent of the ETo estimate reached 

for a particular period. 

Soil moisture measurements can also be used to predict and estimate crop 

water use by measuring depletion levels in the soil. Tensiometers and gypsum 

blocks are two commonly used methods to estimate soil water tensions, though 

both have limitations to their use. The neutron meter is another method to 

measure soil moisture which involves computerized sensing of the interaction 

between a radioactive source and hydrogen (water) molecules in the soil.  Soil 

access tubes (aluminum, PVC) are installed which allows the radioactive source 

to be lowered to specific depths. Neutron scatter is received and stored as counts 

by on-board computer.  These readings are calibrated to soil type (bulk density, 

field capacity) and an accurate soil water measurement at any chosen soil depth is 

provided. The neutron meter has the advantage of site specific calibration and 

replicated readings, in which soil moisture content can be expressed on a 

gravimetric or volumetric basis.  Operation and calibration procedures of neutron 

meters are available through specific manufacturers.  Additional information on 

calibration is given by Chanasyk and McKenzie (1986) and Farah et al (1984). 
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Section 4: Cauliflower Quality; Nitrogen. Water and Other Determinant^ 

Factors Related to Quality 

The quality of cauliflower is related to a number of factors which interact to 

affect head condition at harvest time. Both outer and inner quality of the head 

affect the percent of total heads that is often described as "marketable yield". In 

most cases this yield classification is based on outward appearance of the head; it 

being suitably white in color, smooth, and without surface defects.  Head size is 

also an important factor in determination of marketability, and requirements vary 

depending on the market.  Size is usually the first criteria which separates "good" 

and "cull" heads in the field. To a lesser extent, also depending on ultimate 

market, inner quality, as determined by head hollowness and internal 

discoloration affects the percent of acceptable or marketable heads.  The fresh 

and commercial processing markets have similar requirements for outer quality, 

but size and inner quality play different roles, with the fresh market using 

smaller, solid heads, while the processor desires a larger, heavier head, but not 

necessarily solid, as cores are generally removed. However, cases of severe 

hollowness may lead to internal discoloration which can extend into the curd and 

affect processing quality. 

A number of factors are involved and can interact to affect these aspects of 

head quality. In most cases, research has focused on cultural factors which affect 

total and marketable yields, such as nitrogen and water applications, yet reasons 

for culling a percent of heads is not often defined, and is assumed to be related to 

size alone.  The effects of nitrogen and water on head size have been discussed 

earlier as an aspect of yield. How outer appearance and also inner quality 

(hollowness) are affected by nitrogen, water and boron, will be discussed here. 

Also considered will be the effects of cultivar, crop growth rate, plant populations 

and environment. 
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Quality as Affected by Nitrogen 

In comparing nitrogen rates of 112, 196 and 280 kg/ha, Salter (1961) found 

no difference in marketable properties of cauliflower.  Increases in marketable 

yield were reported by Rahman (1965), when comparing two rates (60, 120 

kg/ha) of nitrogen with a check, with head size as a determining factor.  Others 

have reported similar nitrogen rate effects on marketable yield as related 

primarily to size: Boma (1971), Sullivan (1981), Roy (1981), Dufault and Waters 

(1985b), Csizinsky (1987), Wurr et al (1988). 

Toosey and Smith (1964), working with kale, first correlated nitrogen with 

stem hollowness and rot in cruciferous crops.  They reported that stem cracking 

and lodging were related to stem size, and that increased nitrogen aggravated the 

problem. Hollowstem of broccoli has been a topic for a number of researchers, 

and is identical to the same problem in cauliflower.  Gallagher (1966) found a 

highly significant relationship between soil organic carbon, total nitrogen, and the 

incidence of stem rot in broccoli. Release of nitrogen from residual sources has 

been shown to be a major contributor, meeting 30-40% of nitrogen requirements 

of cauliflower (Welch et al 1985b).  Zink (1968) showed that hollowstem 

development in broccoli was correlated with the increase in stem diameter and 

shoot weight as heads were being formed, which is a period of rapid growth.  He 

reported that increased nitrogen increased the percentage of hollowstem. 

Cutcliffe (1972, 1975) and Dufault and Waters (1985b) had similar results and 

described broccoli cultivar response differences with regards to hollowness and 

increased nitrogen.  Vigier and Cutcliffe (1984) found a correlation between 

nitrogen rate and leaf nitrogen levels and hollowness in broccoli.  Hipp (1974) 

found the occurrence of hollowstem in broccoli to have a linear relationship with 

applied nitrogen, but it was affected by time. The highest rate of nitrogen (224 

kg/ha) and the lowest rate (0 kg/ha) caused a respective 24% and 1.5% 

occurrence of hollowstem in the first harvest.  Yet as successive harvests 

progressed, this dropped to 14, 7, and 3 percent for harvests 2,3, and 4, at the 
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224 kg N/ha rate.  Hipp attributed this to faster growth and larger plant size in 

earlier plants, caused primarily by increased nitrogen.  For slower maturing, later 

plants, there was a low incidence of hollowstem, even with high nitrogen 

availability.  Shattuck et al (1986) found no correlation of hollowstem in broccoli 

with yield or head size.  In a later study, Shattuck and Shelp (1987) found no 

effect of nitrogen on the incidence of hollowstem in broccoli. Tremblay (1989) 

observed that a linear increase in nitrogen caused a similar increase in yields in 

broccoli, and in the diameter and measured volume of the hollowed area in the 

stem.  This effect was overshadowed by environmental conditions which were a 

greater factor in inducing hollowness.  Nitrogen aggravated a condition primarily 

affected by season, in which slow, cool, irregular weather patterns increased 

hollowness severity.  Nitrogen source had litde effect on marketable yields, or 

the volume of hollowstem.  However, nitrate fertilizers (ammonium and calcium 

nitrate) increased yields by 4%, but also increased the diameter of hollowstem by 

13%.  This effect was not weather dependent.  Salter and Fradgley (1969a) did 

not find an effect of nitrates applied during the seedling stage on yield or overall 

curd quality in cauliflower. 

Jenkinson and Williams (1967) examined the role of nitrogen in cauliflower 

stem (head) rot and hollowness at rates from 157 to 314 kg N/ha. Early and 

mid-season nitrogen applications increased the incidence of hollowness, causing a 

reduction in marketable and total yield. This was correlated with the effect of 

nitrogen on stem growth rate (diameter) which was significantly greater with 

early and mid-season applications than a late application, in which stem growth 

was not as rapid.  Larger stem size at the end of the growing season was an 

indication of a greater occurrence of hollowness.  There was a cultivar difference 

in response, with later maturing cultivars exhibiting less hollowness at harvest, 

though variation within a maturity class was evident. With each successive 

harvest, as found by Hipp (1974) with broccoli, hollowness decreased 

dramatically, independent of cultivar. In comparing early and late season 
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cultivars, it was found that stem rate of growth was similar, but if curds 

developed as the stem was expanding, as is the case with an early cultivar, 

hollowness occurred.  Later cultivars exhibited a slower curd growth which 

occurred after stem expansion, resulting in less hollowness.  Hollowness appeared 

to be the result of the failure of internal parenchyma tissue to keep pace with 

increases in stem diameter caused by increased growth rate, which could be 

affected by nitrogen application. The problem may have been compounded by a 

draw on food reserves stored in stem tissue as curds were being formed. Nilsson 

(1980) experimented with high and low nitrogen rates (150, 300 kg/ha) on 

cauliflower and found no difference in visible head quality between rates. 

Nitrogen changed chemical composition, with higher rates decreasing dry matter 

content and soluble carbohydrates, but increasing nitrate and amino and non- 

protein nitrogen in the curd. Welch et al (1987) in evaluating the effects of 

increased nitrogen rates (0, 70, 140, 210, 280 kg/ha) found that below 210 kg/ha, 

curd quality was lower, though this was not related to hollow stem and curd 

discoloration, which was not affected by nitrogen rates.  The most rapid 

accumulation of dry matter was in last 30 days of growth, or the heading stage. 

Sutherland et al (1989) observed specific effects of added vs. no added nitrogen 

on outer quality or appearance of the cauliflower head. Depending on cultivars, 

nitrogen tended to decrease head weight and density, causing "looseness" in the 

curd.  In general nitrogen reduced the percent of "ricey" heads, but increased the 

formation of leaf bracts in the head.  Yellowing and outer discoloration were not 

affected by applied nitrogen.  Reynolds et al (1987) noted that nitrogen increased 

stem cracking.  In recent work on hollowness in cauliflower, Scaife and Wurr 

(1990) used increasing nitrogen rates of 0, 75, 150 and 225 kg/ha, and found that 

as rates increased, the size of cavities increased rapidly and leveled off at 150 kg 

N/ha, at which point yields also were maximum. Hollowness was correlated with 

fresh weight of the plant and leaf nitrogen levels, which were also correlated with 

each other, though the fresh weight and hollowness score had a seasonal 
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difference.  Vigier and Cutcliffe (1984) also reported a relationship of leaf 

nitrogen and hollowness in broccoli.  Scaife and Wurr concluded that growth rate 

(which leads to a larger plant), rather than nitrogen itself, was the primary cause 

of head hollowness. They noted that an early, rapid growth of the curd and mean 

early curd growth rate was similar between individuals, which supports a 

hypothesis that the final stage of curd formation was the most critical of growth 

stages related to hollowness formation. Plant density studies by Cutcliffe (197S) 

with broccoli may support this hypothesis. Increased spacing caused increased 

hollowness in an unrestricted environment; however, with a closer spacing it was 

less, though spacial competition did not occur until late head expansion. 

Quality and the Effects of Applied Water 

Water quantity and availability are important in plant growth and can 

significantly affect cauliflower head development and quality.  Size as well as 

outer and inner quality of the head are affected by plant water relations, with 

timing and quantities of water throughout the season being important. 

Parkinson (1952) observed that young cauliflower plants were significantly 

affected by water stress, but as the season progressed, head diameter was not 

affected if normal water levels were restored.  Increased irrigation has been 

shown to affect curd depth, branching and head diameter by Sharma and Parashar 

(1980), and curd diameter and curd weight by Mangal et al (1982). Dry seasonal 

conditions have been shown to reduce marketable yields (Rahman 1965; 

Jorgensen and Henriksen 1984). In Poland, Skapski et al (1969) found that 

irrigation in a dry year improved curd quality ten fold over non-irrigated plots. 

Though in wet years, irrigation was not an advantage.  In comparing normal and 

intensive irrigation, Nilsson (1980) showed that intensive irrigation reduced curd 

quality and weight, particularly at low nitrogen levels, but this effect was also 

dependent on season and soils. Wurr et al (1988) noted an increase in the 

percentage of marketable curds with increased seasonal water.  Scaife and Wurr 
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(1990) found that water interacted with nitrogen to enhance head hollowness. 

This occurred at higher N rates (150 to 225 kg/ha) more consistently than lower 

rates of nitrogen.  Below 150 kg/ha, there was a seasonal variation in water 

effects.  In other previous research, water has been shown to interact with 

nitrogen to affect quality of yields in cauliflower (Boma 1971; Hellwig 1977; 

Nilsson 1980), and in broccoli, Hoyle (1973). 

Quality as Related to Boron Application 

The physiological disorders of boron deficiency in cauliflower, particularly 

effects on head quality such as hollowness and discoloration, have been studied. 

Cauliflower and other crucifers are known to have a high requirement for boron, 

Shelp and Shattuck (1987), Gupta and Cutcliffe (1973). Yields have been shown 

to double with boron application, Gupta (1971). Published recommendations for 

boron tissue levels may have a wide range.  For example, Gupta and Cutcliffe 

(1973) suggest adequate leaf concentrations of boron from 13 and 101 mg/kg. 

Soil extractable boron levels should be between 0.5 and 4.0 mg/kg, (Gupta 

1971), though as little as 1.0 mg/kg of soil hot water extractable boron has been 

shown to maximize broccoli yields in greenhouse pot experiments (Shelp and 

Shattuck 1987). Randawa and Bhail (1976) evaluated applied boron rates in 

cauliflower as high as 20 kg/ha, and obtained significant yield increases with 10 

and 15 kg/ha, but yields were significantly depressed at 20 kg/ha.  Others have 

reached phytotoxicity at rates as little as 8 kg B/ha (Vigier and Cutcliffe 1984). 

Boron availability to plants is a function of such factors as clay mineral type, pH, 

and soil water.  Of these factors, pH is the primary determinant of boron 

availability (Evans, 1983; Keren and Bingham 1985).  A narrow pH window of 

6.5 to 7.0 exists for both soil retention and availability of boron to plants (Kubota 

et al 1948).  From pH 7.0 to 9.0 adsorption to soil particles is high, below 7.0 

adsorption is minimal and both uptake and leaching of the B+ ion occurs.  Soil 

texture affects uptake, with a lighter soil enhancing plant tissue levels (Wear and 
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Patterson 1962).  Soil organic matter is important for boron adsorption, 

particularly in acid soils (Gupta 1979), and tends to concentrate and be gradually 

released in high organic matter soils (Berger and Pratt 1963). Rainfall and 

applied water affect the degree of boron soil movement, along with soil type, pH 

and organic matter, and movement can be rapid (Kubota et al 1948). Boron in 

soil solution is critical to plant uptake, and the above factors interact with water 

to affect boron availability. Growth rate is also an important factor in boron 

uptake, with experiments showing that a large portion of overall plant boron 

uptake occurs early in the life of the plant when growth is rapid (Reynolds et al 

1987). Internal distribution of boron is closely related to tissue development 

(Halbrooks et al 1988; Shelp 1988). Boron levels have also been shown to affect 

nitrogen partitioning (Shelp 1990). This indicates that both fertility and 

particularly water play an interrelated role in boron nutrition, both in the soil 

environment and within the plant. 

In early work by Purvis and Hanna (1940) with cauliflower, boron deficient 

soils were implicated in yellow and discolored heads and stem hollowness. 

Hartman (1937) showed that boron deficiency was characterized by hollow stem 

and internal brown spotting and was variable in its effects on head discoloration. 

Work by Chandler (1941) and Dearborn (1942) showed that boron deficiency 

caused browning on the head surface, and that water soaking of head branch 

surfaces was evident.  That boron deficiency causes external browning is very 

evident from this historical research.  However, the problem of internal 

hollowness as affected by boron deficiency has come under question in more 

recent research.  Gupta and Cutcliffe (1973) applied rates from 0.56 to 4.48 kg 

B/ha to several crucifer crops including cauliflower, which resulted in hot water 

soluble soil boron levels of .39-.49 mg/kg and 8-97 mg/kg range in cauliflower 

leaf tissue concentration.  The incidence of hollowness was not affected, though 

other deficiency symptoms did not occur. Hipp (1974) found that boron did not 

affect the degree of hollowstem in broccoli, but nitrogen rate was a greater 
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factor.  Similar results were obtained by Jenkinson and Williams (1967) with 

cauliflower, who found no effect of soil applied boron on hollowstem, with 

nitrogen rate increases being a major factor.  Vigier and Cutcliffe (1984) also 

determined that boron had no effect on hollowness in broccoli.  More recent 

research has supported the findings that boron affects outer quality characteristics 

such as surface browning. Work by Granberry et al (1985) with broccoli and 

boron rates up to 11.2 kg/ha, showed that boron decreased floret browning, and 

was a major factor in reducing horizontal stem cracking and in formation of 

corky tissue in stem tissue.  Boron had no effect, however, on the incidence of 

hollowstem, and did not prevent it. Reynolds et al (1987) observed that nitrogen 

played a role in this type of stem cracking in cauliflower, but that applied boron 

did not reduce its occurrence.  Shattuck and Shelp (1987), also working with 

broccoli, compared boron applications of 0 and 3 kg B/ha, soil and foliar, at low 

and high boron sites, and evaluated nutrient solution rates of boron in greenhouse 

pot studies from 0 to 2.5 mg/1. They observed that hollowstem was three-fold 

greater in low boron sites than high boron sites, and that applied boron did not 

change this.  Added boron to sites already high in boron depressed yields.  At the 

high boron site, tissue calcium levels were significantly higher, indicating a boron 

- calcium interaction.  Calcium relations in cauliflower nutrition have also been 

discussed by Alexander and Stark (1959), and recently by Rosen (1990), 

particularly in relation to nitrogen nutrition and quality. The greenhouse pot 

studies by Shelp and Shattuck indicated that applied boron reduced discoloration 

and stem cracking which was associated with the check treatment.  Stem and 

floret levels were doubled by applied boron.  Shelp and Shattuck suggest that 

boron deficiency may induce hollowstem in broccoli, but other factors such as 

cultivar and environment play a greater role.  Scaife and Wurr (1990) found that 

boron concentration in the curd and leaves did not show a relationship with the 

occurrence of head hollowness. 



54 

Boron Interactions: Nitrogen and Water 

boron * nitrogen: 

Conflicting results have been reported on the effect of nitrogen on plant 

uptake of boron.  As early as 1955, Chapman and Vanselow showed that excess 

levels of boron in citrus could be controlled by nitrogen application.  Gupta et al 

(1973) found that nitrogen decreased boron toxicity in cereals.  Randawa and 

Bhail (1976) observed a positive interaction of boron on cauliflower growth and 

curd yield, but leaf boron levels were depressed by a combination of the highest 

rates of each element. Mishra and Singh (1986) also noted a positive interaction 

between nitrogen and boron in cauliflower, with nitrogen enhancing the boron 

response, and increasing fresh plant weight. Both nitrogen at its highest rate and 

boron at a moderate rate acted individually to affect growth and yield.  Shattuck 

and Shelp (1987) found that depending on cultivar, high boron tissue levels in 

broccoli were associated with higher nitrogen levels, but that nitrogen and boron 

did not interact to affect elemental composition. Neither applied boron nor 

nitrogen acted separately to increase hollow stem.  Cutcliffe and Gupta (1980) 

increased nitrogen rates up to 336 kg/ha in late season cauliflower, which 

enhanced boron levels at eight of nine field locations. In some cases this was a 

linear effect. Mack (1969, 1970), in working with table beets, found that 

nitrogen source had little effect on boron deficiency symptoms, but that increased 

nitrogen rates from 56 to 224 kg/ha reduced boron deficiency of roots.  Added 

boron alone decreased deficiency symptoms when nitrogen levels were low. 

Reynolds et al (1987) evaluated nitrogen source (nitrate vs. ammonium) and its 

effects on boron uptake in cauliflower, their premise being that nitrogen form 

would sufficiently affect rhizosphere pH and boron uptake.  Ammonium acidified 

the soil by 0.4 pH units, while calcium nitrate increased soil pH. Post-harvest 

sampling showed that only mature leaves and stems had significant differences in 

tissue boron.  This was related to soil boron availability as affected by pH. 
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Older tissue B levels decreased five-fold when pH increased from 7.0 to 7.5. 

Younger leaf and stem tissue did not show this correlation with pH. Nitrogen 

increased stem cracking, but neither lime nor boron additions had any effect on 

it. Vigier and Cutcliffe (1984) evaluated the effect of boron on broccoli leaf 

nitrogen, using leaf nitrogen as a measure of the possibility of the occurrence of 

stem hollowness.  They found applied boron increased leaf nitrogen levels.  An 

ideal ratio of 215:1 was established for nitrogen and boron leaf concentration in 

optimizing hollowness prevention, but alone, boron had no effect on hollowness, 

which was directly related to applied nitrogen.  Banding of boron proved more 

effective than foliar sprays.  In a related study, boron toxicity or deficiency was 

shown to affect nitrogen partitioning, (Shelp 1990). Using broccoli in greenhouse 

pot studies, induced toxic and deficient boron levels increased inorganic nitrogen 

levels, primarily as nitrate, while toxicity alone also affected the concentration 

and composition of amino acids.  Nitrogen partitioning effects were dependent on 

developmental stages.  Shelps' data support the hypothesis that boron stress 

reduces the availability of carbon for the reduction of nitrate and the assimilation 

of ammonium. 

boron * water. 

The role of water in boron uptake and nutrition was established early by 

Hobbs and Bertramson (1949). Working with tomatoes they noted the importance 

of soil moisture, particularly in the upper soil layers, for boron uptake.  Dry soils 

were a limiting factor.  Baker et al (1956) showed that boron deficiency lowered 

transpiration by increased sugar content and abnormal leaf stomatal morphology, 

along with decreased water absorption in the plant.  In more recent work, with 

cauliflower, Sharma and Sharma (1987) confirmed the effects on plant water 

potential through leaf structural changes. Though research has been conducted on 

the individual effects of boron and water on head quality in cauliflower and also 

broccoli, little work has been done which characterizes their interactive effects.    ' 
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Grealish (1991), using differential water application and rates of boron from 0 to 

9 kg/ha, found no significant interaction between boron and water rates on 

cauliflower quality. Increased water contributed to increased hollowness, but not 

to internal head discoloration. Increased boron rates had no significant effect on 

the incidence of discoloration and hollow stem, though a trend existed for the 

higher rates to decrease hollowness. In this study, nitrogen rates were not 

changed (224 kg/ha). 

Additional Factors Affecting Curd Quality 

Three other factors have been implicated in affecting the head quality of 

cauliflower: cultivar variation, a genetic predisposition; the effect of environment 

which is a primary regulator of plant growth; and plant density, which plays a 

role in plant growth and competition. A large portion of this work has been 

focused on broccoli and problems with hollowstem. However a limited amount of 

work with cultivar, environment and plant populations has been done in an effort 

to understand similar problems in cauliflower. In both crops, these factors which 

affect stem and head quality are to a large extent identical. 

cultivar. 

In 1972, Borchers, working with different broccoli cultivars, noted a 

difference between them in hollowstem incidence.  Cutcliffe (1975) also found 

broccoli cultivars to be variable in hollowstem susceptibility. Shattuck et al 

(1986) found the cultivar variation to be stable over years and the differences 

were strong between broccoli cultivar response.  Jenkinson and Williams (1967), 

in one of the most important studies of cauliflower head quality, and the only one 

observing cultivar characteristics, noted a large difference in cultivar response. 

Stem rot and hollowness were related to time of heading, with later maturing 

cultivars exhibiting less hollowness, though individual cultivars within a class 

could vary.  They conclusively showed that stem rate of growth was the same in 
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both types, but that time of heading, whether it occurs during or after stem 

expansion, was the key in determining hollowness succeptability.  Later maturing 

cultivars developed curds more slowly and after stem growth slowed, which 

resulted in minimal hollowness. Thus curd and stem expansion periods and rate 

were highly correlated, and differed with cultivars. 

environment: 

A number of studies have noted the effect of environment and seasonal 

differences in experimental results, particularly as related to yield.  Some studies 

have noted also the overriding seasonal effect on curd quality, and occurrence of 

hollowness in both broccoli and cauliflower. Hoyle et al (1973) found that hot 

weather caused excess growth, delayed maturity and increased hollowstem in 

broccoli. Hipp (1974) attributed cooler climatic conditions to slower growth and 

delayed harvest in broccoli. He noted that after 110 days from planting, each 

successive harvest of later, slower growing plants, had a low incidence of 

hollowness.  Shattuck et al (1986) observed that cultivar tendencies for 

hollowness were stable across years.  Tremblay (1989) showed that nitrogen 

effects on hollowstem were variable depending on season, and that nitrogen 

combined with seasonal temperature variations to cause more hollowness.  Scaife 

and Wurr (1990) reported that hollowness was correlated with the size of the 

plant and leaf nitrogen levels. Increased nitrogen levels caused an increase in 

head cavity sizes.  Yet the authors noted a seasonal difference in hollowness 

scores and plant weight and concluded that growth rate and large plant size were 

the primary causes of hollowness. Regardless of season, irrigation enhanced the 

effect of nitrogen to increase hollowness, except below the 150 kg N/ha rate, 

where seasonal variation occurred. 



58 

plant density: 

Spacing has been shown to affect head quality, particularly head size, 

number of heads and subsequent "marketable" yields and there was an interaction 

with nitrogen in both cauliflower and broccoli, Salter (1961), Arora et al (1970), 

Supriyadi (1976), Csizinszky (1982), Singh et al (1983), Sharma and Arora 

(1984), Dufault and Waters (1985), Khurana et al (1987), and Sutherland et al 

(1989). Plant density experiments have shown population to also have an 

consistent effect on hollowness occurrence, and these experiments have been used 

as a tool to understand the growth factors involved. Zink and Akana (1951) 

reported that as plant spacing increased, the percentage of hollowstem in broccoli 

increased. In 1968, Zink confirmed these early results, and also reported the role 

of nitrogen in hollowness. Toosey and Smith (1964) working with kale, reported 

that nitrogen was a factor in stem cracking, but that wide in-row plant spacing of 

30-45 cm vs. 15 cm was a greater factor. Increased stem diameter growth rate 

and shoot weight were a result of spacing and nitrogen factors, and were 

implicated as the cause of hollowness.  Cutcliffe (1972, 1975), working with 

broccoli, correlated nitrogen and plant spacing as interactive factors affecting 

hollowness. At any nitrogen rate, as spacing increased, hollowness increased, 

while at any spacing, as nitrogen rate increased, hollowness increased.  This 

response was cultivar dependent. In similar work by Dufault and Waters 

(1985b), cauliflower and broccoli responded differently to nitrogen and spacing. 

Marketable yields of broccoli increased through increase of head number with 

higher densities, despite a decrease in head weights, but as nitrogen rates 

increased, across all populations, marketable yield increased again as head weight 

effects were reversed. Cull or poor head production fell linearly with this 

increase.  Even at maximum density tested (72,000 pl/ha) and maximum nitrogen 

(224 kg N/ha), there was not a leveling off of yields.  Hollowness was not 

affected by spacing or nitrogen treatment with the broccoli cultivar tested. They 

found that marketable yield of cauliflower also decreased and cull number 
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increased with increased density, which occurred because of decreased head 

weight.  Applied nitrogen did not reverse this trend as it did with broccoli.  Ideal 

plant populations of 24,000 pl/ha and an optimum nitrogen rate of 112 kg/ha 

were recommended.  Cranberry et al (1985) found that within-row spacing was a 

factor in the incidence of hollowstem in broccoli, and that boron had no effect. 

But boron deficiency did induce horizontal stem cracking and was a factor in 

corky tissue formation and occurrence of floret browning. Working in Alaska, 

Griffith and Carling (1991) evaluated "single" and "double" transplants/plug 

populations of broccoli in the field.  Single plugs had on average 17% higher 

incidence of hollowstem, but also had a greater head weight and diameter. 

Doubles had smaller heads and less hollowness.  They noted no relationship 

between growth rate and hollowstem, but instead between the size of the head 

inflorescence and hollowness.  They theorized that hollowness had its physical 

origins in cracks created by radial strains developed during the flowering process, 

and that a large inflorescence size was the primary contributor to hollowness 

tendency. 
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CHAPTERS 

EFFECT OF NITROGEN RATES AND TIMING ON DIFFERENTIALLY 

IRRIGATED CAULIFLOWER (Bmssica oleracea var. botrytis L.) 

Abstract 

Nitrogen timing and rates were evaluated across seven seasonal water levels 

applied to cauliflower {Brassica oleracea var. botrytis L. cv. Snowball Y) in 

experiments conducted during the 1988, 1989, and 1990 growing seasons (Expts. 

1,2,3). Measured crop responses included total and marketable yield, external 

and internal curd quality, maturity and tissue nitrogen concentration. 

Highest total yields were produced when 108, 88 and 115% of the calculated 

evapotranspiration coefficient (ETo) was met in respective experiments 1,2,3. 

However, there was generally no significant difference between yields at these 

replacement ETo water levels or between applied water levels above 235-250 

mm.  Corresponding soil moisture data (% /vol.) showed optimum total and 

marketable yields occurring when available soil moisture remained above 50%. 

External curd quality (outer appearance, size) improved with increasing levels of 

water, while internal curd quality (solidity, color) declined.  Internal curd quality 

improved with later harvests.  Harvest maturity was delayed by moisture 

extremes of both wet and dry. 

Nitrogen timing in Expt.l (5,6,7 weeks post-transplanting) did not affect 

yield or quality parameters, but earliness was enhanced by the latest timing. 

Maximum total and marketable yields were reached at 168 kg N/ha in Expt.2 

(treatments: 56,112,168,224,280 kg N/ha), with no difference between the three 

higher rates.  External appearance was improved at N rates above 56 kg/ha, 

though there was no difference between rates.  Head solidity was significantly 

decreased at the highest N rate (280 kg/ha) when compared with the lowest rate 

(56 kg/ha). Earliness was not affected by nitrogen rate.  In Expt.3, nitrogen 
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sidedress rates (0,56,112,168 kg N/ha) were evaluated with timings (4,8 weeks or 

split: 4 & 8 wks., 112 and 168 kg rates only). Within the early nitrogen timing, 

there was no difference between N rates for any yield, quality and earliness 

parameters.  At the late timing, yields, outer appearance and head size were 

increased above the 56 kg/ha rate, but only up to the 112 kg/ha rate.  Internal 

solidity was reduced by the two higher rates while discoloration and earliness 

were not affected. Within the split timing, the 168 kg/ha rate increased total 

yields and discoloration. Within individual nitrogen rates, at 56 kg/ha an early 

application increased marketable yields and head hollowness, while at 112 kg/ha, 

an early timing decreased head hollowness.  At the 168 kg/ha rate, the split 

timing increased total yields and head size, and decreased head solidity when 

compared to the other timings. Total leaf nitrogen concentrations were reduced by 

the lowest level of applied water in Expt.l. and were not affected by nitrogen 

timing.  Water and nitrogen interactions caused nitrogen concentrations to 

increase with nitrogen rates in Expt.2 at the wet and moderate, but not at dry 

(low) water levels.  Dry conditions increased N content up to 168 kg/ha, but 

above this soil moisture did not influence concentration.  In Expt.3, within three 

nitrogen rates, timing of nitrogen did not significantly affect N concentration at 

any water level.  An interaction occurred between applied water and nitrogen 

rates within timings. With all rates applied early and late, low and high water 

levels did not affect N concentrations. However, at moderate water levels, early 

application of the lowest rate (56 kg/ha) resulted in a reduction in concentrations, 

while with a late application of the highest rate (168 kg/ha) N leaf concentrations 

were increased. 
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Introduction 

Water and nitrogen application in Brassica crops are important for 

commercial vegetable growers.  Early research by Salter (1959) established the 

importance of water management in cauliflower, which he showed to be sensitive 

to soil water deficits below 50% or prolonged excesses above 75% available 

moisture. These water stresses reduced yields by affecting curd size and also 

delayed onset of harvest. Nilsson (1980) found that intensive irrigation reduced 

yields, curd quality and delayed harvest. Wurr et al (1988) concluded that 

increased seasonal water promoted higher quality curds, though intensive 

irrigation could enhance head hollowness in the presence of high levels of 

nitrogen and that this was a result of increased growth rate (Scaife and Wurr 

1990). 

Nitrogen uptake in cauliflower may be as high as 180 kg/ha in above ground 

parts (Welch et al 1987), with nitrogen accumulating in a 3:1:1:0.5 ratio between 

leaves, stem, curd and roots respectively (Nieuwhof 1969). Cauliflower yield 

response to increasing nitrogen rates has been described as linear by a number of 

researchers (Sharma and Arora 1984; Sullivan 1981; Rosen 1990). However 

responses above critical levels of nitrogen are limited (Cutcliffe and Munro 1976; 

Sullivan 1981; Dufault and Waters 1985), though rates as high as 300-500 kg/ha 

have been shown to be optimum, (Boma 1973; Weier and Scharpf 1988).  Single 

application timing of nitrogen has been as efficient as split timings in some cases 

(Jenkinson and Williams 1967; Borreli and Tedeschi 1972) but in others a single 

application was inferior to split timings (Pandey et al 1982; Sharma and Arora 

1984; Welch et al 1985a,b, 1987). 

Wurr et al (1988) concluded that nitrogen rates had no effect on curd 

initiation or the time from curd initiation to maturity when nitrogen was applied 

prior to initiation. 
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Nitrogen has long been correlated with stem hollowness in broccoli (Zink 

1968; Cutcliffe 1972,1975; Hipp 1974; Trembly 1989). Internal stem and head 

hollowness increased with nitrogen levels in cauliflower also (Jenkinson and 

Williams 1967; Reynolds et al 1987; Scaife and Wurr 1990), and excessive 

nitrogen caused decline in outer head appearance (Sutherland et al 1989). 

Interactions of nitrogen and water occurred in a number of studies.  Nitrogen 

requirements have increased as irrigation level increased, (Skapski et al 1969; 

Boma 1973; Hartmann et al 1988), and increased nitrogen has been shown to 

increase water consumption and enhance extraction of moisture from greater 

depths (Sharma and Parashar 1979). Intensive irrigation combined with high 

fertility reduced both yield and head quality (Nilsson 1980; Scaife and Wurr 

1990). 

Results have been variable in defining water stress and nitrogen rate and 

timing effects and their interactions on cauliflower growth, yield and quality. 

With increased concern for water use and quality issues and increased production 

costs, appropriate recommendations for nitrogen and water application are 

critical.  Our objectives were to evaluate how cauliflower growth, yield and 

quality were affected by: (1) seven seasonal water levels and (2) various nitrogen 

rates and timings applied across the seven seasonal water gradients.  An 

additional goal was to evaluate leaf nitrogen concentration as affected by these 

factors. 
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Materials and Methods 

Three experiments were conducted during the 1988 (Expt. 1), 1989 (Expt. 

2), and 1990 (Expt. 3) growing seasons at the Oregon State Umversity Vegetable 

Research Farm, Corvallis.  Experiments were conducted on a Chehalis silty clay 

loam in 1988, and Chehalis silt loam in 1989, (Cumulic Ultic Haploxeroll mixed, 

mesic, fine-silty) and on a Newberg sandy loam (Fluventic Haploxeroll mixed, 

mesic, coarse-loamy) in 1990. 

Prior to planting, soil nutrient status was determined in the plot areas at the 

0-30 cm depth, along with soil texture analysis (Table 3.1). Boron in solution 

(Solubor 20%), was applied pre-plant and disc-incorporated in the last two 

seasons (1989,1990). In 1989, 3.3 kg B/ha was applied on 17 July, and an 

additional 2.2 kg B/ha of the same formulation was applied foliarly on 3 August. 

In 1990 one preplant application of 5.5 kg B/ha was made on 6 July.  Fertilizer, 

having a formulation of 12-13-8 NPK, was banded prior to planting each year at 

the approximate rate of 500 kg/ha (56 kg N/ha) as a starter fertilizer for 

transplants.  Cauliflower transplants used each year were grown and donated by 

commercial growers.   'Snowball Y' transplants approximately 35-40 days old 

were set out 11 July 1988 (Expt.l) in rows 106 cm, and in rows 91.5 cm apart 

for experiments 2 and 3, which were planted on 19 July 1989, and 9 July 1990. 

Within-row plant spacing was 45 cm in each experiment. Irrigation in all 

experiments began with uniform water application by overhead sprinklers to 

insure good transplant establishment.  Total irrigation and the time for 

establishment varied between years: Experiment 1, 41.2 mm, 11-21 July, 1988; 

Experiment 2, 85.5 mm, 19 July - 3 August 1989; Experiment 3, 62.5 mm, 9-25 

July 1990.  Pesticides used throughout each season for weed, disease and insect 

control followed recommended application practices for cauliflower in Western 

Oregon. 
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After plant establishment, and before the onset of curd initiation in each 

experiment, a line source irrigation system was installed.  This irrigation system 

consisted of a single lateral sprinkler line designed to apply decreasing amounts 

of water as distance from the lateral increased (Hanks et al, 1976). The system 

was placed parallel to rows, with an equal number of rows on either side of the 

lateral. Seven water levels measured at equally spaced intervals along the water 

gradient were evaluated as non-randomized whole plot treatments in this split plot 

design. Water distribution after irrigation and rainfall for the seven levels was 

measured by replicated catch-cans, using four separate can sets along the 

gradient.  Summaries of seasonal water accumulation along the gradient are given 

for each experiment in Tables 3.2-4. Irrigation occurred on a weekly basis in 

1988 to simulate commercial practice, with water levels averaging 36 mm per 

irrigation at the wettest level (level 1) during the season.  In 1989 and 1990, 

irrigation intervals varied from 10-14 days.  Determinations of irrigation timing 

and amounts were made when at the wettest level (level 1), approximately 30- 

50% of available soil water was depleted at the 30 cm depth. Sufficient water 

was applied to bring this level beyond field capacity.  A neutron meter (Model 

503 DR Hydroprobe moisture depth gauge, Campbell Pacific Nuclear 

Corporation) was calibrated for soil type and used to determine available soil 

moisture content at each water level and at various soil depths.  Data were 

collected for each water level before and after irrigations; readings began with the 

first differential irrigation and concluded at harvest.  Replicated gradient readings 

were taken near catch-can sites, except for 1990 in which only one replication 

was possible due to soil strata variation.  Soil moisture was monitored at 15 cm 

depth increments, to 60 cm in 1988 and 1990, and to 75 cm in 1989.  Available 

moisture for these soils ranged as follows: silty clay loam and silt loams - 41 and 

17%, 43 and 20% and the sandy loam - 31 and 14% by volumetric basis at field 

capacity and wilting point respectively. 
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A reference evapotranspiration coefficient (ETo) was calculated for the 

differential irrigation periods of each experiment using the procedure outlined by 

Doorenbos and Pruitt (1977). This procedure is a modification of the Blaney- 

Criddle method and requires measurements of pan evaporation, relative humidity 

and daily wind speed to compute ETo from a grass surface.  Calculated ETo 

values for the 1988, 1989, and 1990 irrigation differential periods were 363, 264, 

and 283 mm of water, respectively.  As an additional measure of plant moisture 

stress, the percent of ETo reached for each of the seven measured seasonal 

differential water levels was calculated. 

Subplot nitrogen treatments for the split plot were completely randomized in 

four blocks, two on each side of the irrigation line in 1988. In 1989 and 1990, 

two replications were completely randomized on each side of the line. Plots were 

arranged perpendicular to the line source gradient, so that all treatments were 

subjected to the range of seven water levels.  Length of plots were 11, 7.5, and 

6.5 meters for experiments 1, 2, and 3 respectively, with guard rows separating 

each plot.  Subplot treatments varied for each experiment. 

Three post curd initiation nitrogen application timings, 5, 6, and 7 weeks 

after transplanting, were tested in 1988. Nitrogen in solution (32% N, 

ammonium + urea) at 168 kg/ha was banded next to rows on 17, 24, and 31 of 

August, for the 5, 6, and 7 week treatments. 

In 1989, five total rates of applied nitrogen, 56, 112, 168, 224 and 280 

kg/ha were compared.  Nitrogen rates higher than the 56 kg/ha basal banding 

were applied as ammonium nitrate (34% N). Fertilizer was banded next to rows 

in 56 kg N/ha increments at two week intervals until treatment totals were 

reached, starting with the basal rate at planting on 19 July, with additional 

increments as needed on 1, 16, 29 August, and the last 56 kg/ha increment of the 

280 kg rate on 14 September.  Nitrogen applications were not timed to coincide 

with a particular stage of curd initiation. 
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In 1990 nine nitrogen rate and timing combinations were evaluated across 

the line source gradient.  The control treatment of 56 kg N/ha applied at planting 

was compared to 56, 112, and 168 kg/ha additional nitrogen (ammonium nitrate, 

34 % N) which was applied at 4 or 8 weeks after transplanting (6 August, 3 

September). Both the 112 and 168 kg/ha rates were also split equally between 

the 4 and 8 week timings. All treatments were applied post-curd initiation as 

determined by plant sampling in the wettest rows. 

Leaf samples were collected during each experiment to evaluate plant 

nitrogen status as affected by water and nitrogen treatments. Nitrogen treatments 

were sampled at one or three of the seven water levels, Wet (1), Moderate (4), 

and Dry (7).  Sampling entailed collecting 8-10 of the youngest fully expanded 

leaves within treatment replications. Timing of sampling was correlated with 

nitrogen treatments, and depending on the experiment was conducted either mid 

or late season or at both timings. In Expt.l, sampling was conducted 17 August 

and 13 September (prior to N treatment, 3 weeks post N treatment) at water 

levels 1,4,7, with the later sampling taken from the 6 week N timing treatment 

(other N timings not evaluated). In Expt.2 sampling occurred mid-harvest (25 

October) for each N treatment, and in Expt.3 approximately 4 weeks (3 

September) after initial N timing treatments and 4 weeks later (29 September) 

after application of late and remaining split N timing treatments.  In Expts. 2 and 

3, N treatments were sampled at each water level (1,4,7). Each sample was 

dried, ground and analyzed for total nitrogen by Kjeldahl digestion procedure 

using a copper selenium catalyst. 

The progression of early curd initiation, apical dome and stem diameter 

changes was monitored in all three experiments by dissection of border plants 

chosen at random. For each experiment, pre and post-differential wet vs. dry 

water treatments were sampled, except for 1988 in which a "moderate" level and 

in 1990 an early fertility differential was included. 
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Yields were determined by multiple harvests of heads from 9.0, 6.0, and 5.5 

meter row sections (1988, 1989 and 1990 seasons, respectively), from each 

treatment replication at each of the seven water levels across the line source 

gradient.  The multiple harvests occurred from 8 October to 5 November, 1988, 

5 October to 9 November 1989, and 12 September to 16 November in 1990. 

Harvest began after maturity of the first curds and continued at 7-10 day intervals 

until completion. Maturity was arbitrarily determined when approximately 50- 

75% of the curd was exposed to sunlight, this being considered optimum harvest 

criteria for best quality.  At each harvest total weight of all heads (leaves 

removed) was determined for each treatment.  All heads within treatments were 

individually weighed and graded according to size and examined for inner and 

outer quality. The grading procedure for the first two seasons (1988, 1989) 

entailed first categorizing heads (curds) by weight and outer appearance. 

Smooth, white heads with a minimum weight of .68 kg were considered 

acceptable (marketable yield). Discolored, poorly textured or otherwise 

misshapen curds were classified as unacceptable small, or large heads.  Each 

head was then split longitudinally to determine the degree of head core 

hollowness and were given a rating: Good (no hollowness), Fair (slight to 

moderate hollowness) and Poor (severely hollow). The same grading procedure 

was followed in 1990, except for inner quality ratings, in which Good, Fair, and 

Poor categories were further differentiated as being discolored or not discolored 

in an effort to separate treatment effects on hollowness and internal color. The 

occurrence of internal hollowness and head solidity as a function of time and the 

progression of harvest was also noted for each experiment. 

Earliness, determined by the percent of heads taken in the first harvest in 

1988 and 1989, and for harvests one plus two in 1990, was evaluated for each 

water level and nitrogen treatment. 

Statistical treatment of data included analysis of variance for the split-plot 

design (Cochran and Cox 1957), with evaluation of water level whole-plot effects 
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and nitrogen treatment sub-plot effects on combined harvest yield, quality and 

earliness parameters and for nitrogen concentration data.  Further information 

regarding statistical analysis and interpretation of the non-random nature of the 

water whole plot treatments in the line-source design is available (Hanks et al 

1980). Fischers Protected Least Significant Difference (FPLSD) was used to 

separate means.  All percent data were transformed using arcsin transformation 

procedures, with significance and mean separation tests conducted on these data. 

The seven water levels in each experiment and the five nitrogen rates in 

experiment 2 were additionally utilized as regression points for observation 

parameters for main effects determined by ANOVA to be significant (p= 0.5). 

Head quality was also evaluated as a function of harvest date. 
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Results and Discussion 

Yield 

Water and nitrogen treatment main effects on total and marketable yield are 

presented in Tables 3.2-3.5.  Seasonal irrigation totals and replacement 

percentages of crop evapotranspiration (ETo) for each water level are also given 

in these tables. 

Total yields increased with increasing water levels in all three experiments. 

Highest total yields were produced when 108, 88 and 115% of the calculated 

evapotranspiration coefficient (ETo) was achieved in respective experiments 1, 2 

and 3.  However there was little significant difference between yields at water 

levels above 235-250 mm (estab. irrigation not included), or at levels which were 

higher than 85% of the seasonal reference evapotranspiration coefficient (ETo). 

Below these levels total yields were reduced, primarily by a reduction in head 

size.  Dependent on gradient locations, with each irrigation, soil deficit refill was 

either partial or in excess of crop use and evaporation. This contributed to either 

a growing seasonal deficit at drier locations or negligible plant stress at wetter 

sites.  This resulted in varying degrees of progressive season long water stress. 

Dry conditions affecting head size was reported in early research, (Robbins et al 

1931; Salter 1959).  An evapotranspiration replacement level of 100% was 

reported by Singh and Bhandan (1984) to maximize cauliflower yields, but above 

or below this yields were reduced. Mangal et al (1982) reported no difference in 

total yields in a range of ET replacement from 50-125%, but individual curd 

weight was reduced at lower levels. 

Acceptable or marketable yields followed the same trend as total yields, 

though a slightly higher level of water replacement was required to maintain 

acceptable curd production.  Both total and marketable yield for all years as a 

function of differentially applied water are shown in Figure 3.1 A,B.  In all 

years, yields were marginal below 100 mm. In two out of three years this 
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function was quadratic, which indicates that excessive water levels could reduce 

yields.  A seasonal variability in yield totals is evident, which may be due to soil 

type differences of experimental sites, or differences between seasonal growing 

conditions.  However the yield pattern is similar each year and R2 values are high 

(> .95). Nilsson (1980) showed that cauliflower yield response varied with 

irrigation on particular soil types, but that even this response was affected by the 

environment. 

Corresponding soil moisture data obtained from the neutron probe show the 

seasonal pattern of moisture for each line-source differential (Figures 3.2-3.4 

A,B,C). Actual percent moisture/vol. and applied water at three irrigation levels 

(Wet 1, Moderate 4, Dry 7), with standard errors, is given in Appendix B, 

Tables B.1-7. The pattern of seasonal soil moisture content is similar for each of 

the three water levels in the three experiments.  There was a continuous declining 

soil water content at the 30 cm depth at irrigation level 4 (B) in 1989 and 1990 

and consistent declines in water content at all depths for level 7 (C) in all three 

years.  For each season, the averages of differential lows and highs (prior to and 

after irrigations) for the three irrigation levels at the 30 cm rooting depth are 

presented in Table 3.6. This table shows that for level 1, where optimum total 

and marketable yields occurred, available soil moisture remained above 50% 

before irrigation.  At levels 4 and 7, which represent moderate and dry regimes, 

soil moisture was consistently below 50% throughout the 30 cm rooting zone and 

yields were seriously reduced when irrigation amounts were below level 4. 

Rahman (1965), reported that in a range between 80-30% of available soil 

moisture, yield was reduced linearly and that below 50% marketable yields were 

reduced.  Grealish (1991) working with a similar line-source experiment also 

found cauliflower yields to be reduced when available soil moisture was below 

50%.  Salter (1959) reported yields to be reduced when soil moisture fell below 

75% of field capacity, and in a later study (Salter 1961) below 50%, yet he also 

reported that soils kept at field capacity reduced yields.  Reduction of yield by 
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wet conditions has been reported by others, primarily through curd size or quality 

effects (Nilsson 1980; Wurr et al 1988; Singh and Bhandari 1984). Conditions in 

our experiments did not reach soil moisture excesses high enough to significantly 

reduce yields (115% of ETo max.), though a reduction trend in total yield existed 

in Expt.2 at the two highest water levels. 

The present study indicates that regular water inputs are required to reduce 

the soil moisture deficit decline between irrigations, or yields are reduced. 

Critical soil moisture for maximum yield may vary with the season, and there is 

little response to irrigation above this critical level.  Yield is reduced with low 

seasonal water levels and could be reduced at higher levels of applied water. 

Nitrogen timing (weeks after transplanting) in Expt.l (Table 3.2) had no 

effect on total or marketable yield. Nitrogen rates up to 168 kg/ha in Expt.2 

(Table 3.3) increased total and marketable yield, though above this rate, yields 

were not significantly different. Jenkinson and Williams (1967), Borreli and 

Tedeschi (1972) and Wurr et al (1988) also noted peak yield responses at rates 

near 168 kg/ha. However, others have shown maximum fertility response to 

occur at 300 kg N/ha or higher, (Nilsson 1980; Csizinszky and Schuster 1988; 

Boma 1973; Weier and Scharpf 1988). In some field studies, no yield response 

difference in rates over 112 kg N/ha was obtained (Cutcliffe and Munro 1976; 

Sullivan 1981; Dufault and Waters 1985b).  Yield is also shown as a function of 

nitrogen applied in Figure 3.5, here the leveling out of yields between 150 and 

200 kg N/ha is evident (R2 values > .95). Linear yield response to added 

nitrogen has been reported previously (Sullivan 1981; Sharma and Arora 1984; 

Csizinszky 1987; Rosen 1990). 

In Expt.3 (Table 3.5) total yield was greatest when the highest nitrogen rate 

(168 kg/ha) was split between four and eight week timings. In comparing 

individual rates within timings, there was no difference in total yield between the 

56, 112, and 168 kg N/ha rates when applied early (4 wks). When applied late, 

112 kg/ha yielded significantly higher than the 56 kg/ha rate, but was not 
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different than the 168 kg rate. When no nitrogen (56 kg/ha basal only) was 

added yield was significantly lower than other treatments.  Timings (early, late, 

split) compared under uniform nitrogen rates revealed no significant difference in 

total yields at 112 kg/ha, however at the 168 kg/ha rate, the split timing was 

superior.  Split application of total rates (planting & 4 wks.) was found to be 

most efficient by Welch et al (1985a,b), and resulted in increased N uptake when 

compared to single basal dressing.  Nitrification inhibitors used in their 

experiments were more effective at lower rates, but at higher rates a split timing 

of N rates was better.  Others have also reported split applications to be superior, 

(Pandey et al 1982; Sharma and Arora 1984). Jenkinson and Williams (1967) 

and Borrelli and Tedeschi (1972) found little difference between single and split 

N applications in affecting total yield, though early timings reduced marketable 

yields in the former study by affecting head quality.  Our experimental results 

suggest that a maximum range of 0-8 weeks post-transplanting may exist for 

supplemental nitrogen application.  A particular N timing during this period is not 

as critical for response as supplying a sufficient rate split evenly over this time 

frame to meet crop growth requirements for N, which appears to vary little prior 

to early heading. Using petiole nitrate analysis, Gardner and Roth (1990) showed 

that optimal yields were obtained as long as applied N levels were kept 

consistently high enough to maintain critical tissue N levels during the entire 

period of crop development after planting. Dry matter peaks have been identified 

as occurring in the last 30 days of crop growth (Welch et al 1987), which 

indicates the importance of late season fertility. Vegetative production has long 

been associated with yield (Aamilid, 1952; Salter 1959,1960a). 

Water applied is an important factor to consider in evaluating N rates and 

timing, yet these factors did not interact in the Expts. 1 and 2 to affect total and 

acceptable yields.  However, in Expt.3, nitrogen rates did interact with applied 

water (levels 1-7) to influence marketable yields (Figure 3.6 A-F). 
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Timings within each rate are compared in Figure 3.6 A-C.  At 56 kg/ha (A) 

there was no significant difference in marketable yield between nitrogen applied 

early or late, except at the third water level in which yields were higher with an 

early application. There was a trend for an early application at this rate to yield 

higher than a later one in six out of seven water levels.  At 112 kg/ha (B) a late 

application increased yield only at the fourth water level, the split application 

produced significantly higher yields at the highest water level.  There was no 

difference between timings at lower water levels 5-7.  At 168 kg/ha (C), the split 

application significantly increased yields at the fifth water level, but at no other 

water level was there a difference in yields between timings of this rate.  Split 

timings of the two highest N rates (112, 168), were only significantly different at 

the third highest water level, with 168 kg/ha superior (D).  At the lowest and 

second highest water levels (7,2) the yields from the control (0 kg/ha) were 

lower, but not different than the higher split rates. 

There was no difference in marketable yields between rates of N with early 

application (Figure 3.6 E). With the same rates applied late, at eight weeks (F), 

there was no difference between them at the two lowest and the highest water 

levels (6,7,1 respectively), though at the intermediary levels, in a dry regime (5), 

112 kg/ha was superior, while at the other three levels (2,3,4) there was no 

difference between the two higher N rates.  Both higher rates produced higher 

yields than the lower rate (56 kg/ha) at the late timing, significant in four out of 

seven water levels. 

In all N * H20 comparisons of marketable yield in Expt. 3 (Figure 3.6 A-F) 

there was a consistent trend for yield to increase with water applied regardless of 

N treatment.  This could be an indication of the ability of cauliflower to utilize 

residual soil nitrogen, as has been shown by Welch et al (1985a,b), perhaps 

irrigation enhances this occurrence.  Others have shown, however, that increased 

water alone had no effect on yields (Hartman et al 1988; Sharma and Parashar 

1979). Timings compared within rates showed surprisingly little difference in 
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yield at each water gradient point, though with less nitrogen, there was a trend 

for timings to vary more in yield response, particularly at moderate water levels. 

Thus if rates were high enough (168 kg/ha), timing was not as important as when 

rates were lower, in which more variation existed between individual timings at 

different water levels. 

Rates within timing comparisons showed that rate of nitrogen was not a 

factor to consider if it was applied early. This suggests the importance of 

meeting early vegetative crop growth needs, which could determine future yields, 

while using relatively low N rates.  Jenkinson and Williams (1969) reported that 

early and mid-season timings caused increased growth rate.  Our studies show 

that when nitrogen is applied late, a differential response occurred, though 112 

kg/ha was just as effective as 168 kg/ha, across both moderate and wet 

conditions; and both rates were better than 56 kg/ha. Even when split between 

early and late timings there was little difference between the two highest rates, 

though a trend existed for 168 kg/ha to enhance yields at higher water levels. 

Mangal et al (1982) reported high water and nitrogen levels to enhance yields, 

while Nilsson (1980) reported this combination to reduce yields, though this 

response was seasonal.  Scaife and Wurr (1990) found that water significantly 

interacted with high levels of applied nitrogen to affect growth rate.  In our 

study, at the highest level of water, yields from nitrogen rates applied late were 

not different, which suggest the more important effect of water, than of nitrogen 

on yield. Under these conditions yield at 56 kg N/ha was as high as at 168 kg 

N/ha. 

There was little response to nitrogen rates or timings in any experiment 

when water levels were low.  Nitrogen utilization by cauliflower has been shown 

to increase with increased water (Skapski et al 1969; Boma 1973) and vice-versa 

(Sharma and Parashar 1979).  Boma (1973) also noted that irrigation without 

fertilizers produced higher yields than fertilized plots relying only on rainfall, this 

finding being consistent with those presented here.   Others (Sharma and Parashar 
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1979; Hartman et al 1988) reported that without added fertilizer irrigation did not 

affect yield.  Some have reported that irrigation can reverse the deleterious 

effects of excess nitrogen (Salter 1961; Hoyle 1973), however rates used in our 

experiments were not high enough for this to be apparent. 

Quality 

external: 

In Expt.l (Table 3.2) outer appearance and head size were not significantly 

affected by water stress except at the two lowest water levels (6,7,) which were 

24 and 8% of ETo, respectively. In Expt.2 (Table 3.3) the break in significance 

occurred below the fourth water level, where water application reached 59% and 

less of ETo.  At these levels (5-7) heads were significantly poorer in appearance 

and smaller in size. In Expt.3 (Table 3.4) which was conducted on a sandy 

loam, the significance break in external head quality occurred below the third 

water level, or at 74% of ETo. Nilsson (1980) reported that lighter textured soils 

could reduce cauliflower curd quality; in our study higher levels of water were 

required to overcome the tendency of head quality reduction on a sandy loam 

soil.  Reduction of head size by dry conditions has been shown by a number of 

researchers (Robbins et al 1931; Salter 1959; Singh and Bhandari 1984; Sharma 

and Arora 1987). The highest level of irrigation (115% of Eto) did not reduce 

head size. This agrees with work by Wurr et al (1988) and Mangal et al (1982), 

but not Salter (1959) and Nilsson (1980) who reported head size reduction and 

yield loss with intensive irrigation. 

Averages of soil moisture differentials as determined by neutron probe for 

water levels 1,4,7 at the 30 cm depth, throughout each season, are presented in 

Table 3.6.  At level 1 where optimum outer quality and head size occurred, 

average minimum available soil moisture remained about 50% before irrigation 

for all three experiments, while at level 4 it was above 40%.  Maintaining high 
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soil moisture for optimum outer quality has been shown by others (Rahman 1965; 

Jorgensen and Henriksen 1984; Wurr et al 1988; Grealish 1991).  Seasonal soil 

moisture patterns are presented in Figures 3.2-3.4 A,B,C. For each experiment, 

the percent acceptable heads as determined by size and outer appearance is shown 

as a function of water applied in Figures 3.1 D and 3.7 B.  The percent of 

outwardly acceptable heads and head size usually increased as water applied 

increased, to 200-250 mm of water, then increases were not significant with 

higher applied water.  Values of R2 for the regression are high for each year and 

parameter (> .95). Seasonal differences are apparent, but patterns are similar. 

Nitrogen timing (4,8 wks.) in Expt.l (Table 3.2) did not have any significant 

effect on external head quality. In Expt.2 (Table 3.3), there was no significant 

difference between nitrogen rates above 56 kg/ha in the percent of acceptable 

heads, and no difference between the 56 and 112 kg/ha rates.  Salter (1961) noted 

no difference between rates from 112-280 kg/ha in affecting marketable qualities 

nor did Nilsson (1980) in comparing 150 and 300 kg/ha. Welch et al (1987), 

reported rates above 210 kg/ha were necessary to maintain curd quality.  Head 

size was not significantly affected by the five nitrogen rates, except for a non- 

significant trend which existed at the lowest rate (56 kg/ha) for a reduction. 

Sullivan (1981) and Dufault and Waters (1985) noted little increase in head size 

at rates above 112 kg/ha.  Others have reported rates as high as 250 kg N/ha 

were required to maintain head size (Boma 1973; Csizinsky 1987). In Figure 3.5 

B,C outer quality and head size as a function of nitrogen rate are shown.  Outer 

appearance improves gradually with increased nitrogen application, but levels out 

quickly between 100-150 kg/ha (R2=.90). Maximum head size in the regression 

function occurred between 150-180 kg N/ha (R2=.96). Increased nitrogen rates 

have decreased head density and weight, causing "looseness" and "riceyness" and 

increased leaf bract formation, but were not associated with yellowing and outer 

discoloration (Sutherland et al 1989). These abnormalities decreased with higher 
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nitrogen in our studies, and occurred more frequently in low water and nitrogen 

treatments.  Higher fertility in general resulted in improved appearance. 

Split applications of 112 and 168 kg/ha rates in Expt.3 (Table 3.5) were not 

significantly different in their effects on external quality parameters.  In 

comparison of timings within rates, only at 168 kg N/ha were differences 

significant between timings, in which a late application caused a higher 

percentage of smaller heads to occur. Late N application may have promoted 

vegetative growth later in the season as curds developed, thereby reducing head 

size, or the application may have been too late to promote adequate curd growth. 

Though in the latter case, later application of lower rates did not result in smaller 

heads. 

When comparing nitrogen rates within timings, there was no difference 

between individual rates when applied early on head quality, which suggest the 

importance of an early timing, regardless of rate to meet early crop requirements. 

With a late timing, higher nitrogen rates (112,168 kg/ha) produced a higher 

percentage of acceptable heads, while head size was reduced at the lowest N rate 

(56 kg/ha). Thus at a later timing, requirements could still be met, but higher 

rates were necessary for outer quality to improve. There was no difference 

between the two highest rates in affecting head size at this timing, though a trend 

for reduction existed for the 168 kg N rate. 

No interaction occurred between nitrogen rate or timing and water in 

affecting the external quality parameters of acceptable and small head 

percentages, even though an interaction existed for marketable yield in Expt. 3. 

internal: 

Internal quality in Expts. 1 and 2 was determined by the percent of heads 

with no hollowness (% solid heads) and the percent of heads with severe 

hollowness (% poor heads), but internal discoloration was not evaluated. 

However, in Expt.3, internal discoloration as expressed by the percent of white 
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heads occurring in a treatment, was differentiated from head solidity and severe 

hollowness.  In the latter category for all three experiments, it should be noted 

that heads which are slightly or moderately hollow are not included, thus the 

percent solid and poor heads are not necessarily mirrored parameters. 

In Expt.l (Table 3.2), internal solidity increased and severe hollowness 

decreased significantly at the two lowest water levels as compared to the higher 

levels.  A similar pattern was observed in Expt.2 (Table 3.3) in which the percent 

solidity increased to over 90% at the three lowest water levels (below 70% of 

ETo).  The percent of severely hollow heads fell sharply at the fourth water level 

(below 88% of ETo) to 6% from 16-19% occurrence at the higher water levels. 

In the sandy loam site in Expt.3 (Table 3.4), head solidity increased significantly 

and gradually from high to low water levels, 35% to 85% respectively.  This 

reflects the differences in crop response on a lighter textured soil as shown by 

Nilsson (1980). The percent of heads severely hollow (% poor) dropped 

significantly at ETo replacement levels below 90%, with significant differences 

occurring between low, high and moderate seasonal water rates.  At the highest 

water levels, severe hollowness was more prevalent. The percent of heads 

discolored internally, whether hollow or solid, was significantly higher at the two 

highest water levels (115, 105% of ETo). Thus water significantly increased 

hollowness and discoloration at high ETo replacement levels, though it is possible 

that the increase in discoloration is related to the concurrent increase in the 

percent of severely hollow heads, which were consistently discolored.  Applied 

water as a factor in head solidity has not been investigated widely.  Scaife and 

Wurr (1990) showed that increased water application enhanced the effect of 

nitrogen in increasing hollowness.  Grealish (1991) also found applied water to be 

a significant factor in promoting hollowness. This occurred under conditions of 

consistent nitrogen rates, and was not significantly changed by boron application. 
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A comparison of internal quality as a function of applied water between 

years is presented in Figure 3.8 A,B,C. In all three years, head solidity (A) was 

reduced as water applied increased above 150 mm. The regression fit varies 

between seasons (R2=.91,.83,.98 for respective Expts. 1,2,3.), yet the pattern is 

similar.  The percent of heads severely hollow (B) increased as water applied 

increased in Expts. 1,2, and 3, but leveled off above 200-250 mm in Expts 1 

(1988) and 2 (1989). The percentage increase in severe hollowness was not as 

great as the decreases in head solidity (30-40%) with increased water, but the 

regression fit resulted in similar R2 values. Thus, water levels up to 150 mm 

may not decrease head solidity, or greatly promote the development of severely 

hollow heads, but this water level is not high enough to maximize yields (Figure 

3.1 A,B) which require > 200-250 mm or more of water.  The percentage of 

heads internally discolored (C) in Expt.3 increased in a linear fashion (R2=.84) 

with increased water, though the percentage increase from low to high water 

levels was not great (15-35%). 

In Figure 3.7 A,B, inner solidity and outer quality are compared as a 

function of water applied for the three experiments and show that an inverse 

relationship exists between the two parameters as they are affected by water. 

Inner solidity declines while outer appearance and quality improves with 

increasing water levels.  A leveling off of outer quality occurs between 200-250 

mm of applied water, while internal solidity generally begins to fall as 100-200 

mm water are applied. This suggest a balance in seasonal water application (after 

establishment irrigation) that could optimize both internal and external aspects of 

head quality. However, depending on the season and soil type, this water 

replacement level (about 175-225 mm) may vary and ranges from 55-80% of the 

evapotranspiration deficit (ETo) and may allow the critical soil deficit 

replacement level to fall below 50% before irrigation, which can reduce yield. 

Timing of nitrogen application in Expt.l (Table 3.2) had no significant effect 

on head solidity or severe hollowness of heads.  In Expt.2 (Table 3.3) there was 
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no significant difference between the four highest N rates in occurrence of head 

solidity, and no difference between all five rates in affecting the percent of severe 

hollowness occurrence (poor heads), though a gradual trend existed for increasing 

rates to enhance this disorder.  Nitrogen has been implicated as the primary 

contributor to cauliflower head hollowness by a number of researchers (Jenkinson 

and Williams 1967; Reynolds et al 1987; Scaife and Wurr 1990). Corresponding 

work in broccoli supports these findings (Gallagher 1966; Zink 1968; Cutcliffe 

1972,1975; Hipp 1974; Tremblay 1989).  Yet our work (Expt. 2) does not 

indicate a strong relationship between increasing N rates and head solidity except 

between the lowest and highest rates.  Similar results were obtained in 

experiments by Shattuck and Shelp (1987) and Dufault and Waters (1985) with 

broccoli which did not indicate that nitrogen rate affected hollowness.  A number 

of studies with crucifers have shown environment (temperatures) (Tremblay 1989; 

Hoyle et al 1973; Hipp 1974) and cultivar (Cutcliffe 1975; Shattuck et al 1986; 

Jenkinson and Williams 1967) play important roles in stem hollowness, along 

with plant density (Toosey and Smith 1964; Zink 1968; Cutcliffe 1972,1975; 

Cranberry et al 1985; Griffith and Carling 1991). 

The percent of heads with acceptable outer appearance and the percent 

internal solidity as a function of applied nitrogen in Expt.2 are shown in Figure 

3.5 B.  Both inner and outer quality tend to level off above 150-200 kg N/ha. 

The R2 values of the quadratic regression fit for inner and outer quality are .74 

and .90, respectively. This is in agreement with Scaife and Wurr (1990) who 

reported that the size of head cavities leveled out at 150 kg N/ha. Below these 

rates, inner quality was higher, and outer quality was lower. 

In Expt.3 (Table 3.5) there was no significant difference between split 

applications of the two higher N rates (112,168 kg/ha) in either head solidity or 

severe hollowness.  Internal discoloration increased significantly at 168 kg/ha, 

which is probably related to the non-significant trend of increased severe 
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hollowness.  Lack of applied nitrogen (control) significantly increased solidity 

and decreased severe hollowness. 

In a comparison of timings within N rates (Table 3.5), at 56 kg/ha, solidity 

was increased and severe hollowness was significantly decreased when nitrogen 

was applied late (8 wks. post-transplanting).  At 112 kg/ha, the early timing (4 

wks. post-transplanting) increased percent head solidity over the late timing by a 

small margin (65 vs. 57%), but not over the split timing. Late and split timing 

effects on percent solidity were not different at 112 kg/ha, nor was there a 

difference between all three timings in affecting severe head hollowness or 

discoloration at this rate.  At 168 kg/ha, the late timing increased head solidity 

when compared to the split application, but not the early application. The 

percent of severely hollow heads was significantly increased by the split timing 

over both the early and late timings at this rate. 

In comparing rates within timings, with an early application, N rates did not 

significantly differ in affecting any of the internal quality parameters. Within the 

late timing, there was a significant difference between each N rate increase which 

decreased head solidity. The two highest N rates (112, 168 kg/ha) increased 

severe hollowness as compared to the lowest rate of N (56 kg/ha). There was no 

significant N rate effect on internal discoloration at this timing. 

In this experiment it is evident that a lack of applied nitrogen increased 

internal head quality, split or late timings, especially at high N rates, reduced 

quality, while earlier timings lead to higher internal solidity at these rates.  This 

is in disagreement with Jenkinson and Williams (1967) who reported early and 

mid-season N timings contributed more to head hollowness. 

An interesting trend developed for internal quality to be related to the time 

of maturity. In Figure 3.9 A,B, the internal quality parameters of head solidity 

and severe hollowness disorder are presented as a function of the dates of 

multiple harvest for each experimental year. In 1988 and 1990 the regression 

functions follow a quadratic trend, and the pattern is more linear in 1989.  R2 



83 

values for the respective 1988, 1989, and 1990 seasons are .97, .84 and .59 for 

% solid heads, and .72, .81, and .63 for % poor heads (severely hollow). 

A general trend exists in all years for head solidity to increase and severe 

hollowness to decrease in heads harvested late in the season.  Similar results were 

reported by Grealish (1991). Jenkinson and Williams (1967) also noted the 

decrease of head hollowness with time, as did Hipp (1974), who noted this effect 

of maturity time on internal stem hollowness in broccoli.  In both instances 

growth rate was implicated as the cause of hollowness. This challenges early 

work in which boron deficiency was implicated as a major factor in hollowness of 

cauliflower (Hartman 1937; Purvis and Hanna 1940), though the role of boron in 

reducing outer discoloration of the head is not disputed (Chandler 1941; Dearborn 

1942).  From more recent studies there is little evidence of applied boron 

alleviating hollowness in cauliflower (Jenkinson and Williams 1967; Reynolds et 

al 1987; Scaife and Wurr 1990; Grealish 1991), nor has it been effective in 

reducing stem hollowness in broccoli (Gupta and Cutcliffe 1973; Hipp 1974; 

Vigier and Cutcliffe 1984). 

The hypothesis of growth rate as a leading cause of internal disorders 

reflects the results in these experiments that nitrogen and water, primary growth 

determinants, strongly influence hollowness.  Both Jenkinson an Williams (1967) 

and Hipp (1974) correlated stem growth and head expansion timing, noting 

hollowness did not occur if head development was delayed after full stem 

expansion.  Scaife and Wurr (1990) concluded that increased plant size and 

growth rate as influenced by nitrogen and water, affected the final stage of curd 

formation, a more variable period than the faster, early curd growth period, 

inducing hollowness.  This agrees with results in this study which show late and 

split timings of higher rates of N to enhance internal problems.  This contrasts 

with findings by Jenkinson and Williams (1967) who contend that rate of growth 

during the early vegetative stages is a more important factor.  Griffith and 

Carling (1991) noted no relationship between growth rate and hollowstem in 
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broccoli, but instead between ultimate inflorescence size and hollowness, 

suggesting a physical stress phenomena. In our studies, rarely did small heads 

exhibit hollowness, but often heads of similar sizes were quite variable in degrees 

of hollowness; and head size as a factor in hollowness does not explain the time 

effect on hollowness in which very large heads taken late were usually solid and 

rarely hollow. Whether plants matured later due to delayed growth early in the 

life of the plant, or by delayed growth later, or because of genetic differences is 

unclear.  However in each scenario, cooler conditions prevailed during late 

season curd maturation (see temperature data, Appendix B, Table B.8) which 

likely slowed curd growth rate.  A reduction in the rate of curd growth would 

agree with Scaife and Wurrs' (1990) hypothesis that later growth patterns are 

more influential in affecting hollowness; and these results indicate that slower, 

more stable growth of curds maturing later in the season reduces hollowness. 

Earliness 

Water applied had a significant effect on cauliflower crop maturity in all 

three experiments.  Intermediate water levels (4,5) on the line-source gradient 

consistently matured earlier, with a higher percent of heads taken in the first 

harvest than either high or low seasonal water applications (Tables 3.2-3.4). In 

Figure 3.1 C, the percent of heads taken in the first harvest is shown as a 

function of water applied for the three experiments.  Though the seasons were 

variable in the percent of heads taken at the various water levels, the quadratic 

regression pattern was similar (R2= .71, .85, .87 for 1988, 1989, 1990 seasons 

respectively).  With moderate seasonal water levels of approximately 150-200 

mm, earliness was enhanced. 

Curd initiation trends occurring under early line-source gradient wet, 

moderate and dry levels (1,4,7) for Expt.l, and wet and dry levels for Expts.2 

and 3 are presented in Tables 3.7, 3.8, and 3.9. Vernalization related maximum 

/ minimum temperature data for each season is also presented for information in 
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Appendix B, Table B.8. The data in Tables 3.7-3.9 show evidence that wetter 

conditions early enhanced curd initiation and dry conditions delayed initiation. 

Early water levels also had a direct influence on plant size, with low water stress 

conditions allowing greater growth as shown by stem and apex diameter data.  It 

is evident that early dry conditions in each experiment and low fertility (1989 

only) reduced both plant stem and apical dome size, which probably delayed 

initiation by prolonging the juvenility period (Atherton et al 1987; Skapski and 

Oyer 1964). However, our results show a delay in harvest was evident under wet 

seasonal conditions.  Nilsson (1980) also noted a delay in harvest under wet 

seasonal conditions, though work by Wurr et al (1988) found no difference in 

maturity between intensive irrigation and rainfall only conditions, treatments 

which may have been similar to our wet and moderate treatments.  Salter 

(1959,1960b) also reported a harvest delay by wet treatments, but not by dry 

conditions. In our experiments, the maturity onset is delayed but similar for both 

wet and dry conditions when compared to intermediate water levels which 

matured sooner, even though curd initiation timing was enhanced under wet 

conditions and delayed progressively as water stress increased.  These results 

suggest that the period from curd initiation to maturity was affected significantly 

by water stress, with non-stress conditions prolonging it, and stressful, dry 

conditions decreasing the time from initiation to maturity. Ultimate leaf number 

and plant size have also been shown to be important determinants of maturity 

(Aamilid 1952; Parkinson 1952; Salter 1960a), with earliness related to low leaf 

number and smaller plants. The moderate water level delayed curd initiation in 

comparison to wet conditions, but it occurred sooner than under dry conditions. 

Leaf initiation and number under moderate conditions may also have been less 

than wet and more than dry conditions based on plant size data for Expt.l, (1988) 

(Table 3.7).  Yet this may further suggest how the time from curd initiation to 

maturity is affected by seasonal water stress through the effects on post-initiation 

plant size, which is in turn also related to leaf number attained before curd 
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initiation. Dry seasonal conditions reduced eventual plant size (visual 

observations) and decreased the period between initiation and maturity, but 

because of later initiation, harvest time was similar to wet treatment plants in 

which increased plant size and leaf number delayed harvest. Moderate early 

water stress caused curd initiation time and plant size to be intermediate as 

compared to wet and dry treatments.  However moderate seasonal water stress 

(level 4) did not shorten the period from curd initiation to maturity as much as 

dry treatments in part due to increased time devoted to plant size attainment. 

Thus the combination of initiation timing and relative plant growth post-initiation 

resulted in earlier maturation of moderate rather than wet or dry water levels. 

Late application (7 wks. post-transplanting) of nitrogen in Expt.l (Table 3.2) 

enhanced maturity, though at a low significance level (p=.90). Earliness was not 

affected by increasing nitrogen levels in Expt.2 (Table 3.3), nor was earliness 

significantly affected by N rate or timing in Expt.3 (Table 3.5). In this 

experiment, a trend did exist for high nitrogen levels applied late, and the lack of 

applied nitrogen (control), to enhance earliness.  In all experiments nitrogen was 

applied post-curd initiation, and "starter" fertilizer was adequate to prevent early 

N deficiency effects on development, which have been reported to be significant, 

and related to leaf development and dry matter effects during phase changes 

(Parkinson 1952; Skapski and Oyer 1964; Salter and Fradgley 1969; Atherton et 

al 1987). The tendency for late N applications to enhance early maturity in our 

studies may be related to earlier development of curds due to low nitrogen levels 

during the majority of the growth period prior to additional N fertilization. 

Indeed, there was a strong trend for control treatments to mature earlier.  This 

would suggest that any level of nitrogen applied early in the post-curd initiation 

phase would delay maturity to some extent by increasing the time from curd 

initiation to maturity, with differences in rates not apparent.  Advancement of 

maturity by nitrogen application has been reported by a number of others 

(Rahman 1965; Cutcliffe and Munro 1976), but has also been reported to not 
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have an effect (Cutcliffe and Munro 1977; Nilsson 1980; Sullivan 1981). 

Discrepancies in the literature may be related to timing factors, rate comparisons 

and use of controls in studies. Nitrogen, in our studies, is not as influential as 

water stress in affecting changes in the period from curd initiation to maturity. 

Leaf Nitrogen Concentration 

The accumulation of nitrogen in the leaf tissue was significantly affected by 

applied water and nitrogen rate and timing. Data for N tissue concentration 

sampling in each season are presented in Tables 3.10-3.13. 

In Expt.l (Table 3.10), leaf nitrogen concentration was significantly 

depressed by the driest soil condition (level 7) when compared to the two other 

measured levels 1 and 4 (Wet, Moderate) when sampled prior to (8/17) and three 

weeks (8/13) after N treatments (6 week N timing). Lack of soil moisture 

decreases N response and yield in cauliflower (Skapski et al 1969; Boma 1973; 

Hartman 1988). It follows that N tissue levels would be higher in moist 

conditions. Nitrogen timings (5,6,7 wks.) were assumed to have little effect on 

leaf N concentration and were not evaluated with water levels at the late sampling 

date. 

In Expts. 2 and 3 (Tables 3.11, 3.13) late season sampling revealed an 

interaction of water and nitrogen treatments which significantly affected leaf N 

concentrations. Percentile values are presented in these tables, while Figures 

3.10 A,B and 3.11 A-F graphically show these interactions.  Mid-season 

sampling conducted in Expt. 3 (Table 3.12) revealed the effects of early post- 

initiation N and water level effects, though no interaction existed. Water applied 

had no effect on tissue N concentration at this timing, averaging 4.8%.  Applied 

nitrogen rates from 56-168 kg/ha did not differ, though all caused significantly 

higher leaf N concentration than the control. 

In Expt.2, 1989, (Figure 3.10 A) leaf nitrogen concentrations as affected by 

N rates are compared at three seasonal water levels (Wet, Moderate, Dry).  In 
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general, wet conditions caused leaf N levels to fall regardless of N rates.  Sharma 

and Parashar (1980,1981) reported a similar decrease in N tissue levels with 

lowered water tensions, even though uptake increased with added water and 

nitrogen.  There was little significant difference in Expt.2 between N rates from 

56-168 kg/ha, or between 168-280 kg/ha in leaf N concentration.  At the 

seasonally wet level there was a general trend for leaf nitrogen to decline as N 

rates declined. Differences in leaf N concentration were less apparent at the 

moderate water level, though there was still a significant increase when 

comparing the highest with the lowest nitrogen rates.  At the driest level there 

was no significant difference between nitrogen rates, which suggest a lack of N 

rate response.  Under adequate moisture, others have correlated leaf nitrogen 

increases with applied N increases (Nilsson 1980; Vigier and Cutcliffe 1984; 

Csizinszky and Schuster 1988). Wall et al (1989), however, reported no 

difference in leaf N, even as rates increased to 240 kg/ha. 

In Figure 3.10 B, the three seasonal water levels are compared at each 

respective nitrogen rate for leaf N concentrations.  From 56-168 kg N/ha, dry 

conditions caused leaf N levels to be significantly higher when compared to 

moderate or wet conditions. This result seems opposite to results in Expt. 1, in 

which dry conditions had less uptake, but actual leaf levels are similar (+ - 

4.5%) between the two experiments. This may be related to increased N 

leaching of the lower N rates in Expt. 2 at the higher water levels or by increased 

plant growth and size effects (dilution of absorbed N). This is supported by data 

which show the 224 and 280 kg N/ha rates to increase leaf nitrogen when 

compared to the lower rates at the wet and moderate levels, even though they 

were still not significantly different than the dry stress level. 

In Expt.3, nitrogen timings within rates are compared in Figure 3.11 A-C. 

At each rate tested, N timing did not affect leaf nitrogen concentration at the 

three measured water levels (Wet, Moderate, Dry). 
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In comparison of nitrogen rates within timings (Figure 3.11 D-F), the 112 

and 168 kg/ha rates caused leaf N to be significantly higher than the control (0 

kg/ha) when applied as a split application (D), but only at the wet and moderate 

water levels.  There was no difference in leaf N concentration under the dry 

regime.  In comparison of N rates applied early (E) (4 wks. post-transplanting), 

there was no effect on leaf N levels at the wet or dry water regimes. However at 

the moderate level, the 56 kg/ha rate applied early resulted in significantly lower 

leaf nitrogen concentrations than the 112, but not 168 kg/ha rates.  Within late 

application timings (F), rates did not affect leaf N concentration under the wet or 

dry regimes, but did under the moderate regime. The 168 kg/ha rate under a 

moderate water regime, caused tissue N levels to be higher when compared to the 

other two lower rates. 

From these figures it is apparent that moderate water levels created a more 

significant differential response in leaf N concentration at both early and late 

timings than did wet or dry water levels.  Split applications were similar, but this 

timing also influenced tissue N levels at the wet level, with higher rates 

overcoming high water effects. Reasons for moderate water level response are 

unclear, but may be related to leaching of nitrogen or plant dilution effects at 

higher water levels, and the lack of nitrogen uptake in a dry soil.  Split 

applications of the two higher rates may have created more available nitrogen in 

soil solution than either early or late applications at the wetter level.  Welch et al 

(1985b) reported that early, single N applications caused declining leaf N levels 

one-third into curd production, causing a yield decrease, but a split application 

alleviated this problem.  Gardner and Roth (1990) using petiole nitrate analysis, 

established high critical N levels for all cauliflower growth stages.  To maintain 

these levels would require constant N availability. 
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From these data it is evident that plant N uptake is closely associated with 

nitrogen rate and timing as influenced by applied water. Excessive or deficient 

water levels negatively affect N availability and uptake, though appropriately 

timed and split N applications can compensate for over-watering and leaching, 

and may enhance crop response. 



91 

Table 3.1. Pre-season soil status. Line Source 1988, 1989, 1990 experiments. 

Soil Status2 LS 1988 LS 1989 LS 1990 

pH 6.2 NAy 7.1 

NH4+ mg/kg NA NA 2.3 

Phosphorus 
mg/kg 

54 34.5 32.5 

Potassium 
mg/kg 

191 156 229 

Calcium 
meq/lOOgr. 

18 17.7 7.6 

Boron mg/kg .33 .29 .19 

O.M. % 3.37 2.86 .84 

Texture class Silty Clay Loam Silt Loam Sandy Loam 

z Soil sub-samples taken randomly across plot area for combined 0-30 cm 
sample. Soil analysis procedures outlined by Homeck et al (1989). 
y Some soil parameters not available (NA). 
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Table 3.2. Water and nitrogen treatment main effects on cauliflower yield, head 
quality and earliness. Line Source Experiment 1988. 

Water 
%of 
ETo» 

Yield Mt/ha External Quality* Internal Quality" Earl ines^ 
Applied 
(mm)' Total Mrkt. % Accept. % Small % Solid % Poor % Taken 

393 108 40.0 8" 36.6 ab 90.1 a1 3.0 b 23.0 a 51.3 a 34.4 a 

353 97 39.9 a 38.1a 93.9 a 1.7 b 25.8 a 48.7 a 38.1a 

320 88 38.8 a 36.1 ab 92.1a 1.6 b 30.6 a 43.2 a 41.2 a 

290 78 37.2 a 33.7 b 91.4 a 0.5 b 26.1a 48.4 a 58.3 be 

198 55 28.3 b 26.2 c 89.7 a 6.5 b 23.3 a 45.4 a 69.8 c 

87 24 16.2 c 10.0 d 46.0 b 50.6 a 51.9b 17.1b 46.2 ab 

29 8 11.6 c 3.8 e 23.9 c 71.1a 61.8 b 8.3 b 49.1 ab 

LSD 3.5 4.2 

Nitrogen Tuning 
(Weeks)* 

5 29.8 25.9 74.7 21.2 37.4 34.4 46.0 a 

6 31.1 27.2 76.9 17.4 34.9 38.0 45.1a 

7 30.0 26.0 74.3 19.0 31.7 40.1 53.4 b 

NS NS NS NS NS NS (p=0.10) 

' Includes differential irrigation plus rainfall for period 7/22-10/8. Establishment irrigation (7/11-7/21) of 41 mm, 
not included. 
' Percent of the reference evapotranspiration coefficient (ETo) in mm of water, for differential period. ETo = 363 
mm. 
* External quality determined by acceptable outer appearance (% Accept.) and size (% Small, heads < .68 kg). 
Undersized heads not included in % Accept, category. 
w Internal quality determined by percent of heads with no hollowness (% Solid), and degree of hollowness, heads 
severely hollow and discolored (% poor). 
* Heads taken in harvest one as a percent of total heads. 
' Mean separation within columns by FPLSD at p = 0.05, unless otherwise indicated. NS = non significant. 
1 Significance and mean separation for all percent data based on arcsin transformation, original data presented. 
LSD presented for non-transformed data only. 
' Timing in weeks after transplanting, 8/17, 8/24, 8/31. 168 kg N/ha rate (soluble, 32% N). 
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Table 3.3. Water and nitrogen treatment main effects on cauliflower yield, head 
quality and earliness. Line Source Experiment 1989. 

Water 
%of 
ETo' 

Yield Mt/ha External Quality* Internal Quality" Earliness" 
Applied 
(mm)* Total Mrkt. % Accept. % Small % Solid % Poor % Taken 

305 115 29.4 a' 24.4 a 79.6 rf 10.3 d 73.8 cd 16.5 a 36.0 b 

273 103 31.8 a 26.3 a 80.0 a 8.8 d 69.5 d 17.7 a 40.3 ab 

235 89 32.8 ab 25.2 ab 75.9 a 9.4 d 68.0 d 18.8 a 43.6 ab 

187 71 27.9 b 21.0 b 72.1a 13.0 d 78.2 c 5.7 b 43.8 ab 

153 59 22.9 c 12.5 c 44.6 b 35.4 c 91.9 b 3.0 b 47.6 a 

109 41 14.4 d 5.6 d 19.8 c 68.3 b 95.7 b 1.9 c 37.2 b 

55 21 5.0 e .5e 2.8 d 92.7 a 99.9 a .1c 32.6 b 

LSD 3.6 3.4 <p = 0.10) 

Nitrogen 
(kg/ha) 

Applied' 

56 18.9 c 11.0 c 42.9 b 43.0 89.3 a 4.9 44.4 

112 21.1 be 15.1b 52.3 ab 37.5 85.0 ab 6.3 31.8 

168 25.2 ab 18.9 a 58.5 a 29.7 77.1b 11.8 39.9 

224 26.3 a 18.4 a 55.3 a 29.3 82.4 ab 10.1 42.7 

280 25.6 a 19.1a 58.7 a 30.6 78.5 b 12.3 42.1 

LSD 4.5 2.9 NS NS NS 

* Differential irrigation + rainfall for period 8/4-10/5. Establishment irrigation (7/19-8/3) of 86 mm not included. 
, Percent of the reference evapotranspirationcoefTicient (ETo) in mm of water for differential period. ETo = 264 
mm. 
" External quality evaluated by acceptable outward appearance (% Accept.) and size (% Small, heads < .68 kg). 
w Internal quality evaluated by the percent of heads with no hollowness (% Solid), and by degree, heads severely 
hollow and discolored (% Poor). 
" Heads taken in harvest one as a percent of total heads. 
' Mean separation within columns by FPLSD at p = 0.05, unless otherwise indicated. 
1 Significance and mean separation for all percent data based on arcsin transformation, original data presented. LSD 
presented for non-transformed data only. 
' Nitrogen applied in 56 kg N/ha increments beginning at planting (7/19) and continuing at 2 week intervals (8/1, 
8/16, 8/29 9/14, until rate totals were met for each treatment. Nitrogen source: ammonium nitrate. 
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Table 3.4. Water main effects on cauliflower yield, head quality and earliness. 
Line Source Experiment 1990. 

Water 
%of    ' 
ETV 

Yield Mt/ha External Quality1 Internal Quality" Earliness" 
Applied 
(mm)1 Total MAt. % Accept. % Small % Solid * Poor % White % Taken 

326 115 28.8 a* 20.7 a 71.0 a1 ll.Oe 34.9 e 39.3 a 65.9 d 19.5 c 

296 104 27.1 ab 20.2 ab 69.5 a 15.0 e 43.9 e 34.0 a 65.4 d 22.6 c 

253 89 26.4 b 18.0 b 63.4 ab 18.5 e 55.5 d 24.5 b 75.1c 28.6 be 

210 74 23.7 c 15.3 c 57.1b 25.5 d 63.3 c 15.5 c 80.1 be 31.3 b 

186 66 21.4 d 11.0 d 42.0 c 33.9 c 74.4 b 8.2 d 83.0 b 38.0 a 

131 46 18.4 e 6.5 e 25.8 d 48.8 b 82.6 a 5.5 d 80.2 be 31.4 ab 

82 29 13.3 f 2.0 f 8.8 e 70.1a 84.8 a 5.0 d 86.5 a 24.3 be 

LSD 2.4 2.1 

* Includes differential irrigation plus rainfall for period 7/25-9/29. Establishment irrigation (7/9-7/25) of 63 mm not included. 
' Percent of the reference evapotranspiration coefficient (ETo) in mm of water for differential period. ETo = 284 mm. 
* External quality evaluated by acceptable outer appearance (% Accept.), and size (% Small, heads < .68 kg). Undersized 
heads were not included in % Accept, category. 
" Inner quality evaluated by the percent of heads with no hollowness (% Solid), the percent of heads not discolored (% 
White), and by degree, the percent of heads both severely hollow and discolored (% Poor). 
" Heads taken during harvests 1 and 2 as a percent of total heads. 
* Mean separation within columns by FPLSD at p = 0.05. NS = non-significant. 
1 Significance and mean separation by LSD for all percent data based on arcsin transformation, original data presented. LSD 
presented for non-transformed data only. 
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Table 3.5. Nitrogen rate, timing main effects on cauliflower yield, head quality 
and earliness. Line Source 1990. 

Nitrogen* Yield Mt/ha External Quality' Internal Quality* Earliness* 

Rate Timing Total Mrkt. % Accept. % Small % Solid % Poor % White % Taken 

0 control 15.7 cv 6.2 b 25.8 b* 56.0 a 80.6 a 6.0 b 82.6 a 33.2 

112 split 22.6 b 15.0 a 55.3 a 26.0 b 57.2 b 22.6 a 77.6 a 25.7 

168 split 26.5 a 16.1a 52.4 a 21.4 b 49.8 b 28.6 a 68.3 b 25.4 

NS 

27.5 56 eariy 22.2 13.9 a 51.3 26.8 62.5 b 20.9 a 75.9 

56 late 19.4 

NS 

10.4 b 41.2 

NS 

38.6 

NS 

75.1a 10.9 b 80.0 

NS 

28.4 

NS 

112 early 22.6 14.4 53.7 26.3 64.8 a 19.7 77.8 28.1 

112 late 23.4 15.6 55.0 25.2 57.0 b 17.6 78.1 23.6 

112 split 22.6 15.0 55.3 26.0 57.2 ab 22.6 77.6 25.7 

NS NS NS NS NS NS NS 

168 eariy 23.4 b 14.3 49.5 28.7 ab 57.5 ab 21.8 b 74.4 28.7 

168 late 21.6 b 14.7 49.6 37.5 a 60.3 a 21.6 b 74.7 31.0 

168 split 26.5 a 16.1 

NS 

52.4 

NS 

21.4 b 49.8 b 28.6 a 68.3 

NS 

25.5 

NS 

56 early 22.2 13.9 51.3 26.8 62.5 20.9 75.9 27.5 

112 eariy 22.6 14.4 53.7 26.3 64.8 19.7 77.8 28.1 

168 early 23.4 

NS 

14.3 

NS 

49.5 

NS 

28.7 

NS 

57.5 

NS 

21.8 

NS 

74.4 

NS 

28.7 

NS 

56 late 19.4 b 10.4 b 41.2 b 38.6 a 75.1a 10.9 b 80.0 28.4 

112 late 23.4 a 15.6 a 55.0 a 25.2 b 57.0 c 17.6 a 78.1 23.6 

168 late 21.6 ab 

3.0 

14.7 a 

3.2 

49.6 ab 37.5 ab 60.3 b 21.6 a 74.7 

NS 

31.0 

LSD NS 

* Treatments are grouped for comparisons of N rates and timing. Rates are in kg N/ha, timings are: Eariy = 4 weeks after 
transplanting, (post curd initiation). Late = 8 weeks, Split = 4 and 8 week division of total rate. Nitrogen source: 
ammonium nitrate. Rates do not include establishment fertilization of 56 kg N/ha. 
' External quality evaluated by acceptable outward appearance (% Accept.), and size (% Small, heads < .68 kg). Undersized 
heads (small) were not included in % Accept, category. 
* Internal quality evaluated by the percent of heads with no hollowness (% Solid), and the percent of heads not discolored 
(% White), and by degree, the percent of heads both severely hollow and discolored (% Poor). 
w Heads taken in harvests 1 and 2 as a percent of total heads. 
v Mean separation within columns by FPLSD at p = 0.05. NS = Non-significant. 
* Significance and mean separation by LSD for all percent data based on arcsin transformation, original data presented. LSD 
presented for non-transformed data only. 
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Table 3.6. Average seasonal low and high soil moisture as percent by volume 
and as percent of available soil water. Water levels 1,4,7; Line Source Expts. 
1988, 1989, 1990.  

Ave. Soil Ave. Soil 
Moisture Lowy     H20 Avail.1     Moisture High"      H20 Avail. 

Level1 % / VoL    S-E-    % WP to FC    % / VoL    S-E-     % WP to FC 

1988 

1 29.3 2.10 49.6 

4 28.7 1.72 43.5 

7 24.2 1.56 20.9 

1989 

32.8 4.09 1 58.4 

4 30.5 3.95 48.1 

7 29.2 4.63 41.7 

1990 

1 23.4       3.94 52.0 

4 22.1       2.06 44.6 

7 19.4       2.57 27.0 

36.1 1.07 80.5 

35.2 1.67 76.0 

24.0 1.43 20.0 

37.8 1.29 81.2 

33.6 2.97 61.9 

29.1 4.49 41.4 

29.9 2.67 93.1 

23.0 1.79 50.0 

19.4 2.31 27.5 

z Line-source gradient positions: 1 = Wet, 4 = Moderate, 7 = Dry, for each 
season. 
y Average of combined neutron probe pre-irrigation readings of soil moisture as 
percent by volume and subsequent standard errors for the respective seasonal 
differential periods. 1988 = 7/22-10/8; 1989 = 8/4-10/5; 1990 = 7/25-9/29. 
x The percent of available soil moisture (between wilting point WP and field 
capacity FC). WP and FC range for 1988 = 20-40%; 1989 = 20-42%; 1990 = 
15-31%. 
w Average of combined neutron probe post-irrigation readings of soil moisture 
as percent by volume and subsequent standard errors for the respective seasonal 
differential periods. 1988 = 7/22-10/8; 1989 = 8/4-10/5; 1990 = 7/25-9/29. 
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Table 3.7. Change in cauliflower stem and apex size, and apex condition 
during early seasonal growth at three water levels. Line Source 1988. 

Sample 
Date/ 
Treatment1 

Water 
Applied 
(mm)5' 

Stem Diam. 
(mm) S.E.X 

Apex Diam. 
(mm) S.E. 

Apex 
Condition 

% Initiated 

1112" 3.8 .14 .26 .01 0 

8/19 

Wet 105 27.2 .93 1.19 .13 100 

Moderate 74 25.8 1.04 .94 .11 83 

Dry 0 21.1 .77 .61 .05 58 

8/26 

Wet 139 33.9 .08 4.10 .45 100 

Moderate 100 30.9 1.14 3.48 .32 100 

Dry 1 23.2 .82 1.73 .14 100 

9/1 

Wet 175 35.8 1.88 11.40 .98 100 

Moderate 131 30.6 .98 8.80 1.20 100 

Dry 1 25.3 .76 4.83 .56 100 

1 Location across line source gradient at water levels 1 = Wet, 4 = Moderate, 
7 = Dry. 
y Differentially applied irrigation + rainfall up to point of sampling. Establishment 
period (7/11-7/21) irrigation + rainfall (41 mm) not included. First differential 
irrigation on 7/28. 
x Means and standard errors based on variable sample numbers. 
w 7/12 = transplant sample. 
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Table 3.8. Change in cauliflower stem and apex size, and apex condition 
during early seasonal growth. Line Source 1989. 

Sample 
Date/ 
Treatment1 

Water 
Applied 
(mm)5' 

Stem Diam. 
(mm) S.E.X 

Apex Diam. 
(mm) S.E. 

Apex 
Condition 

% Initiated 

7/19 (estab.) 3.5 .23 .23 .01 0 

8/1 (estab.) 4.9 .31 .38 .03 7 

8/10 54 8.1 .46 .47 .03 25 

8/18 

Wet 56 95 13.7 .48 .62 .05 44 

Dry 56 12 12.2 .55 .78 .10 55 

Wet 112 95 15.8 .71 1.19 .23 77 

Dry 112 12 14.3 .35 .89 .10 44 

1 Early sample dates assume no irrigation or fertility differential. Last sample date 
includes data for wet and dry regimes across the line source gradient, and first 
incremental fertilization effects (56, 112 kg N/ha). 
y Differentially applied irrigation + rainfall up to point of sampling. Establishment 
irrigation and rainfall (7/19-8/3), = 86 mm water. Date of first differential irrigation: 
8/8. 
x Means and standard errors based on variable sample numbers. 
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Table 3.9. Change in cauliflower stem and apex size, and apex condition 
during early seasonal growth. Line Source 1990. 

Sample 
Date/ 
Treatment1 

Water 
Applied 
(mm)5' 

Stem Diam. 
(mm) S.E.X 

Apex Diam. 
(mm) S.E. 

Apex 
Condition 

% Initiated 

7/12 Estab. 4.8 .17 .26 .015 0 

7/16 — 5.7 .17 .32 .02 0 

7/24 — 6.8 .29 .40 .01 0 

7/30 — 12.3 .45 .51 .02 25 

8/8 — 19.0 .83 .51 .02 28 

8/16 

Wet 51 28.6 .69 .62 .08 50 

Dry 2 22.6 .95 .52 .03 50 

8/24 

Wet 74 30.4 1.19 2.15 .45 100 

Dry 25 27.3 .84 1.01 .20 63 

1 Early sample dates (7/12-8/8) assume no irrigation differential. Last two sample dates 
includes wet and dry regimes across the line source gradient. 
y Differentially applied irrigation + rainfall up to point of sampling. Establishment 
period 7/9-7/25 irrigation + rainfall = 63 mm. Date of first differential irrigation 8/9. 
x Means and standard errors based on variable sample numbers. 
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Table 3.10. Cauliflower leaf nitrogen concentration at three 
differential water levels for two sample dates. Line Source 
1988. 

Sample Date*: 8/17 Sample Djite : 9/13 

Line 
Positiony 

Water 
Applied 
(mm)x 

% T«rf 
Nitrogen" 

Water 
Applied 

(mm) 
%Leaf 

Nitrogen 

1 105 5.3 av 252 4.8 a 

4 76 5.2 a 191 4.8 a 

7 1 4.4 b 

.60 

3 4.0 b 

LSD .67 

z 8/17 sample taken prior to application of first N treatment 
(5 wks. post-transplanting). 9/13 sample taken from "6 week" 
N timing treatment. 
y Sample location in relation to line source gradient: 1 = wet, 
4 = moderate, 7 = dry. 
x Differential irrigation + rainfall prior to sampling, does not 
include establishment irrigation + rainfall (7/11-7/21) of 
41 mm. 
w Total leaf nitrogen as percent/dry wt., by Kjeldahl analysis. 
v Mean separation within columns by FPLSD at p = 0.10 
(8/17) or p = 0.05 (9/13). 8/17 sample mean = 2 reps, 
9/13 = 4 reps. 
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Table 3.11. Cauliflower leaf nitrogen concentration as affected by applied 
water and nitrogen, late harvest. Line Source 1989. 

% Leaf Nitrogen1 

Sample/ Water 
applied1 

(mm) 

Nitrogen applied" (kg/ha) 

Line 
Positiony 56 112 168 224 280 

1 395 2.26 bv 2.84 b 3.45 b 3.19 a 3.94 a 

4 251 2.75 b 3.13 b 3.71b 3.64 a 4.07 a 

7 85 4.12 a 4.38 a 4.39 a 3.56 a 4.07 a 

z Total leaf nitrogen as percent/dry wt., determined by Kjeldahl analysis. 
y Sample location in relation to line source gradient, 1 = Wet, 4= 
Moderate, 7 = Dry. 
x Differential irrigation + rainfall prior to sampling (8/4-10/25). Does not 
include establishment irrigation + rainfall (7/19-8/3) of 86 mm. 
w Nitrogen applied during period of irrigation differential. Does not 
include establishment application, 56 kg N/ha. Source: ammonium nitrate. 
v Mean separation within columns by FPLSD, at p= .05. LSD: difference 
between water means at the same nitrogen level = .68 (presented), 
difference between nitrogen treatments at the same water level = .95 
(not presented). Sample means from 3 replications. 
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Table 3.12. Mid-season (9/3) cauliflower leaf nitrogen analysis following early 
nitrogen treatments at five rates and three water levels. Line Source 1990. 

Trtmt(s) 
Nitrogen1 

kgN/ha 
% I«if 

Nitrogeny 
Line 

Position1 
Water Applied 

(mm)w 
% T«rf 

Nitrogen 

1 0 4.1 ay 1 150 4.9 

2,4 56(E),(S) 5.0 b 4 100 4.8 

6 112(E) 5.0 b 7 47 4.7 

7 84(S) 4.9 b NS 

9 168(E) 

LSD 

4.9 b 

.52 

z (E) or (S) indicates early or split timing of full nitrogen rate for treatments. 
Applied after curd initiation (8/6), approximately 4 weeks after date of 
transplanting (7/9). Sample date (9/3), 4 weeks later, taken at level 1, (Wet). 
Nitrogen source: ammonium nitrate. 
y Total leaf nitrogen as percent/dry wt., determined by Kjeldahl analysis. 
x Sample location in relation to line source gradient, 1 = Wet, 4 = Moderate, 
7 = Dry. 
w Differential irrigation and rainfall prior to sample date (7/26-9/3). Does not 
include establishment irrigation and rainfall (7/9-7/25) of 63 mm. 
y Mean separation within columns by FPLSD at p = 0.10, NS = non-significant. 
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Table 3.13. Cauliflower leaf nitrogen concentration as affected by applied water 
and nitrogen treatments. Late season. Line Source 1990. 

Line'' 
Position 

Water 
applied 
(mm)1 

% Leaf Nitrogen' 

Nitrogen Treatment"' (kg/ha) 

56E 56L 112S  112L  112E  168S 168L       168E 

1 

4 

7 

326 2.94av     3.63a     3.65a     4.18a     4.10a     3.84a     4.15ab     4.18ab      4.15a 

210 2.83a     3.71a     3.52a     4.12a     4.07a     4.36a      4.29a       4.40a      4.11a 

82 3.91b      3.84a     3.43a     3.90a     3.57a     3.99a      3.66b       3.74b      3.74a 

1 Total leaf nitrogen as percent/dry wt., determined by Kjeldahl analysis. 
y Sample location in relation to line source gradient, 1 = Wet, 4 = Moderate, 7 = Dry. 
* Differential irrigation + rainfall (7/26-9/29), prior to sample date (9/29). Does not include establishment 
irrigation + rainfall (7/9- 7/25) of 63 mm. 
w Nitrogen application post curd initiation, during period of differential irrigation, at 4 weeks (E), 8 weeks 
(L) or split timing (S) after transplanting. Does not include establishment application, 56 kg/ha. Source: 
ammonium nitrate. 
v Mean separation within columns by FPLSD at p = 0.05. LSD: difference between water means at the same 
nitrogen treatment = .56 (presented), or difference between nitrogen treatments at the same water level = 
.63 (not presented). 
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Figure 3.1. Cauliflower total and marketable yield, earliness, (% heads taken 
harvest one), and head size, (percent of small heads), as a function of 
differentially applied water. "Line Source" experiments, 1988, 1989, 1990.  (A) 
Total Yield: 1988: y = 6.539 + 0.1407x - 0.00013x2, R2 = 0.99;  1989: y = - 
12.163 + 0.330x - 0.00062x2, R2 = 0.98;   1990: y = 9.582 + 0.061x, R2 = 
0.96. (B) Marketable Yield: 1988: y = -2.751 + 0.188x - 0.0002lx2, R2 = 
0.99; 1989: y = -13.43 + 0.241x - 0.00036x2, R2 = 0.95; 1990: y = -3.67 + 
.8051x, R2 = 0.96. (C) Earliness: 1988: y = 37.66 + 0.267x - 0.00072x2, R2 = 
0.71; 1989: y = 19.216 + 0.271x - 0.00071x2, R2 = 0.85; 1990: y = 5.634 + 
0.303x - O.OOOSlx2, R2 = 0.87. (D) % SmaU Heads: 1988: y = 88.78 - .5697x 
+ 0.00090x2, R2 = 0.98; 1989: y = 148.072 - 1.0403x + 0.00192x2, R2 = 
0.97; 1990: y = 111.90 - 0.5859x + 0.00085x2, R2 = 0.99. 
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Figure 3.2. Neutron probe determination of seasonal soil moisture changes (% 
moisture by volume) at four depths for three chosen water stress regimes and 
seasonal irrigation events, "Line Source 1988". Total differential irrigation + 
rainfall (mm): (A) Level 1 = 393, (B) Level 4 = 290, (C) Level 7 = 29. Probe 
readings taken prior to and following imgations, and represent a mean of four 
readings. 



107 

o 
> 

CO 

o 

o 
GO 

44 
40 
36 
32 
28 
24 
20 

44 
40 
36 
32 
28 
24 
20 

44 
40 
36 
32 
28 
24 
20 

A- 

u ll I I 
B 

J_l. I    I       I 
C- 

80 
60 
40 
20 

80 
60 
40 
20 

80 
60 
40 
20 

rt> 
—\ 

3 

210 220 230 240 250 260 270 280 290 300 

Day  of  Year 

Rgure 3.3. Neutron probe determination of seasonal soil moisture changes (% 
moisture by volume) at five depths for three chosen water stress regimes and 
seasonal irrigation events, "Line Source 1989". Total differential irrigation + 
rainfall (mm): (A) Level 1 = 305, (B) Level 4 = 187, (C) Level 7 = 55. Probe 
readings taken prior to and following irrigations, and represent a mean of four 
readings. 
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Figure 3.4. Neutron probe determination of seasonal soil moisture changes (% 
moisture by volume) at four depths for three chosen water stress regimes and 
seasonal irrigation events, "Line Source 1990". Total differential irrigation + 
rainfall (mm): (A) Level 1 = 326, (B) Level 4 = 210, (C) Level 7 = 82. Probe 
readings taken prior to and following irrigations, with one replication. 
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figure 3.5. Cauliflower yield, head quality and head size as a function of 
nitrogen appUed. "Line Source 1989". (A) Yield; total: y = 13.47 + 0.1002x - 
0.00019x2, R2 = 0.95, marketable: y = 5.124 + 0.1193x - 0.00025x2, R2 = 
0.96. (B) Head Quality; inner, % solid heads: y = 96.72 - 0.15036x + 
0.00031x2, R2 = 0.74, outer, % acceptable heads: y = 32.46 + 0.225x - 
0.00048x2, R2 = 0.90. (C) Head Size; % small heads: y = 54.50 - 0.219x + 
0.00047x2, R2 = 0.96. 
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Figure 3.6. Marketable yield of cauliflower as affected by the interaction between 
applied water and nitrogen rate and timing, "Line Source 1990". Applied water 
and rainfall to harvest period for three chosen water levels: Wet = 326 mm, 
Moderate = 210 mm, and Dry = 82 mm. Nitrogen rates: 0, 56, 112, and 168 
kg N/ha. Nitrogen timing: "early", applied 4 weeks A.T. (after transplanting), 
"late" applied at 8 weeks A.T., or "split", with total rates divided between both 
timings (112 and 168 rates). Mean comparisons by FPLSD at p = 0.05, for 
differences between nitrogen treatments at same water level = 6.91 mt/ha, 
(shown), and between water levels for the same nitrogen treatment = 6.61 mt/ha, 
(not shown).  (A) 56 kg/ha, early, late; (B) 112 kg/ha, early, late, and split; (C) 
168 kg/ha, early, late, and split. (D) 112 and 168 kg/ha, split, + control (0+0 
kg/ha). (E) 56, 112 and 168 kg/ha, early, (F) 56, 112, and 168 kg/ha, late. 



Figure 3.6. Continued, (D),(E),(F). 

Ill 

30 

25 

20 

15 

10 

5 

0 

30 

O 25 

> 20 

I    15 
10 

5 

0 

30 

25 

20 

15 

10 

5 

0 

>- 

Nitrogen (kg/ha) 
• 0+0 
A 56+56 
v 84+84 

_!_ _1_ 

Nitrogen (kg/ho) 
• 56+0 
A  112+0 
v  168+0 

_l_ _l_ 

Nitrogen (kg/ha) 
• 0+56 
A 0+112 
v 0+168 

NS 

D- 

••NS 

F 
A        A 

? *...    NS 
"•■v / .7~~AX—as 

/fAB ^ 

50   100  150  200  250  300  350 

Water applied + rainfall (mm) 



112 

"5 

O 
c 

C 

CL 
0) 
U 
O 
D 

a 
c 
0) 

X 
LU 

100 

80 

60 

40 

20 

0 

100 

80 

60 

40 

20 

0 

i r ~i r ~\ r 

A 

tf---.. 

50      100     150     200     250     300     350     400 

Water applied   +   rainfall   (mm) 

Figure 3.7. Comparison of cauliflower internal and external quality as a function 
of differentially applied water, "Line Source" experiments, 1988, 1989, 1990. 
(A) Internal Quality, (% solid heads): 1988: y = 70.49 - 0.292x + 0.00040x2, 
R2 = 0.91; 1989: y = 107.55 - 0.134x, R2 = 0.83; 1990: y = 89.78 - 0.00181x 
- O.OOOSlx2, R2 = 0.98. (B) External Quality, (% acceptable heads): 1988: y = 
7.01 + 0.569x - 0.00092x2, R2 = 0.98; 1989: y = -41.78 + 0.796x - 
0.00128x2, R2 = 0.95; 1990: y = - 35.307 + 0.5827x - 0.00077x2, R2 = 0.98. 
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figure 3.8. Internal quality of cauliflower as a function of differentially applied 
water. "Line Source" 1988, 1989, 1990. (A) % "Solid heads"; 1988: y = 70.49 - 
0.292x + 0.00040x2, R2 = 0.91; 1989: y = 107.55 - 0.134x, R2 = 0.83; 1990: 
y = 89.78 - 0.00181x - 0.00051x2, R2 = 0.98. (B) % of heads "Severely Hollow 
+ Discolored"; 1988: y = -1.004 + 0.2878x - 0.00041x2, R2 = 0.95; 1989: y 
= -6.526 + 0.083x, R2 = 0.83; 1990: y = 7.664 - 0.0914x + 0.00059x2, R2 = 
0.98. (C) % of heads "Discolored"; 1990: y = 5.021 + 0.0867x, R2 = 0.84. 
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Figure 3.9. Cauliflower internal quality as a function of multiple harvest dates 
(Day of Year), "Line Source" experiments, 1988, 1989, 1990. (A) Internal 
Solidity, (% soUd heads): 1988: y = 12647.0 - 86.59x + 0.148x2, R2 = 0.97; 
1989: y = -39.51 + 0.415x, R2 = 0.84; 1990: y = 901.28 - 6.561x + 
0.0126x2, R2 = 0.59. (B) Severe Hollowness (% hollow heads): 1988: y = - 
4935.83 + 34.28x - 0.059x2, R2 = 0.72; 1989: y = 83.49 - 0.2553x, R2 = 
0.81; 1990: y = -290.75 + 2.605x - 0.0052x2, R2 =0.63. 
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Figure 3.10. Total leaf nitrogen (%) of cauliflower at harvest, showing the 
interaction between applied water and nitrogen, "Line Source 1989". Applied 
water and ramfall up to point of sampling for three chosen water levels: Wet = 
395 mm, Moderate = 251 mm, Dry = 85 mm. (A) Difference between nitrogen 
treatments at the same seasonal water level, FPLSD at p = 0.05, = .95. (B) 
Difference between three differential water levels at the same nitrogen level, 
FPLSD at p = 0.05, = .68. 
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Rgure 3.11. Total leaf nitrogen (%) of cauliflower prior to harvest, showing the 
interaction between applied water and nitrogen rate and timing, "Line Source 
1990". Applied water and rainfall up to point of sampling for three chosen water 
levels: Wet = 326 mm, Moderate = 210 mm, and Dry = 82 mm. Nitrogen 
rates: 0, 56, 112, and 168 kg/ha. Nitrogen timing: "early", applied 4 weeks A.T. 
(after transplanting), "late" applied at 8 weeks A.T., or "split", with total rates 
divided between both timings (112 and 168 rates). Mean comparisons by FPLSD 
at p = 0.05, for differences between nitrogen treatments at same water level = 
.63 (shown), and between water levels for the same nitrogen treatment = .56 
(not shown).  (A) 56 kg/ha, early; (B) 112 kg/ha, early, late, and split; (C) 168 
kg/ha, early, late, and split. (D) 112 and 168 kg/ha, split, + control (0+0 
kg/ha). (E) 56, 112 and 168 kg/ha, early, (F) 56, 112, and 168 kg/ha, late. 
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Figure 3.11. Continued, (D),(E),(F). 
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CHAPTER4 

THE EFFECT OF IRRIGATION TIMING ON CAULIFLOWER (Bmssica 

olemcea var. botrytis L.) DEVELOPMENT, YIELD AND QUALITY 

Abstract 

Crop water stress timed to occur prior, during or after curd initiation in 

cauliflower (Brassica oleracea var. botrytis L. cv. Snowball Y) was evaluated in 

experiments conducted during the 1988, 1989 and 1990 growing seasons 

(Expts. 1,2,3). Additional treatments, nitrogen source (ammonium and calcium 

nitrate), nitrogen rates (0, 84, 168 kg N/ha) and boron application, were 

evaluated as subplot factors.  Measured crop response parameters included total 

and marketable yield, external and internal curd quality, maturity, leaf nitrogen 

and boron concentrations. 

Water stress occurring after transplanting and prior to curd initiation in 

Expt. 1 had no effect on yield or quality parameters, but delayed harvest onset 

without delaying curd initiation. The severe water stress level resulted in lower 

leaf N concentrations. 

In Expt.2, water stress, beginning during curd initiation and continuing to 

harvest, decreased yields and outer quality, increased internal head solidity, 

delayed curd initiation and advanced harvest maturity significantly. High water 

levels above 92% of ETo produced an opposite response, and also resulted in 

decreased leaf N concentrations at harvest.  Early stress (dry vs. wet) in the 

transplant bed did not significantly affect yield or quality parameters, and did not 

interact with seasonal water levels.  For early stressed (dry) transplants, harvest 

was delayed at all water levels, even though curd initiation was not affected. The 

"dry" transplant treatment interacted with low seasonal water stress levels to 

reduce leaf nitrogen during the season and head size at harvest. 



125 

Water stress timed prior to and during curd initiation in Expt.3 increased 

total yield and delayed curd initiation, but had no significant effects on other 

parameters when compared to no water stress.  However, water treatments 

interacted with nitrogen to reduce marketable yields and head size, and maturity 

was advanced under conditions of low N fertility and no water stress.  Increased 

N rates with no water stress increased marketable yields, outer curd appearance 

but decreased head solidity. Increased N rates and water stress combined to 

delay maturity. Alone, increased nitrogen rates increased total yield and the 

percent of severely hollow heads, but did not affect internal discoloration. 

Ammonium nitrate significantly increased the percent of severely hollow heads, 

but there was no difference between N sources in affecting other measured 

parameters.  Boron application caused no significant difference in yield, quality 

or maturity, but resulted in significantly higher leaf B concentrations, compared 

to no B application. 
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Introduction 

Cauliflower (Brassica oleracea var. botrytis L.) is noted for sensitivity to 

adverse growing conditions.  Crop development can be affected by periods of 

water stress, which may interact with other inputs such as nitrogen to influence 

growth, maturity, yield, and head quality. Irrigation timing and the effect of 

other cultural factors, in relation to specific growth stages, have not been studied 

extensively, yet they are important in understanding crop response. 

Development of cauliflower has been characterized by three distinct phases 

of growth: 1. Juvenility, a period of vegetative growth not sensitive to floral 

initiation stimulus; 2. Transitional phase, in which vegetative growth can 

continue, yet the plant is sensitive to inductive vernalization; 3. Mature phase, in 

which curd initiation, development and flowering and seed production occur 

(Aamilid 1952; Salter 1960a; Sadik 1967). The progression of plant growth, and 

changes in apex development through these periods is shown in Appendix A, 

Figure A. 1 A-F. 

There has been limited work to evaluate cultural effects on these specific 

growth periods, though numerous water and fertility experiments with cauliflower 

have been conducted in which treatment timings can be inferred. 

Water stress over the growing season reduces yields through head size 

reduction (Salter 1959, 1960b).  Salter also found that frequent seasonal irrigation 

reduced head size and delayed harvest. Nilsson (1980) also reported reductions 

in yields, curd quality and delayed harvest by intensive irrigation, though Wurr et 

al (1988) found this not to be the case, and reported no effect on yield or 

maturity.  Water promoted higher curd quality, but at the same time increased the 

incidence of head hollowness with high nitrogen levels (Scaife and Wurr 1990). 

Parkinson (1952) reported that a dry period (16 days) during the seedling 

stage (juvenile) resulted in yields no different than non-stressed plants if normal 

water levels were restored.  However, Salter (1960b) compared "wet" and "dry" 
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transplant growing conditions and found that early water stress (pre-curd 

initiation) reduced dry weights, curd diameter and weight, leaf number and 

delayed curd initiation. These effects could not be reversed by subsequent (post- 

initiation) moist field conditions. Water and nitrogen applied early in a direct 

seeded crop increased uniformity (Salter and Fradgley 1969), though transplanted 

crops did not respond as well. Increased nitrogen rates did not affect curd 

initiation or the time from curd initiation to maturity when applied prior to 

initiation (Wurr et al 1988).  Continual availability of nitrogen by split application 

during the growing season is essential for high yields (Welch et al 1987), though 

response above critical levels has been limited (Cutcliffe and Munro 1976; 

Sullivan 1981; Dufault and Waters 1985). Nitrogen excesses can have 

detrimental effects on quality (Jenkinson and Williams 1967; Sutherland et al 

1989; Scaife and Wurr 1990). Maintenance of adequate plant nitrogen during 

vegetative and curd growth periods is critical (Gardner and Roth 1990). 

Commercial cauliflower production is generally characterized by application 

of high amounts of water and nitrogen, with timings primarily based on 

chronological periods (ie. weeks after transplanting). The effects of these inputs 

as related to crop growth and development stages would more accurately define 

crop maturity, yield and quality responses. 

Objectives of this research were to evaluate how growth, yield and quality of 

cauliflower were affected by: (1) water stress during juvenility, prior to 

transplanting, and (2) the subsequent differential seasonal water levels on these 

transplants, (3) water stress implemented post-transplanting (prior to initiation), 

(4) water stress timings pre- and during curd initiation in a direct seeded crop in 

which transplant establishment was not a factor, (S) continuous post-initiation 

seasonal water stress, (6) nitrogen rate and source, and boron application. 
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Materials and Methods 

Three experiments were conducted during the 1988 (Expt.l), 1989 (Expt. 2) 

and 1990 (Expt. 3) growing seasons at the Oregon State University Vegetable 

Research Farm, Corvallis.  Experiments 1 and 2 were conducted on a Chehalis 

silty clay loam (Cumulic Ultic Haploxeroll mixed, mesic, fine-silty) and 

Experiment 3 on a Newberg sandy loam (Fluventic Haploxeroll mixed, mesic, 

coarse-loamy). 

Irrigation in all three experiments was controlled with a specialized piping 

system allowing controlled water flow and coverage by nozzles located at each 

comer of a square, 37 m2 in area.  This system allowed complete randomization 

of the irrigation "squares", with applied water treatment becoming a whole-plot 

factor in an experimental split-plot design.  Sub-plot factors were randomized 

within the squares utilizing rows as treatment units. 

For each experiment, whole-plot water application timings, rates, and sub- 

plot factors were different, therefore each experiment shall be described and 

considered separately. 

Experiment 1 (1988): 

The effects of post-transplant water stress were evaluated using three post- 

planting stress levels: severe, moderate or no stress.  Water treatment 

differentials were imposed prior to curd initiation. Sub-plot treatments included 

nitrogen sources (ammonium nitrate 34% N, calcium nitrate 15.5% N), with or 

without the addition of boron (+,- B, Solubor 20.5%), which began in the 

seedbed prior to transplanting, and continued after transplanting in the permanent 

field location. 

For seedbed preparation, a starter fertilizer (10-24-10) at 560 kg/ha was 

banded in 4 rows, 45 m long by 91 cm apart. Cauliflower cv. 'Snowball Y', was 

seeded 6 June 1988 for a within row population of 10-15 plants/30 cm, and was 
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irrigated regularly to promote seedling stand establishment.  On 28 June, four 

sub-plot treatments, (1) ammonium nitrate -B, (2) calcium nitrate -B, (3) 

ammonium nitrate +B, (4) calcium nitrate +B, were implemented on the 

transplant bed.  Each treatment was replicated twice and randomized in four row 

plots 5.5 m long. Nitrogen fertilizers were broadcast uniformly in a 30 cm band 

over each row in the plot at a rate of 112 kg/ha. Boron was applied foliarly over 

the rows in +B treatments using a compressed air sprayer at 1.12 kg B/ha on 28 

June and 11 July. Fertilizer treatments were followed with irrigation.  Residual 

soil boron at the 0-30 cm depth for all plots was approximately 0.30 mg/kg prior 

to applying treatments (see note Table 4.1). Hand weeding and chemical control 

of insects according to standard recommendations were implemented in the 

seedbed. 

Prior to transplanting, soil samples were also taken in the permanent site to 

determine soil nutrient status (Table 4.1). Starter fertilizer was banded in rows 14 

July as previously described for the seedbed.  On 15 July plants (transplants) 

from the seedbed were dug and transferred to the permanent field site.  Plants 

from each of the four seedbed treatments were kept separate, with each treatment 

planted in two row subplots 6.2 m long and 1.1 m apart.  All four treatment sub- 

plots were randomized within each of the five replications of whole-plot water 

treatments: severe, moderate and no water stress after transplanting.  A brief 

period of establishment (7 days, 30 mm irrigation) was allowed before water 

stress treatments were imposed.   "Severe", "moderate" and "no" stress treatments 

correspond to 3, 2 or 1 weeks without irrigation, respectively, following 

establishment. On 11 August all water treatments were irrigated to soil field 

capacity and then uniformly irrigated at 7-10 day intervals for the remainder of 

the season. Water applied for treatments and the percent of estimated crop 

evapotranspiration using a reference evapotranspiration coefficient (ETo) was 

calculated for the differential and seasonal period (Table 4.2). This is a 

procedure outlined by Doorenbos and Pruitt (1977), which is a modification of 
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the Blaney-Criddle method and requires measurements of pan evaporation, 

relative humidity and daily wind speed to compute ETo from a grass surface. 

Sub-plot nitrogen source treatments were continued with equal split banded 

applications of an 168 kg N/ha rate of ammonium and calcium nitrate at 1, 6, and 

10 weeks post-transplanting. Total nitrogen applied, including pre-plant banding, 

was 224 kg/ha. Boron was applied foliarly in appropriate plots with the total rate 

(5 kg/ha) also split at 1, 6, and 10 weeks post-transplanting. 

Experiment 2 (1989): 

Four seasonal levels of water stress, severe, moderate, slight or no stress, 

were evaluated as whole-plot factors.  Sub-plot factors of two prior water stress 

treatments in the transplant growing bed (wet vs. dry), and two boron treatments 

(+,- B, Solubor 20.5%), were included. 

On 8 June, a seedbed for transplants was established as described for 

Experiment 1.  From seeding to 23 June irrigation was normal, after which 

irrigation was withheld from one-half of the transplant bed growing area, with 

normal irrigation continuing in the remaining area until plants were dug on 13 

July. Irrigation totals for "wet" and "dry" seedbed treatments and percentages of 

the calculated evapotranspiration coefficient (ETo) for this period are shown in 

Table 4.3.  Sampling for soil ammonium (NH4+) and boron content from 0-30 cm 

was conducted for both water treatments prior to digging and results are shown in 

Table 4.1.  Sampling for general soil nutrient status at the 0-30 cm depth in the 

permanent growing site was conducted prior to planting and results are given in 

Table 4.1. 

On 13 July, "wet" and "dry" plants from the seedbed were dug and 

transferred to the permanent field site in the irrigation squares, which had been 

prepared with rows banded with a starter fertilizer (10-24-10, 560 kg/ha). 

Additional nitrogen as ammonium nitrate (34% N) was banded in all plots 25 July 

(56 kg/ha), 10 August (84 kg/ha), and 5 September (84 kg/ha), for a total 
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nitrogen rate of 280 kg/ha. Plants from each of the two seedbed treatments (wet- 

dry) were kept separate, with each treatment planted in two, two row sub-plots 

6.2 m long and .96 m apart, with an in-row transplant spacing of 45 cm. Boron 

was later applied foliarly over the rows three times at 2.24 kg/ha (6.72 kg/ha 

total) during the growing season with the supplemental nitrogen, over one sub- 

plot of each "wet" and "dry" pre-transplanting treatment. This created four 

subplot seasonal treatments: (1) dry +B, (2) dry -B, (3) wet +B, (4) wet -B. 

The four sub-plot treatments were randomized within each of the four completely 

randomized replications of whole-plot water treatments. The four seasonal water 

stress levels were implemented 25 July, after a brief period of establishment 

irrigation (10 days, 97 mm water) and continued through harvest. Water stress 

treatments were based on the percent of available water (% by volume) depleted 

before plots were irrigated to field capacity.  Soil moisture percent ranges 

reached for each treatment before irrigation were (1) severe stress 20-25, (2) 

moderate 25-30, (3) slight 30-35, and (4) none >35. The above treatments 

resulted in application of one, two, four or seven seasonal irrigations for each 

respective treatment (excluding establishment irrigation).  Available moisture for 

the Chehalis silty clay loam soil ranged between 41 and 17% on a volumetric 

basis at field capacity and wilting point, respectively.  A neutron meter (model 

503 DR Hydroprobe Moisture Depth Gauge, Campbell Pacific Nuclear 

Corporation) was calibrated for the 1989 and 1990 sites (Expts.2,3) and used to 

determine available soil moisture and irrigation timing for each water treatment, 

with readings taken at each replication.  Data were collected beginning at the 

irrigation differential period and concluding at harvest, with readings taken prior 

to and after irrigations.  Soil moisture measurements were at five depths, 15, 30, 

45, 60 and 75 cm. The average of the four 30 cm readings was used to 

determine soil moisture status and irrigation scheduling. The seasonal patterns of 

soil moisture content for the four irrigation treatments are presented in Figure 4.1 

A,B,C,D. The soil moisture means and standard errors for each depth and date 
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are presented in Appendix C, Tables C. 1-4. Water applied was measured by 

replicated catch-cans in the center of each irrigation square. Differential and 

seasonal irrigation totals for treatments and the % of ETo attained for each are 

shown in Table 4.3. Average quantities of water applied for each irrigation are 

presented in Appendix C, Tables C.l-4. 

Experiment 3 (1990): 

Water stress timing treatments in relation to particular growth stages were 

evaluated as whole-plot factors, with water stress periods occurring before or 

during curd initiation, compared to "no" water stress.  Three nitrogen rates, 0, 84 

and 168 kg/ha, were applied after curd initiation as the sub-plot factors. 

The permanent field plot area was prepared as outlined in experiment 2, 

using completely randomized and replicated (3x) irrigation squares for whole-plot 

water treatments, with rows as sub-plot units.  Soil sampling for nutrient status 

and textural analysis was conducted prior to planting, and results are given in 

Table 4.1.  'Snowball Y' cauliflower was seeded on 25 June in .96 m rows, and 

later plants were thinned to a 45 cm within-row spacing.  Uniform establishment 

irrigation (39 mm) was used before implementation of stress timings on 4 July. 

Three water stress whole-plot treatments were implemented and adjusted as 

growth determinations were made by plant sampling: (1) stress prior to curd 

initiation (4 July-12 August), (2) stress during curd initiation (21 July-29 August), 

and (3) no stress ( 4 July-29 August). Irrigation in treatment 2 (during CI) was 

withheld approximately 2 weeks prior to commencement of curd initiation so as 

to ensure soil water stress conditions during this period.  Normal (uniform) 

irrigation was resumed for all water stress treatments after curds were initiated 

(30 August). Total water applied for each differential period and for the overall 

season, and the percent of ETo reached for these periods are presented in Table 

4.4. Additional monitoring of soil moisture as percent moisture by volume was 

conducted at three depths, 7.5, 15, and 30 cm, using the neutron meter procedure 
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as described in Expt.2, with readings taken in each water stress treatment 

replicate. The seasonal patterns of soil moisture changes for the three treatments 

are presented in Figure 4.2 A,B,C. The soil moisture means and standard errors 

for each probe date at each depth are presented in Appendix C, Tables C.5-7. 

Water applied was measured by replicated catch-cans in the center of each 

irrigation square.  Average quantities of water applied for each irrigation are also 

presented in Appendix C, Tables C.5-7. 

Nitrogen fertilizer (ammonium nitrate 34% N) was banded 30 August after 

curd initiation. Nitrogen rates for the sub-plot treatments were 0, 84, and 168 

kg/ha. Boron (Solubor 20.5%), at 2.8 kg B/ha was applied foliarly over the 

rows to all treatments at this time, and at the same rate 4 weeks later on 27 

September. 

Additional Methodology: 

Registered pesticides used for weed, insect and disease control during each 

season followed recommended application practices for Western Oregon. 

Chemical weed control was supplemented by hand weeding. 

Leaf samples were collected in all three experiments to determine nitrogen 

status. In addition, leaf boron concentrations were assessed in Experiments 1 and 

2, as affected by whole and sub-plot treatments. 

In Expt.l, plants from water stress treatments were sampled for leaf nitrogen 

concentration prior to resumption of normal irrigation (18 August), and nitrogen 

source and boron sub-plot treatments were sampled prior to harvest for leaf 

nitrogen and boron concentrations (23 September). In Expt.2, leaves were 

sampled post-transplanting (10, 31 August) in the stress and no-stress whole-plot 

treatments, and in the sub-plot transplant stress treatment for N concentration. 

Boron sampling was conducted similarly with the exception for 31 August, in 

which B was not sampled in the whole plot water treatments. Boron was also 

sampled in the boron sub-plot treatment.  At harvest (25 September), leaf 
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nitrogen and boron concentration were evaluated for all four water treatments, but 

only boron status was monitored for the boron sub-plot treatment.  In experiment 

3, sampling for leaf nitrogen determination was done at the termination of water 

stress treatments (29 August), and again before harvest for both water whole-plot 

and nitrogen sub-plot treatments (27 September). Leaf sampling entailed 

collecting 8-10 of the youngest fully expanded leaves within treatment 

replications.  Leaf samples were dried, ground and analyzed for total nitrogen by 

Kjeldahl procedure, using a copper selenium catalyst in digestion.  For boron, 

samples were dried, ground, ashed and analyzed by Inductively Coupled Atomic 

Plasma (ICAP) emission spectrometry. 

The progression of curd initiation, apical dome and stem diameter changes 

was monitored in all three experiments by dissection of border plants chosen at 

random. This was done to determine whole-plot water treatment effects on plant 

growth and curd development, and also in 1989, to evaluate sub-plot transplant 

bed stress effects.  For each experiment, the curd initiation response was a 

reflection of the individual plants' receptiveness to the environmental 

vernalization cue, which varied between seasons.  Related daily maximum / 

minimum temperatures are given for each season in Appendix B, Table B.8, for 

correlation to curd initiation data.  In 1990 samples were also taken to evaluate 

water stress treatment effects on plant size.  Samples were dried and weighed to 

obtain average dry weights and percent tissue moisture as treatments progressed 

during curd initiation. 

Post-season soil sampling for boron status was conducted in the 1989 and 

1990 growing seasons.  Replicated samples were taken from the 0-15, 15-30, and 

30-45 cm depths in the "no stress" and "severe stress" gradient locations on 27 

October for Experiment 2, and in all three water stress treatments on 1 November 

for Experiment 3.  The samples were analyzed using the "Hot Water Soluble" 

boron extract procedure (Homeck et al 1989). 
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Yields were determined by multiple harvests of the sub-plot row sections 

within each separate replication of the whole-plot irrigation squares.  In each 

experiment this totaled approximately 12 meters in length. The multiple harvests 

occurred from 10 October to 5 November for 1988, 21 September to 20 October 

for 1989, and 9 October to 16 November in 1990. Harvest began after maturity 

of the first curds and continued at 7-10 day intervals until completion. Maturity 

was arbitrarily determined when approximately 50-75% of the curd was exposed 

to sunlight, this being considered optimum harvest criteria for best quality. Total 

weight of heads (leaves removed) by treatment was taken at each harvest.  All 

heads within treatments were individually graded and weighed, with both inner 

and outer quality characteristics examined. The grading procedure for the first 

two seasons (1988,1989) entailed first categorizing heads (curds) by weight and 

outer appearance.  Smooth, white heads with a minimum weight of .68 kg were 

considered acceptable (marketable yield).  Small, discolored, poorly textured or 

otherwise misshapen curds were classified as unacceptable small, or large heads. 

Each head was then split logitudinally to determine the degree of head core 

hollowness and were given a rating: Good (no hollowness), Fair (slight to 

moderate hollowness) and Poor (severely hollow). The same grading procedure 

was followed in 1990, except for inner quality ratings, in which Good, Fair, and 

Poor categories were further differentiated as being discolored or not discolored 

in an effort to separate treatment effects on hollowness and internal color.  The 

occurrence of internal hollowness and head solidity as a function of time and the 

progression of harvest was also noted for each experiment. 

Earliness, determined by the percent of heads taken in the first harvest was 

also evaluated for each whole and sub-plot treatment in each experiment. 

Statistical treatment of data included analysis of variance for the split-plot 

design (Cochran and Cox 1957), with evaluation of water level whole-plot effects 

and nitrogen treatment sub-plot effects on combined harvest yield, quality and 

earliness parameters and for nitrogen concentration data.  Fischers Protected 
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Least Significant Difference (FPLSD) was used to separate means.  All percent 

data were transformed using arcsin transformation procedures, with significance 

and mean separation tests conducted on these data.  In Expt. 2 (1989) regression 

analysis of significant (p= 0.5) observation parameters as a function of applied 

water was conducted.  Head quality was also evaluated as a function of harvest 

date. 
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Results and Discussion 

Yield 

Water stress as a percent of the evapotranspiration coefficient (ETo) for the 

differential and seasonal periods for Experiments 1,2, and 3 are presented in 

Tables 4.2, 4.3, 4.4. Evaluation of yield, external and internal quality, and 

earliness parameters as affected by whole plot water stress timings and subplot 

nitrogen and boron treatments are presented in Tables 4.5, 4.6, and 4.7 for 

Expts. 1,2 and 3, respectively.  Data on water stress treatment effects on early 

plant growth are presented in Tables 4.8-4.11. 

In Expt. 1, conditions of severe, moderate, and no-stress after transplanting 

replaced 0, 40, and 55% of ETo, respectively (Table 4.2). Even though stem 

and apical dome sizes were progressively reduced by severe and moderate stress 

timings (Table 4.8), total and marketable yields were not significantly different 

between treatments.  However, a trend existed for the no-stress treatment to have 

a slightly higher total yield (Table 4.5). These findings agree with Parkinson 

(1952) that normal irrigation could reverse early stress, but disagree with Salter 

(1961) who stated that water could not be withheld at any period of growth 

without a reduction in yield. 

Nitrogen source had no significant impact on total or marketable yield in this 

study (Table 4.5), and did not interact with water stress treatments. This is in 

contrast to Sumiati (1986) who found ammonium nitrate increased cauliflower 

curd weights and overall yield response when compared to urea, ammonium 

sulphate, or calcium ammonium nitrate.  Tremblay (1989), also reported that 

nitrate fertilizers increased yields in broccoli. 

In Expt.2, post-curd initiation water application ranged from 96 to 375 mm, 

in addition to 97 mm of establishment irrigation after transplanting. 

Evapotranspiration (ETo) replacement ranged from 37 to 145% (severe to no- 

stress) for the differential period (Tables 4.3 and 4.6).  Seasonal soil moisture 
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patterns for each water level as determined by the neutron probe are presented in 

Figure 4.1 A-D; the moisture data (percent/vol.) which comprise these figures 

with standard errors are given in Appendix C, Tables C.l-4. 

Total and marketable yields were significantly increased as water applied 

increased (Table 4.6).  Total yield doubled from the lowest to the highest 

seasonal water levels (19.7 to 39.4 mt/ha), and was significantly higher at each 

progressive level. Marketable yields were lower and ranged more widely 

between irrigation levels, from 4.0 to 26.7 mt/ha, but there was no significant 

difference in yields between the two highest water levels above 92% replacement 

of ETo.  Both total and marketable yields increased in a linear fashion with water 

applied (Figure 4.3 A). Rahman (1965) reported a linear yield response of 

cauliflower to increased water between available soil moisture ranges of 30 to 

80%.  Others have reported increased yields with an increase in available 

moisture (Sharma and Parashar 1981; Jorgensen and Henriksen 1984; Grealish 

1991).  Intensive seasonal irrigation has been reported to decrease yields (Salter 

1959; Nilsson 1980). 

Moisture stress imposed during the transplant growing period reached 30% 

of ETo for the "dry" treatment, while the non-stress "wet" treatment attained 

71% of ETo (Table 4.3). This seedbed water stress which occurred prior to 

planting and curd initiation did not interact with seasonally applied water, or act 

independently to affect yield parameters.  This occurred even though "dry" 

conditions resulted in decreased stem and apex size, and were enhanced by the 

early field differential (Table 4.9). The lack of a significant yield difference of 

plants from "dry" and "wet" seedbed treatments suggest that water levels after 

transplanting were a more important determinant of yields, and that transplants, 

regardless of size adjusted to seasonal growing conditions equally. In a similar 

study, Salter (1960b) reported that subsequent moist field conditions could not 

reverse early stress induced yield loss. 
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Applied boron in experiments 1 and 2 had no significant effect on total or 

marketable yields (Tables 4.5 and 4.6), even though leaf concentrations indicated 

increased B uptake (Tables 4.12, 4.13).  Gupta (1971) reported a doubling of 

cauliflower yields with the first increment of .50 mg/kg applied boron in 

contained soil studies having residual B content of .50 mg/kg. In our study, 

residual soil B (.33-.34 mg/kg, Table 4.1) was no different in affecting yields 

than applied B, which resulted in 1.39-2.35 mg/kg soil B levels (1989 data only, 

Table 4.15), depending on depth. Applied boron exhibited no interaction with 

applied nitrogen or nitrogen source in affecting yields.  Others have reported 

boron-nitrogen interactions (Cutcliffe and Gupta 1980; Vigier and Cutcliffe 

1984;, Shattuck and Shelp 1987; Shelp 1990). 

In Expt. 3, water applied in curd initiation stress treatments was limited to 

ambient rainfall and was low for each period; 3 and 26 mm for pre- and during 

curd initiation stress periods, and the corresponding percent of ETo was also low, 

1 and 13% respectively (Table 4.4). This is compared to no-stress which 

included irrigation of 246 mm for the period up to curd initiation and reached 

83% of ETo. The pattern of seasonal soil moisture determined by the neutron 

probe for the stress periods and for the season is presented in Figure 4.2 A,B,C 

for three depths; the moisture data (percent/vol.) which comprise these figures 

with standard errors are given in Appendix C, Tables C.5-7. 

Total yields in both stress timings were higher than in the no-stress 

treatment, which reduced yields by 20% (Table 4.7). This occurred even though 

stem and apex size were reduced significantly by the stress treatments in early 

growth (Table 4.10), as well as plant dry weights (Table 4.11). However, 

marketable yields were similar between water stress treatments.  Loss of total 

2yield may have been related to leaching of nitrogen, since seasonal water levels 

were high for the no-stress treatment (477 mm). This is supported by N leaf 

concentrations at harvest which were significantly reduced by the higher water 

level, and dropped from 5.7 to 3.6% from curd initiation to first harvest (Table 
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4.14). The primary source of total yield reduction was due to an increase in the 

percent of small heads. Head size reductions have been reported by Salter 

(1959), and Nilsson (1980) as the primary cause of yield loss in intensively 

irrigated cauliflower. 

In response to nitrogen rates, at 84 and 168 kg N/ha, total yield increased by 

26 and 36% over 0 kg N/ha, with marketable yield this percentage was even 

greater (Table 4.7). In both instances there was no significant difference between 

the two higher rates. This agrees with previous work which showed that 

depending on conditions, cauliflower yield response to nitrogen above certain 

critical levels is limited (Cutcliffe and Munro 1976; Sullivan 1981; Dufault and 

Waters 1985). 

Marketable yields were affected by an interaction between water treatment 

and nitrogen rate. There was no difference in marketable yield from nitrogen 

rates within pre- and during curd initiation water stress treatments, while in the 

no-stress treatment marketable yields were reduced significantly by a lack of 

applied nitrogen (Figure 4.4 B).  The lack of response by the stress treatments to 

applied nitrogen may have due to the availability of non-leached starter fertilizer 

(56 kg/ha N) after resumption of normal irrigation in these treatments, and not to 

stress timing effects on plant growth or utilization. Lack of a nitrogen yield 

response under conditions of low water availability has been reported by others 

(Skapski et al 1969; Boma 1973; Hartman et al 1988). The high amount of 

water applied in the no-stress treatment probably led to significant amounts of 

leaching in the sandy loam of this experimental site, particularly under low N 

fertility. Highest marketable yield was with no water stress at the highest N rate, 

168 kg N/ha (Figure 4.4 B). 

Quality 

Water stress timing in Expt.l did not affect external quality (Table 4.5). 

The percent of outwardly acceptable heads for all treatments was greater than 



141 

80%, and the percent of heads too small for processing was less than 12%.  No 

differences existed between treatments in affecting internal quality characteristics, 

though the occurrence of heads without any hollowness was low (19-23%). A 

slight, non-significant trend did exist for the stress treatments to have a higher 

percentage of severely hollow heads (52 and 48%) than the no-stress treatment 

(41.5%). A reason for this may be that a sudden return to normal water levels 

could have accentuated early stress internal damages, or caused plants delayed in 

their growth to respond with a higher growth rate than normal.  Evidence for 

increased growth rate as a contributing factor in internal crucifer quality has been 

presented by a number of researchers (Jenkinson and Williams 1967; Hipp 1974; 

Scaife and Wurr 1990).  It has been shown that seasonal water levels have a 

dominant effect on internal head condition (Scaife and Wurr 1990; Grealish 

1991), and high seasonal levels in this study (320-400 mm) resulted in a lack of 

head solidity. 

In this experiment (Expt.l, 1988), ammonium nitrate significantly increased 

the percent of severely hollow heads when compared to calcium nitrate by almost 

10% (52 vs. 43%, Table 4.5).  Other quality parameters were not affected, 

though a trend existed for the percent of solid heads and outwardly acceptable 

heads to decline with ammonium nitrate.  Nitrate fertilizers have been reported to 

reduce inner quality in broccoli (Tremblay 1989), however the literature is scant 

on N source effects on cauliflower quality. Leaf concentration of N from 

ammonium nitrate was slightly higher than from calcium nitrate, but not 

significantly so (Table 4.12). 

In Expt.2, increased post-initiation water levels significantly improved outer 

head appearance and head size (Table 4.6).  Above 239 mm of applied water and 

92% of ETo, the percent of acceptable heads increased and the number of heads 

too small (< .68 kg) for processing decreased dramatically, though there was no 

difference between the two highest water levels. Transplant bed stress treatments 

combined with seasonal water to affect the percent of undersized heads.  Data for 
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this interaction are presented in Figure 4.5.  The two highest seasonal water 

levels had a low percentage of small heads occurring and transplant condition was 

not a significant factor. Both severe and moderate seasonal stress increased the 

percent of small heads, though at the moderate stress level, the unstressed "wet" 

transplant treatment resulted in fewer small heads than the "dry" ones.  Thus very 

severe and sufficient water levels negated the effects of early growing conditions, 

however with moderate seasonal irrigation, differences became apparent. This is 

in contrast to results by Salter (1960b) who found that head size was reduced by 

early dry conditions regardless of seasonal irrigation.  When averaged across 

water levels tested, transplant condition was not significant, though a strong trend 

existed for stressed plants to have a higher percent of small heads (Table 4.6). 

Salter (1959) also noted that dry seasonal conditions caused curd size to decrease. 

Internal quality in Expt.2 was significantly affected by water applied, with 

the percent of solid heads decreasing and the percent of severely hollow heads 

increasing dramatically above 187 mm water and 72% ETo (Table 4.6). There 

was no significant difference between severe or moderate stress levels or between 

slight and no-stress levels in affecting these two parameters.  In Figure 4.3 D, a 

comparison of the percent of severely hollow and solid heads is given as a linear 

function of water applied. It is evident that increased water has an adverse effect 

on head solidity, though a balance is achieved between 200-225 mm applied 

water. At this level however, yields may be compromised (Figure 4.3 A). A 

similar pattern develops in comparison of inner solidity and outer quality as 

function of water applied (Figure 4.3 C). For a high percentage of heads to be 

outwardly acceptable, a high level of seasonally applied water is necessary, 

though at this level internal quality of heads is lowered.  Grealish (1991) noted a 

similar relationship of applied water with external and internal quality. Internal 

quality was not affected by seedling bed water stress differentials ("wet", "dry"). 

Contrary to some literature, the application of boron had no significant effect 

on any external or internal quality parameters in Expts.l and 2 (Tables 4.5 and 
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4.6). However a slight trend did exist for outer quality to be improved.  Outer 

curd quality effects such as reduction of curd browning have been attributed to 

boron application (Chandler 1941; Dearborn 1942; Cranberry et al 1985).  A lack 

of an effect by boron on internal quality (hollowness) has also been noted by 

others (Jenkinson and Williams 1967; Scaife and Wurr 1990; Grealish 1991). 

In Expt.3, water stress timing interacted with nitrogen rate to affect quality 

parameters of head size, outer appearance, and the percent of solid heads. The 

percent of severely hollow and non-discolored heads were not affected by this 

interaction.  Neither parameter was significantly affected by water stress 

treatments, but the two highest N rates (84 and 168 kg N/ha) significantly 

increased the percent of severely hollow heads by 40% over no application (Table 

4.7).  Nitrogen rates did not differ in their effects on internal discoloration. 

Water stress timing and nitrogen rate interactions as they affect curd quality 

in Expt.3 are presented in Figure 4.4 C,D,E. In Figure 4.4 D, outer appearance 

was reduced significantly by the lack of nitrogen when plants were stressed prior 

to, but not during curd initiation, and when under no water stress.  These curds 

were culled primarily because of poor texture and some discoloration. Reports 

on the effects of nitrogen on outer quality have been limited, however Sutherland 

et al (1989) noted that applied nitrogen had no effect on outside yellowing or curd 

discoloration, but increased rates increased leafy bract formation. The lack of 

improvement in external quality under conditions of limited nitrogen in the "pre- 

CI" stress treatment as compared to "during CI" water stress may have been 

related to a longer period and a higher level of seasonal irrigation (Table 4.4) 

after conclusion of stress treatments. This may have resulted in greater leaching 

of starter fertilizer for the "pre-CI" treatment.  A similar conclusion may be 

made in regards to increased irrigation in the "no-stress" treatment. 

Increasing levels of nitrogen increased the percent of heads large enough for 

processing, significantly so in the pre-initiation and no-stress treatments, but not 

in the "during" curd initiation stress period in which applied N had no effect on 
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the percent of small heads (Figure 4.4 C). This result may also be related to the 

timing and overall level of irrigation in the pre-initiation treatment, which 

allowed a more significant response to applied nitrogen.  Under all water 

treatments there was no difference between 84 and 168 kg N/ha in increasing 

head size, though a lack of applied nitrogen led to significantly higher percent of 

small heads in the pre-initiation and no-stress treatments. Head size has been 

shown to increase with applied nitrogen in a number of previous studies (Sullivan 

1981; Dufault and Waters 1985; Csizinsky 1987; Wurr et al 1988). 

The percent of solid heads (Figure 4.4 E) was generally higher for both 

stress timings, regardless of N rates which were not significantly different within 

these two water treatments. However under the no-stress regime, the percent of 

solid heads was reduced significantly by the two higher N rates and increased by 

the lack of applied N which had a very high percentage of solid heads, even 

though seasonal irrigation was high. This would suggest that nitrogen is more 

influential in causing hollowness, particularly when comparing 0 kg N/ha rates 

between water treatments. However, water applied is also important and 

significant periods of early water stress increased solidity at high N rates when 

compared to no-stress, which enhanced the effects of nitrogen applied later. 

Work by Jenkinson and Williams (1967) and Scaife and Wurr (1990) shows that 

nitrogen rate is a primary factor involved in causing head hollowness in 

cauliflower. In both studies growth rate of the plant or curd is implicated. This 

has been noted in a number of studies with broccoli (Cutcliffe 1972, 1975; Hipp 

1974; Vigier and Cutcliffe 1984; Dufault and Waters 1985; Tremblay 1989). 

Jenkinson and Williams (1967) found that stem growth and size, affected more by 

early N applications vs. late, was a primary determinant of hollowness, while 

Scaife and Wurr (1990) believed that ultimate plant size which influences curd 

growth rate during the final stages of curd development is more critical in 

predicting hollowness formation. However their evidence for increased late curd 

growth rate was limited.  Scaife and Wurr also noted that water interacted with 
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nitrogen to enhance N effects, and that nitrogen rate was more critical, 

correlating tissue N levels with hollowness.  Our results in Expt.3 indicate that 

early water stress delayed growth through a reduction in plant size and dry 

weight (Tables 4.10, 4.11), but did not affect hollowness.  Seasonal water stress 

increased head solidity in Expt.2 and higher water levels decreased solidity (Table 

4.6). Increased levels of applied nitrogen and water interacted to decrease head 

solidity in Expt.3 (Figure 4.4 E). 

Internal quality was significantly related to time of maturity in these 

experiments.  Head solidity was increased and the percent of heads exhibiting 

severe hollowness was decreased with each multiple harvest date.  Both variables 

are shown in Figure 4.6 A,B as a function of the day of the year of each harvest 

for the three experimental seasons.  The fit for the regression function was 

generally quadratic, and varied between seasons with the R2 values between .70 

and .96.  This figure shows that when averaged across all treatments, as plants 

matured later, internal hollowness was reduced.  Others have noted similar 

occurrences with broccoli (Hipp 1974) and also in cauliflower (Grealish 1991). 

This has been attributed to reduced growth rate of later harvested plants by Hipp 

(1974). Whether this was due to delayed growth early in the life of the plant, as 

is partially indicated by the increased number of solid heads in the water stress 

treatments in which growth was delayed early (Tables 4.10, 4.11), or by delayed 

growth late, due to cooler conditions (see temperature data for the three seasons, 

Appendix B, Table B.8), is not clear.  Variation in individual plant genetic make- 

up may also play a role in late maturation of a percentage of the population. A 

reduction in the rate of curd growth would agree with Scaife and Wurrs' (1990) 

hypothesis that later growth patterns are more influential in affecting hollowness. 

Early delays in growth agree with the assertion by Jenkinson and Williams (1967) 

that if stem growth precedes curd growth, hollowness is reduced, but if both 

occur at the same time hollowness increases. Early water stress did delay curd 

initiation (Tables 4.8-4.10), which may have allowed stem growth to proceed 
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further before curd growth, even though stem growth was initially delayed also. 

This scenario would also cause later and potentially slower curd growth in 

seasonally cooler conditions, which relates to Scaife and Wurrs' (1990) 

hypothesis of curd growth rate as a major factor in head hollowness.  Thus under 

conditions of cooler temperatures late in the season, slower, more stable curd 

growth would likely prevail, resulting in less internal hollowness. 

Earliness 

In Expt.l, harvest onset was delayed by both severe and moderate stress 

levels when compared to no stress, with 23, 38 and 43% of heads taken in the 

first harvest for these respective treatments (Table 4.5). Data from curd initiation 

sampling (Table 4.8) reveal that on 17 August, one week after treatments 

concluded, there was no difference in the percent of curds initiated.  Stem and 

apex size were reduced by both moderate and severe stress treatments.  It has 

been shown that reduced plant size is related to curd initiation delay (Skapski and 

Oyer 1964). Plant size is in turn related to leaf number and leaf initiation rate 

(indicators of juvenility termination, Booij 1987b), and dry matter accumulation 

(Atherton et al 1987). Plant size was reduced by these stress treatments, however 

curd initiation was not delayed, indicating that plant size was adequate and 

receptive to vernalization. However, a delay of harvest onset was evident in the 

smaller, stressed plants, possibly related to growth advantages and increased 

exponential curd growth rate of the non-stressed plants, or leaf number and 

carbohydrate accumulation (plant size) effects which delayed the period from 

initiation to harvest in the smaller plants by slowing curd growth.  Nitrogen 

source treatments in this experiment had no effect on the percent of heads taken 

in the first harvest, which agrees with results obtained by Sumiati (1986). 

In Expt.2, harvest onset was significantly earlier under the severe seasonal 

water stress level (Table 4.6). In Table 4.9 it is evident that with early 

implementation of the water stress treatments (10 August), the lack of irrigation 
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in the severe stress treatment decreased stem and apices sizes, and delayed curd 

initiation.  Yet in this treatment curd maturity was sooner.  This would suggest 

that the period from curd initiation to maturity was decreased by seasonal stress 

conditions. Salter (1959) and Nilsson (1980) noted that intensive seasonal 

irrigation could delay harvest.  Though in a subsequent study, Salter (1960b) 

reported that wet or dry conditions in the field had little effect on maturity, as did 

Wurr et al (1988). 

Dry conditions early in the transplant seedbed reduced the tendency for 

earliness across all seasonal water levels, including the severe stress level.  Thus 

the earliest heads to mature were those plants which were not stressed early and 

subsequently were subjected to severe seasonal water stress.  The effects of both 

"wet" and "dry" transplant treatments are shown as a function of applied water in 

Figure 4.3 B. However, there was no interaction of these treatments with water 

applied, and averaged across water treatments, the "dry" seedbed treatment 

before curd initiation and transplanting significantly delayed harvest (Table 4.6), 

even though stem and apices size and curd initiation were not reduced to a great 

extent by this early stress (sample July 12, Table 4.9). This would suggest that 

transplants subjected to stress prior to planting do not adjust to planting stress as 

well. This may be related to results in Expt.l, in which harvest was delayed 

significantly by early stress, though curd initiation was not, which may indicate 

slower regrowth after stress.  In Expt.2, from curd initiation to maturity, seasonal 

water had a dominant effect on head maturation time, though early growing 

conditions directly affected individual plant response.  In a similar experiment 

Salter (1960b), found that "dry" conditions early delayed curd initiation, while 

"wet" conditions advanced curd initiation but delayed harvest and increased the 

period from initiation to harvest. He also noted that later conditions in the field 

could not reverse this effect. In transplant bed experiments by Wurr et al (1986), 

early fertility treatments had no effect on curd initiation or maturity and 
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differences in plant size and leaf number were lost after transplanting. This 

would indicate that moisture is a more critical early input. 

The application of boron as a subplot treatment in Expts. 1 and 2 did not 

significantly affect maturity. 

In Expt.3, timed stress treatments before and during curd initiation delayed 

harvest significantly when compared to no water stress during this period, as did 

increased nitrogen (Table 4.7). However these factors did not act independently 

but interacted to affect earliness. The dominant effect of early stress before or 

during initiation to delay harvest at all N levels is apparent in Figure 4.4 A.  A 

lack of water stress interacted with a lack of applied nitrogen to increase 

earliness.  A similar trend for a lack of applied nitrogen to enhance earliness was 

evident in the pre-initiation stress treatment, even though earliness overall was 

delayed by this treatment.  Wurr et al (1988) noted no consistent effect of 

nitrogen rates from 0-225 kg N/ha on maturity or curd initiation when applied 

prior to curd initiation, however in our study N treatments were applied after 

curd initiation, which may have affected the period from initiation to maturity 

more directly.  The 84 and 168 kg N/ha nitrogen rates delayed harvest but were 

not significantly different, under the no-stress and the pre-initiation treatments. 

Water stress during curd initiation did not delay harvest as severely as stress prior 

to initiation, and a lack of applied nitrogen in this water treatment did not 

advance harvest over applied nitrogen. The 84 kg N/ha rate but not the 168 kg 

N/ha rate at this water stress timing advanced harvest slightly over the 0 kg/ha 

rate.  From Table 4.10, the 24 August sampling taken near the end of treatments 

reveals that stem and apices size were reduced, and curd initiation was equally 

delayed by both stress treatments.  Resumption of irrigation following treatments 

did not reverse this delay in curd initiation, but rather as seen in the other 

experiments probably increased the period from curd initiation to maturity and 

interacted with delayed initiation to further prolong harvest.  Stem size was 

slightly smaller in the pre- vs. during curd initiation treatment, and dry weights 
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(Table 4.11, 30 August) were also reduced more in the earlier stress treatment. 

This difference may be also related to the variation of these two treatment 

responses to nitrogen availability prior, during or after water stress. 

Since nitrogen was applied post-curd initiation, it is significant that applied 

nitrogen increased the length of time from curd initiation to maturity when 

compared to a lack of applied N which decreased this period and led to pre- 

mature curd formation.  Others have reported that nitrogen rate did not affect 

maturity (Cutcliffe and Munro 1976; Nilsson 1980; Sullivan 1981;) though time 

of application in relation to curd initiation is unknown in these studies.  The 

response of the pre-initiation treatment and the advancement of maturity with low 

N levels may have been related to irrigation resumption timing and higher overall 

irrigation levels than the stress timed during curd initiation in which added 

nitrogen advanced harvest. 

Leaf Nitrogen and Boron Concentration 

The effects of water stress, nitrogen source and rate and applied boron on 

leaf tissue concentrations of nitrogen and boron at various sampling dates, are 

presented for each of the three experiments in Tables 4.12-4.14. 

In Expt.l, early evaluation (18 August) revealed that leaf nitrogen 

concentrations were relatively high in all treatments but were significantly 

reduced by the severe water stress treatment.  At a later sampling after 

resumption of normal irrigation, applied boron and nitrogen source treatments had 

no effect on leaf N levels.  However at a low significance level (p=.10), applied 

boron significantly increased leaf boron levels.  Application of boron has been 

shown to increase tissue B levels (Gupta and Cutcliffe 1973; Grealish 1990). 

In comparison of seasonally wet (no-stress) or dry (severe stress) regimes in 

Expt.2, (Table 4.13) leaf nitrogen and boron levels changed at the three sampling 

dates. Early (10 August) leaf N concentrations were high (5.5-5.9% N) as were 

B concentrations (54-57 mg/kg B), but were not significantly different under wet 
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or dry levels of irrigation.  As the season progressed (31 August), leaf nitrogen 

levels decreased significantly under water stress, which would suggest a decline 

in uptake of available nitrogen.  Lower N levels were maintained in the three 

water stress treatments up to the beginning of harvest (25 September), however, 

at this time at the no-stress level, nitrogen concentration decreased significantly 

compared to the other levels (< 4%). With 375 mm of applied water up to this 

time for the no-stress treatment, leaching of nitrogen would be implicated, 

however yields were sustained (Table 4.6). Overall leaf boron concentrations 

decreased from the early sampling (37-41 mg/kg), but were not significantly 

different between the four seasonal water levels. Age and uptake differences over 

time may have contributed to the lack of difference in leaf B concentrations 

between water levels (Reynolds et al 1987). 

Early transplant bed stress (wet or dry) did not significantly influence leaf N 

concentrations early, though a trend existed for the "wet" grown plants to 

decrease in N by mid-season when compared to "dry" plants (Table 4.13).  This 

may have been due to enhanced growth rate and increased utilization of available 

nitrogen.  Salter (1960b) reported that "wet" grown transplants adjusted more 

quickly to field conditions. Leaf boron concentrations were highest at the earlier 

growth stage than later and only at the late sampling did a difference exist 

between plus or minus B treatments (Table 4.13). 

Applied boron in Expts. 1 and 2 had no significant effect on concentrations of 

N in leaf tissue. Interactions affecting tissue levels of these elements have been 

reported by a number of researchers (Shattuck and Shelp 1987; Cutcliffe and 

Gupta 1980; Vigier and Cutcliffe 1984; Shelp 1990). 

In Expt.3 (Table 4.14) water stress timings were not significantly different in 

affecting leaf nitrogen.  Concentrations remained high (5.7-5.9% N) when 

sampled just after curd initiation, at the end of the stress treatments (29 August). 

However at the beginning of harvest (27 September) leaf N had fallen to 4.1- 

4.3% for the two stress treatments, and to 3.6% for the no-stress treatment.  This 
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again suggests increased leaching and/or crop utilization of applied nitrogen in the 

no-stress treatment. However it is important to note that all water treatments in 

this study received the same level of irrigation following curd initiation. 

Enhanced response to split or multiple N applications have been shown to be 

more efficient than a single application such as was done in this study (Welch et 

al 1985a,b, 1987; Gardner and Roth 1990). 

Increased nitrogen rates resulted in significantly increased leaf N 

concentrations for each rate when sampled across water stress treatments (Table 

4.14, 27 September sampling). Leaf tissue nitrogen has been shown to increase 

with increased nitrogen levels (Nilsson 1980; Vigier and Cutcliffe 1984; 

Csizinszky and Schuster 1988). However, cauliflower is known to extract a large 

amount of residual soil nitrogen (up to 50% or more of total N uptake, Welch et 

al 1985b), and uptake of N by crucifers has been shown to be related to soil 

organic carbon levels (Gallagher 1966). 
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Table 4.1. Pre-season soil status for three Special Irrigation Experiments, 
1988, 1989, 1990. 

Soil Status2 SI 1988 SI 1989y SI 1990 

PH 6.2 6.2 7.2 

NH4+ mg/kg NAX NA 2.3 

Phosphorus 
mg/kg 

66.5 54.0 29 

Potassium 
mg/kg 

296 274 229 

Calcium 
meq/lOOgr. 

15.5 15.1 7.6 

Boron mg/kg .33 .34 .27 

O.M. % 2.81 2.81 1.20 

Texture class Silt Loam Silt Loam Sandy Loam 

z Soil sub-samples taken randomly across plot area for combined 0-30 cm 
sample. (Analysis procedures for elements outlined by Homeck et al 
1989). 
y For seasonal growing area only. Transplant growing area tested for 
NH4+ at digging: Wet = 13.8%, Dry = 5.4%, and boron level = 
.33 mg/kg (hot water extractable B). 
x Some soil parameters not available (NA). 
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Table 4.2. Seasonal irrigation + rainfall, and the percent of ETo for three post- 
transplant irrigation stress levels. Special Irrigation 1988. 

Irrigation Stressz 

Post-Transplant 

Severe 

Moderate 

No stress 

Differential Period 
7/22-8/11 

Season 
7/22-10/10 

Water (mm) % of ETo" Water (mm)      % of ETox 

0 0 296 81 

55 41 351 96 

75 56 371 102 

z Severe = 3 weeks, Moderate = 2 weeks of irrigation stress after transplanting, 
No Stress = 3-7 day irr. intervals. All treatments received 30 mm water during 
brief establishment period (7/15-7/21). 
y Percent of the reference evapotranspiration coefficient (ETo) in mm of water. 
Differential period ETo = 134 mm. 
x Seasonal ETo = 366 mm. 
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Table 4.3. Differential and seasonal irrigation plus rainfall levels, and the 
percent of ETo for transplant bed and permanent plot locations. Special 
Irrigation 1989. 

Water + Rainfall (mm) % of ETow 

Site/Treatmentz Differentialy Seasonx Differential Season 

Transplant Bed 

Wet 67 113 71 71 

Dry 29 75 30 47 

Permanent Plots 

Severe 96 193 37 62 

Moderate 187 284 72 91 

Conventional 239 336 93 108 

No Stress 375 472 145 151 

z Transplant bed seeded 6/8, dug 7/13. Water stress differential period, wet 
vs. dry, from 6/24-7/12. Permanent plots planted 7/13, establishment period 
to 7/24. Irrigation stress differential treatments imposed 7/25-9/21. 
y Differential period does not include establishment irrigation. 
x Seasonal period includes establishment irrigation, for the transplant bed 
46 mm; the permanent site, 97 mm of water. 
w Percent of the reference evapotranspiration coefficient (ETo) in mm of 
water. Transplant bed ETo = 94 mm (differential period 6/24-7/12) and 
158 mm (season 6/8-7/12). Permanent site ETo = 258 mm (differential 
period 7/25-9/21) and 312 mm (season). 
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Table 4.4. Water applied + rainfall and related ETo calculations for irrigation 
stress differential periods. Special Irrigation 1990. 

Date of ETo1 Water applied Period ETo %of 
Measurment Treatmenty (mm)x (mm) ETow 

Treatment Period 

7/4-8/12 PreCI 3 240 1 

7/21-8/29 During CI 26 197 13 

7/4-8/29 No Stress 246 297 83 

Season 

7/4-10/16 PreCI 360 434 83 

During CI 321 434 74 

No Stress 477 434 110 

z Reference evapotranspiration coefficient determination for treatment period 
and seasonal water differentials. 
y Treatments consist of water stress differentials prior to, or during curd 
initiation (CI) vs. no stress treatment. 
x Water applied for treatment period includes rainfall. Establishment 
irrigation (6/25-7/3) of 39 mm water not included. 
w Water + rainfall as a percentage of the reference ETo for indicated period. 
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Table 4.5. Treatment main effects on cauliflower yield, head quality, and 
earliness. Special Irrigation Experiment 1988. 

Main Effects1 Yield Mt/ha External Qualityy Internal Quality* Earliness" 

Transplant 
Water Stress Total Mrkt. % Accept % Small % Solid % Poor % Taken 

Severe 34.9 29.8 80.0 11.8 20.0 52.0 22.8 bv 

Moderate 34.5 29.1 80.5 8.0 19.8 48.7 37.8 b 

No Stress 37.0 31.6 82.8 8.0 22.6 41.5 43.3 a 

NS NS NS NS NS NS 

Nitrogen 
Source 

35.8 30.0 79.6 15.6 19.2 52.0 a NH4NO3 32.3 

Ca(N03)2 35.1 30.3 82.6 16.1 22.4 42.8 b 37.0 

NS NS NS NS NS NS 

Applied 
Boron 

35.6 30.0 79.8 16.7 20.5 48.5 Minus 34.5 

Plus 35.4 30.3 82.4 15.2 21.0 46.3 35.0 

NS NS NS NS NS NS NS 

z Stress following brief establishment period of 6 days (7/15-7/21) with 30 mm water applied. 
Severe = 3 weeks and moderate = 2 weeks without irrigation for treatment period (7/22- 
8/11). 
Percent of reference evaporation coeficient (ETo) and applied water + rainfall for this period: 
Severe: 0%, 0 mm; Moderate: 41%, 55 mm; No stress: 56%, 75 mm. Period ETo = 134 mm 
of water. Split nitrogen and boron applications, 1,6, and 10 weeks after transplanting. 
Nitrogen rate: 168 kg/ha, which does not include establishment fertilization of 56 kg/ha. Boron 
applied foliarly, total of 5 kg/ha. 
y External quality evaluated by outer appearance (% Accept) and size (% Small). Undersized 
heads were not included in % Accept, category and were < .68 kg. 
* Internal quality evaluated by presence of head hollowness (% Solid heads), and by degree, 
the percent of heads severely hollow and discolored (% Poor). 
" Earliness determined by percent of total heads taken in harvest one. 
v Significant or non-significant (NS) mean separation within columns determined by FPLSD 
at p= 0.05. All percent data significance by arcsin transformation, original data presented. 
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Table 4.6. Treatment main effects on cauliflower yield, head quality and earliness. 
Special Irrigation Experiment 1989. 

Main Effects* Yield Mt/ha External Quality' Internal Quality1 Earliness" 

Irrigation 
(mm) 

%of 
ETov Total Mrkt. % Accept. % Small % Solid % Poor % Taken 

96 37 19.7 d" 4.0 c 16.2 c 42.2 a 58.3 a 26.9 b 45.1a 

187 72 24.9 c 11.2 b 37.5 b 31.1a 59.7 a 23.5 b 29.5 ab 

239 92 34.0 b 24.3 a 70.0 a 9.4 b 20.3 b 59.5 a 22.1b 

375 145 39.4 a 26.7 a 68.4 a 3.6 b 16.0 b 62.0 a 21.9 b 

LSD 3.8 4.4 

Transplant 
Condition 

Dry 31 29.5 16.7 48.1 23.5 37.3 44.1 22.8 b 

Wet 71 29.5 16.4 47.9 19.6 39.8 41.9 36.5 a 

NS NS NS NS NS NS 

Applied 
Boron 

29.4 16.5 47.8 22.4 37.4 44.7 Minus 27.9 

Plus — 29.6 16.6 48.3 20.7 39.8 41.2 31.3 

NS NS NS NS NS NS NS 

I Seasonally applied water + rainfall (7/25-9/21). Establishment irrigation (7/13-7/24) of 97 mm not included. 
Transplant bed applied irrigation + rainfall prior to digging: Wet = 67 mm, Dry = 29 mm water. Boron 
treatments: Minus = 0 kg B/ha, Plus = 6.72 kg B/ha split into 3 foliar applications. 
y External quality evaluated by percent of total heads with acceptable outer appearance ( % Accept), and by 
size (% Small), percent of total heads not acceptable due to size alone (< .68 kg). 
x Internal quality evaluated by presence of hollowness (% Solid heads); and by degree, the percent of severely 
hollow and discolored heads (% Poor). 
w Earliness determined by percent of total heads taken in harvest one. 
v Percent of the reference evapotranspiration coefficient (ETo) in mm of water from 7/26-9/21. Period ETo = 
258 mm. Transplant bed stress 6/24-7/12, Period ETo = 94 mm. 
II Significance or non-significance (NS) and mean separation within columns determined by FPLSD at p = 
0.05. Percent data transformed by arcsin, original data presented. LSD presented for non-percent data only. 
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Table 4.7. Water stress timing and nitrogen rate main efffects on cauliflower 
yield, head quality and earliness. Special Irrigation 1990. 

Yield Mt/ha External Quality Internal Quality* Earliness" 

Treatment* Total Mrkt. % Accept % Small % Solid % Poor % White % Taken 

Water Stress 
Timing 

PreCI 29.5 av 12.7 a 40.2 20.6 b 50.1 28.5 67.5 13.5 b 

During CI 27.6 a 12.0 a 39.7 22.0 ab 48.9 24.7 69.2 18.5 b 

No Stress 23.6 b 11.1a 41.3 29.2 a 47.2 28.4 64.7 39.0 a 

LSD 2.0 NS NS NS NS NS 

Nitrogen 
Applied 
kg^a 

0 22.3 b 8.2 b 30.4 c 36.4 a 55.8 a 17.3 b 69.3 28.8 a 

84 28.1a 12.5 a 41.4 b 20.2 b 44.6 b 33.1a 66.5 23.4 b 

168 30.4 a 15.1a 49.3 a 15.1c 45.8 b 31.2 a 65.5 18.8 c 

LSD 3.1 3.2 NS 

* Water stress prior to or during curd initiation (CI). Percent of ETo and applied water + rainfall and time for 
respective periods: Pre CI = 2%, 3 mm, 7/4-8/12; During CI = 13%, 26 mm, 7/21-8/29; No Stress = 83%, 
246 mm. All treatments received 39 mm water (6/25-7/3) establishment irrigation. Nitrogen applied post-curd 
initiation (ammonium nitrate), does not include establishment fertilization of 56 kg N/ha for all plots. 
7 External quality evaluated by the percent of heads with acceptable outer appearance (% Accept.), and by size 
(% Small), the percent of heads not acceptable due to size alone (<.68 kgs.). 
* Internal quality evaluated by presence of hollowness and discoloration (% Solid, % White heads) and by 
degree, the percent of heads with both severe hollowness + discoloration (% Poor). 
v The percent of total heads that were taken in harvest one. 
v Significance or non-significance (NS), and mean separation within columns determined by FPLSD procedure at 
p = 0.05. Percent data analyzed with arcsin transformation, original data presented. LSD presented for non- 
percent data only. 
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Table 4.8. Change in cauliflower stem and apex size, and apex condition during 
early seasonal growth. Special Irrigation 1988. 

Sample 
Date/ 
Treatment2 

Water 
Applied 
(mmy 

Stem 
Diameter 

(mm) S.E.X 

Apex 
Diameter 

(mm) S.E. 

Apex 
Condition 
% Initiated 

7/28 30 4.7 .16 .35 .01 0 

8/17 

No Stress 157 29.3 1.91 1.06 .14 83 

Moderate 137 24.8 1.72 .96 .15 83 

Severe 82 19.8 1.49 .73 .02 83 

9/14 

No stress 340 34.3 1.20 1.17 .04 100 

Moderate 320 32.0 1.61 .87 .06 100 

Severe 265 32.7 .86 1.06 .13 100 

z 7/28 sample = post establishment, prior to irrigation or fertility differential; 
8/17 = post water stress differential; 9/14 = mid-season, post treatment 
application, beginning of visible head formation. 
y Water applied + rainfall up to point of sampling, includes establishment 
irrigation. 
x Standard errors based on variable sample numbers. 
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Table 4.9. Change in cauliflower stem and apex size, and apex condition during 
early seasonal growth. Special Irrigation 1989. 

Sample 
Date/ 

Treatment2 

Water 
Applied 
(mmy 

Stem 
Diameter 

(mm) S.E/ 

Apex 
Diameter 

(mm) S.E. 

Apex 
Condition 
% Initiated 

7/12" 

Wet 67 3.75 .13 .25 .007 0 

Dry 29 3.32 .11 .23 .003 0 

7/20w 

Wet NA NA NA .36 .009 0 

Dry NA NA NA .33 .010 0 

7/25 

Wet 172 5.86 .18 .49 .010 0 

Dry 134 4.58 .15 .34 .010 0 

8/3v 

Wet NA 10.80 .47 .61 .020 45 

Dry NA 9.50 .34 .58 .020 34 

8/10 

No Stress 

Wet 233 18.50 .52 1.87 .200 100 

Dry 195 17.40 .65 1.26 .180 90 

Severe 

Wet 195 14.90 .33 .80 .080 55 

Dry 156 13.80 .66 .69 .050 50 

* Sampling follows growth progression of plants from "wet" and "dry" treatments in seedling bed, to early water 
stress differentials (No Stress, Severe) in permanent site. 7/12 sample taken at end of bed differential, 7/25 taken at 
end of field establishment, 8/3 early post-establishment, 8/10 early water stress differential. 
' Water applied totals include cumulative irrigation + rainfall from seedling bed into permanent field site and up to 
the point of each sample date. 
* Standard errors based on variable sample numbers. 
w 7/12 sample taken prior to digging and removal to permanent site, 7/20 samples taken one week later at transplant 
bed location. 
* 8/3 sample taken from adjacent planting of similar transplant date and establishment irrigation regime. 
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Table 4.10. Change in cauliflower stem and apex size, and apex condition during 
early seasonal growth. Special Irrigation 1990. 

Sample 
Date/ 
Treatment2 

Water 
Applied 
(mmy 

Stem 
Diameter 

(mm) S.E.X 

Apex 
Diameter 

(mm) S.E. 

Apex 
Condition 
% Initiated 

8/7 

PreCI 3 6.65 .26 .31 .009 0 

No Stress 89 10.20 .28 .39 .018 0 

8/16 

PreCI 66 9.44 .50 .29 .013 0 

During CI 56 13.72 .66 .36 .016 0 

No Stress 181 17.50 .46 .43 .010 0 

8/24 

PreCI 88 16.72 1.48 .59 .050 36 

During CI 79 21.09 .78 .50 .024 36 

No Stress 204 26.20 .28 .86 .130 70 

8/29 

During CI 82 23.18 .80 .82 .070 100 

z Sampling follows plant growth changes for three differential irrigation regimes, 
water stress before curd initiation (Pre CI), stress during period of initiation 
(During CI), or no stress. 
y Applied water includes cumulative irrigation + rainfall from 7/3 (end estab. 
irrig.) up to point of sampling date. Does not include establishment irrigation + 
rainfall (6/25-7/3) of 39 mm water. 
x Standard errors based on variable sample numbers. 
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Table 4.11. Percent plant tissue moisture and dry weight of plants 
subjected to early differential water stress. Special Irrigation 1990. 

Date2 Water Stress 
Treatmenty 

Water Applied 
(mm)* 

% Tissue 
Moisture 

Dry Wt. 
gr/plant 

7/30 PreCI 39 70 2.1 

During CI, 
No Stress 

98 82 3.1 

8/13 PreCI 39 69 11.0 

No Stress 168 79 14.4 

8/30 PreCI 135 92 34.7 

During CI 96 95 56.9 

No Stress 254 95 89.6 

z Sampling dates over period of irrigation differentials and correspond 
with beginning and end of periods. Means are average of one 
combined sample without replication. 
y Water stress differentials prior to curd initiation (Pre CI), or during 
initiation (During CI), or no stress. 
x Applied water includes establishment (39 mm) and differential 
period irrigation + rainfall, up to point of sampling. 
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Table 4.12. Cauliflower leaf nitrogen and boron concentrations for 
early season water stress treatments, and late season subplot effects. 
Special Irrigation 1988. 

Sample 
Water; 
(mm)z 

sDate/ 
applied Treatment Main 

Effecf Nitrogen* 
Tsaf Boron 

(mg/kg)" 

8/18 Water: 

5.9 av 0 Severe stress — 

55 Moderate stress 6.5 b — 

75 No stress 

LSD 

6.3 b 

.5 

— 

9/23" Boron: 

4.0 239 Minus 40.5 a 

Plus 4.0 

NS 

44.8 b 

(p= 0.10) 

Nitrogen 
Source: 

NI^NOa 4.1 43.0 

Ca(N03)2 3.9 

NS 

42.3 

NS 

z Differential irrigation + rainfall up to time of sampling. All plots 
received 30 mm water during brief establishment period, 7/15-7/21. 
y Water stress post-transplanting, Severe = 3 weeks. Moderate = 
2 weeks without irrigation, No Stress = 3-7 day irr. interval. Split 
boron application 1,6, and 10 weeks after transplanting, foliar, 
total = 5 kg/ha. Nitrogen application split with boron, total 
rate = 168 kg/ha + 56 kg/ha establishment nitrogen. 
x Total leaf nitrogen percent/dry wt., determined by Kjeldahl analysis. 
* Leaf boron samples from subplots within "No stress" water main 
plot treatment. Boron leaf concentration by ICP spectrometry. 
v Significant or non-significant (NS) mean separation within columns 
determined by FPLSD at p = 0.05, unless otherwise indicated. 
u 9/23 sample assumes no difference in early season whole plot 
irrigation differential. Both subplot factors evaluated within 
"No stress" main plot treatment. 
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Table 4.13. Cauliflower leaf nitrogen and boron concentrations at three sample 
dates. Special Irrigation 1989. 

Water Main Effect Transplant Condition' Boron Applied* 

Date1/ Applied %Leaf Leaf SLeaf Leaf %Leaf Leaf 
Treatment Water mm" Nitrogen" Boron' Nitrogen Boron Nitrogen Boron 

8/10 

Severe 14 

52 

5.5 

5.9 

NS 

54 

57 

NS 

Dry 

Wet 

5.8 

5.6 

NS 

61 

51 

NS 

Plus « 

« 

60 

No Stress Minus 51 

NS 

8/31 

22 

241 

4.4 b 

5.4 a 

* 

* 

Dry 

Wet 

5.2 

4.6 

NS 

26 

27 

NS 

Plus * 

s 

Severe 27 

No Stress Minus 26 

NS 

9/25 

97 

186 

239 

4.4 ab 

4.6 a 

4.3 b 

37 

38 

41 

Plus » 

* 

Severe 40a 

Moderate Minus 37 b 

Convent. 

No stress 375 3.9 c 38 

LSD .3 NS 

* Samples 8/10 (early) and 8/31 (mid-season) with two replications, 9/25 (late) four replications. Irrigation 
treatments for permanent field site: Severe, Moderate, Conventional, and No stress. 
' Transplant bed differential irrigation status before digging. Wet = 71 % of ETo or 67 mm water applied during 
differential, Dry =31% of ETo or 29 mm water applied. Samples follow progress of transplant treatment into 
early and mid season growth in permanent site, late season condition assumed not significant, 9/25 sample not 
available. 
* Boron treatments: minus = 0 kg/ha, plus = 6.72 kg/ha split into 3 foliar applications. 
" Water applied = differential irrigation + rainfall up to sample date. Does not include establishment irrigation 
(7/13-7/24), of 97 mm. 
" Total leaf nitrogen as percent/dry wt. from Kjeldahl analysis. 
* Boron determination (mg/kg) by ICP spectrometry. 
1 Significance and non significance (NS), and mean separation within columns by FPLSD at p = 0.05. 
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Table 4.14. Cauliflower leaf nitrogen levels at two sample 
dates for water stress treatments and one date for nitrogen 
treatments. Special Irrigation 1990. 

Date/Treatment1 
Water Applied 

(mmy 
%Leaf 

Nitrogen1 

8/29 

3 PreCI 5.9 

During CI 26 5.9 

No Stress 246 5.7 

NSW 

9/27 

254 PreCI 4.3 a 

During CI 215 4.1 ab 

No Stress 371 3.6 b 

LSD .5 

Nitrogen Applied 
(kg/ha) 

0 371 3.5 c 

84 371 4.1b 

168 371 4.5 a 

LSD .2 

z Early sample date at end of curd initiation period, prior to 
nitrogen application. Last date at beginning of harvest period. 
Water stress treatments prior to or during curd initiation vs. 
no stress. Nitrogen (ammonium nitrate) applied post initiation, 
does not include establishment fertilization of 56 kg/ha. 
y Water applied + rainfall up to point of sampling. Does not 
include establishment irrigation of 39 mm for all treatments. 
x Total leaf nitrogen as percent/dry wt. by Kjeldahl analysis. 
w Significance or non-significance (NS) and mean separation 
within columns by FPLSD at p = 0.05. 
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Table 4.15. Post season soil boron levels at three depths for 
selected treatments, Special Irrigation 1989 and 1990. 

Boron Level (mg/kg) at Three Depths (cm)z 

Year/   
Treatment 0' 15 15 '30 3Q'45 

1989y 

Wet 

plus B 2.35 1.65 1.39 

minus B .44 .33 .25 

Dry 

plus B 2.07 .89 .60 

minus B .33 .30 .33 

1990x 

PreCI .47 .58 .40 

During .45 .40 .36 

No Stress .46 .45 .38 

z Sub-samples randomly collected within treatments for one 
combined sample, no replication. Boron determination by hot 
water extraction procedure (Homeck et al 19890. 
y 1989 comparison, two differential irrigation levels, Wet = 
375 mm, Dry = 96 mm water applied, establishment irrigation 
of 97 mm. Boron treatment: plus = 6.72 kg B/ha split into 3 
foliar applications minus = 0 kg B/ha. 
x 1990 comparison of three water stress timing treatments, 
before or during curd initiation and no stress control. Boron, 
6.72 kg B/ha, foliarly applied post-curd initiation in 3 way split. 
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Figure 4.1. Neutron probe determination of seasonal soil moisture (% by 
volume) changes at five depths and four seasonal water stress regimes; and 
applied water (mm) events, "Special Irrigation 1989".  (A) severe seasonal water 
stress, (B) moderate seasonal stress, (C) conventional irrigation, and (D) no water 
stress. 
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Figure 4.1. Continued, (C),(D). 
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Figure 4.2. Neutron probe determination of seasonal soil moisture (% by 
volume) changes at three depths and three water stress timing regimes; and 
applied water (mm) events, "Special Irrigation 1990".  (A) water stress timing 
prior to curd initiation, (B) water stress during the period of curd initiation, and 
(C) no water stress. 
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Figure 4.3. Cauliflower total and marketable yield, earliness, and comparisons of 
internal solidity vs. outer quality, and internal solidity vs. occurrence of severe 
hollowness as a function of water applied at four seasonal stress levels, "Special 
Irrigation 1989". (A) total yield: y = 13.16 + 0.073Ix, R2 = 0.92; marketable 
yield: y = -2.444 + 0.084x, R2 = 0.84; (B) harvest 1 %: "Wet": y = 81.56 - 
0.337x + O.OOOSOx2, R2 = 0.99, "Dry": y = 64.25 - 0.337x + 0.00056x2, R2 

= 0.98; (C) % solid heads: y = 77.013 - 0.171x, R2 = 0.71; % acceptable 
heads: y = -40.051 + 0.650x - 0.00095x2, R2 = 0.90; (D) % solid heads: y = 
77.013 - 0.171x, % severely hollow heads: y = 10.525 + 0.144x, R2 = 0.67. 
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Figure 4.4. Interaction of nitrogen rate and water stress timing and the effects on 
cauliflower (A) earliness (% heads taken harvest 1), (B) marketable yield (metric 
tons/ha), (C) percent of undersized heads (% small), (D) external quality (% 
acceptable) and (E) internal quality (% solid heads). "Special Irrigation 1990". 
Significance and mean separation between nitrogen rates at the same water 
treatment by FPLSD at p = 0.05, based on log (yield) and arcsin transformation 
(% data). Original data presented. 
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Figure 4.5. Occurrence of undersized heads (% small heads) as affected by 
interactions of transplant growing conditions ("Wet", "Dry") and seasonal water 
stress, "Special Irrigation 1989".  Significance and mean separation shown 
between subplot (transplant condition) at same main plot treatment (seasonal 
stress) as determined by FPLSD at p = 0.05. Percent data transformed by arcsin, 
original data presented. 
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Figure 4.6. Cauliflower internal solidity and occurrence of severe hollowness as 
a function of multiple harvest date, "Special Irrigation", 1988, 1989, 1990. (A) 
% soUd heads: 1988: y = 10229.3 - 70.5504x + 0.121846x2, R2 = 0.96; 1989: 
y = 3005.6 - 22.38x + 0.04215x2, R2 = 0.74; 1990: y = -479.20 + 1.775x, R2 

= 0.79. (B) % severely hollow heads: 1988: y = -5177.45 + 36.71x - 0.0644x2, 
R2 = 0.96; 1989: y = 291.25 - 0.915x, R2 = 0.70; 1990: y = -2628.25 + 
18.57x - 0.03239x2, R2 = 0.79. 
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CHAPTERS 

SUMMARY AND CONCLUSIONS 

Water and nitrogen inputs are important cultural considerations in the 

production of cauliflower, and both have effects on growth and development 

(growth rate, curd initiation, maturity), yield (total and marketable) and quality 

(external curd appearance, internal head solidity and color) of the crop.  Our 

objectives in these studies were to evaluate the effects of water and nitrogen on 

these parameters and to determine their optimum relationship to provide further 

understanding of the crop, and to make more refined cultural recommendations 

for growers based on experimental results. 

In the line-source studies (LS Expts. 1,2,3), effects of applied water in a 

seasonal gradient were evaluated. These experiments provided data on critical 

moisture levels for irrigation timing and amounts based on soil and 

evapotranspiration deficits and replacement levels.  The soil moisture gradient 

was used to evaluate yield, quality, and maturity responses under seven 

progressive water levels with: nitrogen timing after transplanting (Expt.l, 1988), 

nitrogen rates from 56-280 kg N/ha (Expt.2, 1989), and N rates (56-168 Kg 

N/ha) and timing (4, 8 wks or split, post-initiation) combined (Expt.3, 1990). 

In the special irrigation studies (SI Expts. 1,2,3), water application timing 

was evaluated as post-transplant stress imposed prior to curd initiation (Expt. 1 

1988). In direct seeded plants, response to water stress prior to and during curd 

initiation, was compared to those not stressed (Expt.3 1990). In Expt.2 (1989), 

the response of limited ("dry") and normally irrigated ("wet") seedbed 

transplants, which were later dug and moved into four levels of seasonal 

irrigation, was evaluated. 
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As additional factors, the evaluation of nitrogen source (ammonium and 

calcium nitrate, 1988), nitrogen rates applied post-initiation (1990), and applied 

boron (+,-, 1988, 1989) was conducted with water stress treatments on the 

effects on cauliflower growth and development, yield and quality. 
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Growth and Development 

Water and Maturity: 

Short periods of water stress early, prior to or during curd initiation, are a 

common occurrence in seedbeds, recently transplanted and shallowly rooted 

young plantings. Checks in early growth (SI Expts. 1,2,3) did set the stage for 

increased harvest variability, primarily by reducing growth rate and plant size, 

and slowing regrowth in the field, which may have increased length of the 

juvenility period and delayed the onset of curd initiation and maturity.  Stress 

occurring prior to or during curd initiation created similar harvest variability (SI 

Expt. 3) These effects on maturity by water stress were not reversed by later 

field conditions in any SI experiment, though post-initiation water effects 

advanced or decreased maturation of initiated curds (SI Expt.2, LS Expts. 1,2,3). 

If all plants within a population were affected equally, this would not necessarily 

lead to variability, but in a field situation, re-rooting of transplants and 

establishment of a planting is related to the variability of the individuals' micro- 

environment and leads to varying levels of stress response.  Cell grown 

transplants of proper age, more uniform irrigation and liquid starter fertilizer may 

be ways to reduce juvenile plant variability in the field. 

Onset of maturity was affected more by early water stress and the resulting 

effects on curd initiation than stress occurring from curd initiation to harvest. 

Yet the effect of severe water stress or water excess after curd mitiation not only 

reduced yield and quality parameters, but to an extent affected crop maturity (SI 

Expt.2, LS Expts. 1,2,3); this occurring by effects on curd growth rate, size and 

timing (exposure), which may be related to plant size, leaf number and growth. 

Very dry conditions during the post-initiation stage of growth reduced its length 

and advanced harvest (< 70 % ETo), while a water excess (> 100% ETo) 

increased the time from initiation to maturity and delayed harvest. This effect 

was shown by the relationship with the timing of curd initiation.  For example, in 
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dry conditions early, which delayed curd initiation, maturity was delayed even 

more by wet conditions later, the combination substantially delaying harvest, 

while dry seasonal conditions decreased this period and led to an earlier harvest. 

It is important to note, however, that the levels of soil moisture required to affect 

the post-initiation period are extreme and the effects on crop yield and quality so 

adverse, that is not practical as a management tool in controlling harvest timing. 

Young plants were not advanced in curd initiation by increased irrigation, but 

instead optimal growth (and size) caused these plants to be receptive to 

environmental vernalization sooner.  The timing of vernalization in relationship to 

plant growth and internal development and status is a key factor in understanding 

cauliflower variability. Early stressed plants may "catch up" to plants "waiting" 

on vernalization (with regards to receptivity), which may lead to more 

uniformity, or vernalization temperatures may occur before stressed plants are 

receptive. Variability is then created when the late plants must depend on proper 

temperatures to initiate curds in fluctuating environmental conditions, while 

earlier initiated plants proceed in exponential curd growth. When cool 

temperatures are consistent and dominate, initiation occurs as each plant reaches 

the end of juvenility, in this case, creating more spot to spot variability in the 

field than in the former situation. In either case, increasing plant uniformity, 

particularly by proper irrigation can reduce variability. 

Nitrogen and Maturity: 

Nitrogen stress (0-56 kg N/ha) also caused advancement in maturity (SI 

Expt.3, LS Expts.2,3), and increased water and low fertility interacted to reduce 

the time from curd initiation to maturity. This effect of N stress, as with water 

stress, is extreme and severely affects yield and curd quality under most field 

conditions and would not be encountered or used as a practical method to advance 

maturity. Late N application had a tendency to advance harvest (LS Expt.l), but 

this is more likely due to insufficient N before the N was applied.  In general, 
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nitrogen applications after curd initiation (4-7 weeks after transplanting) had little 

effect on crop maturity in these experiments regardless of water input. Nitrogen 

rates >56 kg/ha under normal irrigation levels had no effect on crop variability 

and maturity and did not affect the post-initiation period. 

Predicting curd initiation and maturity is related to weather conditions, 

which determine not only the time of vernalization and but also temperatures for 

plant growth before and after initiation, affecting vernalization receptivity timing 

and curd growth rate. Water and nitrogen have important roles in affecting plant 

growth prior to curd initiation and to an extent, during curd growth, and can 

enhance uniformity. 

Time of Maturity as it Affects Quality: 

Head solidity was related to time of maturity, with solid heads occurring 

more frequently with each successive harvest (all experiments).  Even very large 

heads, typically hollow in earlier harvest, exhibited no hollowness in the later 

harvests.  Though these later maturing plants could have initiated curds later, it is 

also likely that their growth rate was slower and the time from curd initiation to 

maturity was increased. This is a characteristic of late maturing types of 

cauliflower which have long post-initiation periods, and which exhibit reduced 

head hollowness problems (personal comm. Jack Stang). Thus it is not clear 

whether lack of late season head hollowness is a function of genetics, or of plants 

delayed in initiation which encounter and interact with a cool, late season 

environment which slows growth, delays maturity and results in increased head 

solidity, or possibly a combination of both factors or unknown reasons. 

Seasonally water stressed plants exhibited a high level of head solidity also (SI 

Expt.2, LS Expts.), which suggest that decreased plant growth rate during the 

season, and not just during later phases of curd growth, is involved.  A reduction 

or temporary delay in the rate of growth, particularly after curd initiation (as seen 
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in LS studies) may result in more solid heads, but other parameters (yield, 

external quality) are also affected. 

Leaf Concentrations of Nitrogen and Boron: 

Leaf nitrogen concentration was consistently related more to soil moisture in 

these studies than nitrogen rates, which differed little in their influence on N 

concentrations above 168 kg N/ha (LS Expts.2,3), though below this rate 

significant differences occurred (SI Expt.3). Under consistently wet conditions 

and low to moderate nitrogen rates, leaf N concentrations were reduced, possibly 

due to increased soil nutrient leaching.  However, at higher N rates, 

concentrations were reduced by increased irrigation also, and whether leaching of 

nutrients or growth "dilution" of N occurred, or both is unclear.  Under dry 

seasonal conditions there was little change in leaf nitrogen status, regardless of N 

rate, indicating the importance of water in plant N uptake. Water level effects on 

N concentration were not evident until late in the season.  The decline in N 

concentration was also more evident in early vs. late N applications (LS Expt.3), 

though timing of nitrogen after curd initiation was less important than division of 

total rates in influencing N concentrations. Lowered leaf nitrogen concentrations 

were also associated with reduced yields below 168 kg N/ha. 

Concentration of boron in leaf tissue increased with the application of boron. 

Applied boron and nitrogen exhibited no interactive effects on leaf B or N 

concentration or other parameters. 



187 

Yield 

Water: 

Seasonal water use by cauliflower is high. To maintain optimum yield and 

quality, as shown by the line source experiments, evapotranspiration deficits 

required at least 80-90% level of replenishment, and soil moisture levels could 

not fall below 50% of available water (F.C. to W.P.). Water requirements for 

maintenance of marketable yield were slightly higher than total yields.  Available 

soil moisture deficit levels provided an indication of appropriate irrigation timing 

and can be applied to any soil type or growing situation, while evapotranspiration 

replacement indicates relative water amounts. Not allowing available soil water 

levels to fall below 50%, or greatly exceed 90% of ET replacement indicates that 

adequate, uniform water availability is important for the crop, though these 

guidelines provide a somewhat narrow window of water management. Water 

management is particularly important from curd initiation to curd maturity and 

water stress during this period reduces curd size and appearance, decreasing 

marketable yield. Excessive water during curd growth reduced the internal 

quality of heads, and in one instance significantly reduced head size (SI Expt. 3), 

though yields were not reduced. Early water stress evaluated in the special 

irrigation experiments had no effect on yields. 

Nitrogen: 

Cauliflower yield response to increased nitrogen application is closely related 

to response to applied water and follows similar patterns.  Nitrogen rate response 

as seen in these studies, was mostly independent of applied water, but was also 

interactive, especially in experiments conducted on lighter textured soil (LS 

Expt. 3, SI Expt. 3). Response to nitrogen was often not as dramatic or apparent 

as crop response to water alone. This may be in part due to residual soil nitrogen 

release during the season with applied water and the ability of cauliflower to 
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utilize it. This may occur in soils of higher organic matter, and in the two 

experiments on a lighter textured soil with lower O.M. content, delineation of 

crop response to rate and timings was somewhat clearer. 

Total and marketable yields were not increased by nitrogen rates above 168 

kg/ha (LS Expt.2), and variation existed in response to rates below 168 kg/ha, 

being partly dependent on timing and possibly soil types. 

Early and split applications of nitrogen during the post-initiation period (LS 

Expt.3) were superior to late applications, and under conditions of consistent soil 

moisture, the division of total rates was especially beneficial.  One-third of the 

total rate banded at planting, followed by a split application of remaining N 

sidedressed just after curd initiation and again 3-4 weeks later resulted in highest 

yield. Total rates above 112 kg/ha decreased internal quality, while below 168 

kg N/ha, yield and external appearance declined. Recommendations for nitrogen 

application in cauliflower should be dependent on residual fertility and texture of 

local soil types.  Similar to water management, nitrogen management should be 

directed toward consistent, moderate levels, which encourage consistent, uniform 

growth to maximize yields. The interaction of applied water and nitrogen is an 

important consideration, and for nitrogen uptake to occur soil moisture must be 

adequate. 
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Quality 

Water: 

Increased water levels improved the external appearance, size and quality of 

the curd, and substantially reduced common external defects such as off-colored 

and poorly textured heads (LS Expts, SI Expt.2). However, at higher water 

levels required to maintain optimum external quality for processing, internal 

quality was reduced by increased head hollowness and internal discoloration. At 

excessive water levels in SI Expt.3, head size was also reduced, and though 

conditions in the line-source experiments did not reach this level of irrigation, 

similar trends were evident. At water levels below 200 mm/season, head solidity 

was increased but outer quality and total and marketable yield (head size and 

weight) were progressively reduced. Early, short term water stress, evaluated in 

the special irrigation experiments, had no effect on head quality. 

Uniform growth which is a result of moderate, uniform soil moisture 

conditions is important in maximizing and achieving the balance between external 

and internal quality, which in the case of fresh market production may be more 

important than maximizing yields.  For commercial processing, large, dense 

heads (curds) are preferred and internal quality is usually not a problem since 

inner cores of heads (curds) are removed. However, internal discoloration may 

accompany severe hollowness (as seen in some of these experiments) and can be 

a problem. 

Nitrogen: 

Improvements in external head quality occurred as nitrogen rates increased 

up to 112 kg N/ha, but at higher rates differences were not significant (LS Expt. 

2). Internal quality decreased with applied nitrogen above 56 kg/ha, though this 

response was not linearly strong. Late and split applications of higher rates of 

nitrogen (LS Expt.3), enhanced this effect, and interacted with high water levels 
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to substantially increase hollowness and internal discoloration, while increasing 

total and marketable yields and external quality. However, post-initiation N 

timing, early or late, had little effect on crop quality response at low and 

moderate water levels.  The lack of effect may have been related to soil residual 

availability of N.  Nitrogen alone did not affect the balance of external and 

internal quality as much as did water, however in combination with adequate 

irrigation, internal quality could be reduced and outer quality improved with low 

to moderate N rates. 

Nitrogen Source and Boron: 

Nitrogen source as shown in SI Expt. 1 had little effect on yield or quality. 

However, ammonium nitrate did significantly increase the percent of severely 

hollow heads occurring when compared to calcium nitrate.  This may have been 

due to increased uptake and growth rate from ammonium nitrate in our cool soil 

conditions, but this was not confirmed by leaf N concentrations. The percent of 

solid heads was not significantly affected by N source. 

Boron application had no effect on observed parameters, including head 

solidity, but its application did result in significantly higher leaf B concentrations. 

Boron may have a role in the reduction of internal discoloration and may create 

internal callus tissue formation in head cavities, since this trend has been 

observed in other studies conducted at OSU. However, the role of boron in 

reduction of head hollowness, even when applications began early in the seedbed, 

was very limited when compared to water and nitrogen effects in the present 

studies. Further research is needed to clarify the relationship of boron, nitrogen, 

and water levels on head hollowness and internal discoloration. 



191 

BIBLIOGRAPHY 

Aamilid, K. 1952. A Study of Cauliflower (Brassica oleracea Linn, var botrytis 
D.C.). Ph.D. Thesis. University of Maryland, College Park, Maryland. 

Abbe, C. 1905. First report on the relations between climates and crops. U.S. 
Dept. of Agile. Weather Bureau, Bull. no. 36, pg. 168. 

Alexander, A. and F. Stark. 1959. Growth of cauliflower as influenced by 
nitrate, calcium and molybdenum relationships. Am. Soc. for Hort. Sci. 74:607- 
615. 

Arnold, C.Y. 1959. The determination and significance of the base temperature 
in a linear heat unit system. Proc. of the Am. Soc. for Hort. Sci. 74:430-445. 

Arora, P.N., B.S. Joshi and S.L. Pandey. 1970. Tips for raising the yield of 
cauliflower. Ind. Hort. 15(3): 19-20. 

Atherton, J.G., DJ. Hand and C.A. Williams. 1987. Curd initiation in the 
cauliflower (Brassica oleracea var. botrytis L.). In: J.G. Atherton (Ed.) 1987, 
Manipulation of Flowering. Proc. 45th Univ. of Nottingham Easter School in 
Agric. Sci., Butterworths, London. 

Bailey, L.H. 1930. The Cultivated Brassicas. Gentes Herbarium. 2 Fasc. 
V:209267. 

Baker, J.E., H.G. Gauch and W.M. Dugger. 1956. Effects of boron on the water 
relations of higher plants. Plant Phys. 31(2):89-93. 

Balyan, D.S., B.S. Dhanker, D.S. Ruhal and K.P. Singh. 1988. Growth and 
yield of cauliflower variety "Snowball 16" as influenced by nitrogen, phosphorus 
and zinc. Haryana J. Hort. Sci. 17(3/4):247-254. 

Berger, K.C. and P.F. Pratt. 1963. Fertilizer technology and usage. (M.H. 
McVicker, G.L. Bridger and L.B. Nelson eds.), Soil Sci. Soc. Am., Madison, 
Wisconsin, pp. 287-340. 

Birkenshaw, J.E., D.C.E. Wurr and Jane R. Fellows. 1982. The influence of 
ventilation temperature and plant raising method on the yield of early summer 
cauliflower. J. Hort. Sci. 57(3):357-363. 



192 

Booij, R. 1987a. Environmental factors in curd initiation and curd growth of 
cauliflower in the field. Netherlands J. of Agri. Sci. 35:435-445. 

Booij, R. 1987b. The influence of temperature on length of the growing period of 
cauliflower. Acta Horticulturae. 198:243-248. 

Booij, R. 1990. Cauliflower curd initiation and maturity: Variability within a 
crop. J. Hort. Sci. 65(2): 167-175. 

Borchers, E.A. 1972. Broccoli varieties. Veg. Growers News, Norfolk, Va. 
26(ll):3-4. 

Boma, Z. 1973. The influence of heavy application of mineral fertilizers and of 
irrigation on yield of vegetables. Acta Horticulturae. 29:385-391. 

Borrelli, A. and P. Tedeschi. 1972. Nitrogen fertilization of cauliflower by 
application in irrigation water. Annali Delia Facolta Di Scienze Agrarie Delia 
Universita Degli Studi Di Napoli Portici. 6:176-189 (Abstract). Italy. 

Bose, P.C. 1966. Things to know for growing cauliflower. Indian Hort. 11(1):20- 
22, 35-36. 

Brown, A. 1965. Autumn cauliflowers. Direct drilling, 1964 Progress Report. 
Rep. Efford Expt. Hort. Sta. for 1964, pg. 104. 

Carew J. and H.C. Thompson. 1948. A study of certain factors affecting 
"buttoning" of cauliflower. Proc. Am. Soc. Hort. Sci. 51:406. 

Chanasyk, D.S. and R.H. McKenzie. 1986. Field calibration of a neutron probe. 
Can. J. Soil Sci. 66:173-176. 

Chandler, F.B. 1941. Mineral nutrition of the genus Brassica with particular 
reference to boron. Maine Agri. Expt. Sta. Bull. no. 404. 

Chapman, H.D. and A.P. Vanselow. 1955. Boron deficiency and excess. Calif. 
Citrus Grower. 40:455-458. 

Choudhuri, B.B. 1961. Effect of different doses of nitrogen, phosphorus and 
potash along with different doses of F.Y.M. on cauliflower. M.S. Thesis. 
I.A.R.I., New Delhi, India. 



193 

Choudhuri, B.B. and K.S. Yawalker. 1969. Effect of nitrogen, phosphorus and 
potash along with F.Y.M. on cauliflower. Hort. Sci. Calcutta, L.:33-37. 

Cochran, W.C. and G.M. Cox. 1957. Experimental Design. John Wiley and 
Sons, New York. 

Crisp, P. 1977. Genotype - environment interactions in early winter cauliflowers 
in south-west Britain. J. Hort. Sci. 52:357-366. 

Croxall, N.E. and P.T.H. Pickford. 1954. Manurial experiment on vegetable 
crops. 1. Effect of F.Y.M. and of various fertilizer treatments on spring cabbage 
and cauliflower. Ann. Rep. Agric. and Hortic. Res. Sta., Long Ash ton. pg. 54- 
56. 

Csizinszky, A.A. 1982. Effect of fertilizer placement and in-row spacing on 
cauliflower yield. Proc. Fla. St. Hort. Soc. 95:328-330. 

Csizinszky, A.A. 1987. Nutrition of cole crops with the full-bed polyethylene 
mulch system in west-central Florida. J. Plant Nutrition. 10(9-16): 1489-1497. 

Csizinsky, A.A. and AJ. Overman. 1979. Effect of irrigation tube placement and 
type and quantity of fertilizer on yields of broccoli and cauliflower with plastic 
mulch. Proc. Soil and Crop Sci. Soc. of Fla. 38:46-48. 

Csizinszky, A.A. and DJ. Schuster. 1988. Impact of insecticide schedule, N and 
K rates and transplant container size on cauliflower yield. Appl. Agric. Res. 
3(1):12-16. 

Csizinszky, A.A. and CD. Stanley. 1987. Effect of nitrogen source, plant 
spacing and seedling container cell size on trickle irrigated cauliflower. Proc. Soil 
and Crop Sci. Soc. of Fla. 46:84-88. 

Cutcliffe, J. A. 1972. Effects of plant spacing and nitrogen on the incidence of 
hollow stem in broccoli. Can. J. Plant Sci. 52:833-834. 

Cutcliffe, J.A. 1975. Cultivar and spacing effects on incidence of hollow stem in 
brocoli. Can. J. Plant Sci. 55:867-869. 

Cutcliffe, J.A. and U.C. Gupta. 1980. Effects of added nitrogen, phosphorus and 
potassium on leaf tissue boron concentration of three vegetable crops. Can J. 
Plant Sci. 60:571-576. 



194 

Cutcliffe, J.A. and D.C. Munro. 1976. Effects of nitrogen, phosphorus and 
potassium on yield and maturity of cauliflower. Can. J. Plant Sci. 56:127-131. 

Cutcliffe. J.A. and D.C. Munro. 1977. Fertilizer for maximum production of 
cauliflower. Can. Agric. 22(2):5. 

Dark, S.O.S. 1938. The development of flowers from the curd of cauliflower 
(Brassica oleracea var botrytis). Ann. Bot. Lond. N.S. 2:751-752. 

Dearborn, C.H. 1942. Boron nutrition of cauliflower in relation to browning. 
Cornell Univ. Agric. Expt. Sta. Bull. no. 778. pp. 1-29. 

Dhesi, N.S. 1964. Effect of N, P, K on the yield of cauliflower. Punjab Hort. J. 
4:176-179. 

Dhesi, N.S., D.S. Padda, J.C. Kumar and B.S. Malik. 1964. Effect of nitrogen, 
phosphorus and potash on the yield of cauliflower. Punjab Hort. J. 4(3,4): 176-9. 

Doorenbos J. and W.O. Pruitt. 1977. Guidelines for predicting crop water 
requirements. Irrigation and Drainage Paper, no. 24. Food and Agriculture 
Organization of U.N., Rome. 

Dufault, R.J. and L. Waters. 1985a. Container size influences broccoli and 
cauliflower transplant growth but not yield. HortScience 20(4):682-684. 

Dufault, R.J. and L. Waters Jr. 1985b. Interaction of nitrogen fertility and plant 
populations on transplanted broccoli and cauliflower yields. HortScience. 
20(1): 127-128. 

Evans, C.E. and D.L. Sparks. 1983. On the chemistry and mineralogy of boron 
in pure and mixed systems: A Review. Comm. Soil Sci. Plant Anal. 14:827-846. 

Farah, S.M., R.J. Reginato and F.S. Nakayama. 1984. Calibration of soil surface 
neutron meter. Soil Sci. 138(3):235-239. 

Frolich, H. 1955. Pflanzenphysiologische Grundlagen der Zusatzberegnung im 
Feldgemusebau. Dtsch. Gartenb. 2:134 (Abstract). 

Fujime, Y. 1983. Studies on thermal conditions of curd formation and 
development in cauliflower and broccoli, with special reference to abnormal curd 
development. Memoirs of the Faculty of Agriculture, Kagawa University, no. 40. 
Miki-tyo Kagawa-ken, Japan. 



195 

Fujime, Y. and T. Hirose. 1979. Studies on thermal conditions of curd formation 
and development in cauliflower and broccoli. 1. Effects of low temperature 
treatment of seeds. J. Jap. Soc. Hort Sci. 48:82-90 (Abstract). 

Gallagher, P.A. 1966. Influence of soil organic nitrogen on stem rot and leaf 
scorch in broccoli. Nature. 212:743-744. 

Gardner, B.R. and R.L. Roth. 1990. Midrib nitrate concentration as a means for 
determining nitrogen needs of cauliflower. J. of Plant Nutrition. 13(11): 1435- 
1451. 

Garthwaite, J.M. 1967. Autumn Cauliflowers: Comparison of Direct Drilling and 
Transplanting, 1963-1965. Final Report, Rep. Luddington Expt. Hort. Sta. for 
1966, pp. 87-91. 

Cranberry, D.M., W.J. McLaurin and K.M. Batal. 1985. The effect of boron 
nutrition and plant spacing on the internal stem quality of broccoli. HortScience. 
Abstract, 20(4): 656. 

Gray, A.R. and P. Crisp. 1977. Breeding systems, taxonomy and breeding 
strategy in cauliflower (Brassica oleracea var botrytis L.). Euphytica. 26:369- 
375. 

Grealish, W.J. 1991. Effects of Boron Rates and Differential Irrigation on Bush 
Green Beans and Cauliflower. M.S. Thesis. Oregon State University, Corvallis, 
Or. 

Griffith, M. and D.E. Carting. 1991. Effects of spacing on broccoli yield and 
hollow stem in Alaska. Can. J. Plant Sci. 71:579-585. 

Gupta, U.C. 1971. Boron requirements of alfalfa, red clover, brussels sprouts 
and cauliflower grown under greenhouse conditions. Soil Sci. 112:280-281. 

Gupta, U.C. 1979. Boron nutrition of crops. Adv. Agron. 31:273-307. 

Gupta, U.C. and J.A. Cutcliffe. 1973. Boron nutrition of broccoli, brussels 
sprouts and cauliflower grown on Prince Edward Island. Can. J. Soil Sci. 
53(3):275-279. 

Gupta, U.C, J.D.E. Sterling and H.G. Nass. 1973. Influence of various rates of 
compost and nitrogen on the boron toxicity symptoms in barley and wheat. Can. 
J. Plant Sci. 53:451-456. 



196 

Haine, K.E. 1959. Time of heading and quality of curd in winter cauliflower. J. 
of the Ntl. Inst. of Bot. 8:667-674. 

Halbrooks, M.C., L.A. Peterson and T.T. Kozlowski. 1986. Effects of 
transpiration rate on boron uptake by roots and translocation to shoots of table 
beets {Beta vulgaris L.). J. Plant Nutr. 9:1157-1170. 

Hammond, L.C., and D. Kirkham. 1949. Growth curves of soybeans and com. 
Agron J. 41:23. 

Hand, D.J. and J.G. Atherton. 1987. Curd initiation in the cauliflower. 1. 
Juvenility. J. Exp. Botany. 38:(197);2050-2058. 

Hanks, R.L, D.V. Sisson, R.L. Hurst and K.G. Hubbard. 1980. Statistical 
analysis of results from irrigation experiments using the line-source sprinkler 
system. Soil Sci. Soc. Am. J. 44:886-888. 

Hanks, R.J., J. Keller, V.P. Rasmussen and G.D. Wilson. 1976. Line source 
sprinkler for continuous variable irrigation-crop production studies. Soil Sci. Soc. 
Am. Proc. 40:426-429. 

Hanson, D.R. and W.G. McGregor. 1954. Comparative growth studies of flax 
varieties. Can. J. Agric. Sci. 34:565. 

Hartman, H.D., K.H. Zengerie, V. Bruckner and H. Cuck. 1988. The effect of 
irrigation on the yield of cauliflower. Gemuse. 24(2):58-62 (Abstract). 

Hartman, J.D. 1937. Boron deficiency of cauliflower and spinach on Long 
Island. Proc. Am. Soc. Hort. Sci. 35:518-525. 

Hartmann, N.D. 1969. Stickstoffdungung und qualitat von blumenkohl. 
Industrielle Obst. Und Gemuseverwertung. 54:113-114 (Abstract). 

Hellwig, A., M. Osinka and R. Mutor. 1977. The effect of irrigation and 
increasing doses of nitrogen on the yield of early cabbage and cauliflower. 
Zeszyty Problemowe Postpepaow Nuak Rolniczych. 181:19-43 (Abstract). 

Heydecker, W. and M. A. Nichols. 1967. Effect of planting date on seven 
cultivars of early summer cauliflower. Horticultural Research. 7(l):44-49. 

Hipp, B.W. 1974. Influence of nitrogen and maturity date on hollow stem in 
broccoli. HortScience. 9(l):68-69. 



197 

Hobbs, J.A. and B.R. Bertramson. 1949. Boron uptake by plants as influenced by 
soil moisture. Soil Sci. Soc. Am. Proc. 14:257-261. 

Homeck, D.A., J.M. Hart, K. Topper and B. Koepsell. 1989. Methods of soil 
analysis used in the soil testing lab at Oregon state University. Ext. Sta. Pub. SM 
89:4. 

Hoyle, BJ., K. Tyler, B. Fischer, D. May and L. Brown. 1973. Broccoli for the 
San Joaquin Valley west side. Calif. Agric. 27(1): 12-13. 

Ito, H., T. Saito and T. Hatayamo. 1966. Time and temperature factors for the 
flower formation in cabbage. 2. The site of vernalization and the nature of 
vernalization sensitivity. Tohoku J. of Ag. Res. 17:1-15 (Abstract). 

Jenkinson, J.G. and A.M. Williams. 1967. Stem rot and scorch in winter 
cauliflower. Expt. Hort. 17:57-68. 

Jensma, J.R. 1957. Teelt en veredeling van bloemkool. Meded. Inst. Vered. 
TuinbGewass. 96:52 (Abstract). 

Jones, J.O. 1935. Cauliflower industry in California. Calif. Ext. Circ. no. 93. 

Jorgensen, V. and K. Henriksen. 1984. Irrigation of cauliflower. Tidsskrift for 
Planteaul. 88:265-275 (Abstract). 

Judson, L. 1911. Cauliflower and brussels sprouts on the Long Island. Cornell 
Univ. Agric. Expt. Sta. Bull. no. 292. 

Kato, T. 1964. On the flower head formation and development of cauliflower 
plants. 1. Ecological studies on the flower head formation and development. J. 
Jap. Soc. Hort. Sci. 33:316-326 (Abstract). 

Keren, J. and F.T. Bingham. 1985. Boron in water and plants. Adv. Soil Sci. 
1:229-276. 

Kesavan, V., P. Crisp, A.R. Gray and B.D. Dowker. 1976. Genotypic and 
environmental effects on the maturity time of autumn cauliflowers. Theoretical 
and Applied Genetics. 47:133-140. 

Khurana, S.C., G.R. Singh and M.L. Pandita. 1987. A note on nitrogen, 
phosphorus fertilization and spacing on cauliflower, cv. "Pusa Synthetic". 
Haryana J. Hort. Sci. 16(3-4):298-300. 



198 

Klages, K.W.H. 1933. The value and application of growth curves to field plot 
experiments. J. Am. Soc. Agr. 25:453. 

Kubota, J., K.C. Berger and E. Troug. 1948. Boron movement in soils. Soil Sci. 
Soc. Am. Proc. 13:130-134. 

Leshem, Y. and S. Steiner. 1968. Effect of gibberellic acid and cold treatment on 
flower differentiation and stem elongation of cauliflower (Brassica oleracea var. 
botrytis). Israeli. Agric. Res. 18:133-134. 

Lindfors, S. 1975. Some aspects on timing of cauliflower. Acta Horticulturae. 
52:83-84. 

Lindstrom, R.S., S.H. Wittwer and M.J. Bukovac. 1957. Gibberellin and higher 
plants. 4. Flowering responses of some flowering crops. Q. Bull. Mich. Agric. 
Exp. Sta. 39:673-681. 

Lorenz, O.A. and K.B. Tyler. 1976. Plant tissue analysis of vegetable crops. In: 
Soil and Plant-tissue Testing in California, H.M. Reisenaer (ed.). Div. of Agric. 
Sci., Univ. of Calif. Bull. no. 1879, pp. 21-24. 

Mack, HJ. 1969. Nitrogen sources affect table beets. Or. Veg. Digest. 18(4):4. 

Mack, HJ. 1970. Fertilizers affect yield and boron deficiency of table beets. Or. 
Veg. Digest. 19(3):3. 

Mangal, J.L., M.L. Pandita and S.S. Singh. 1982. Effect of irrigation intensities 
and nitrogen levels on growth and yield of cauliflower (Brassica oleracea var. 
botrytis L.) variety Hissar-1. Haryana Agric. Univ. J. Res. 12(3):413-417. 

Mathur, K.L. and K.S. Chauhan. 1970. A note on the response of cauliflower to 
different levels of nitrogen, phosphorus and potassium. Ind. J. Agron. 15:406- 
407. 

Mengel, K. and E.A. Kirkby. 1982. Principles of Plant Nutrition. Int. Potash 
Instit., Worblaufen-bem, Switzerland, pp. 65-67. 

Mishra, H.P. and B.P. Singh. 1986. Studies on the nutrients and growth 
regulator interaction in "Snowball-ie" cauliflower. Prog. Hort. 18(1-2):77-82. 

Mishra, T.B., IJ. Singh, G.B. Ohekar and S.M. Singh. 1959. Studies on soil 
fertility and plant population relationships in vegetable crops. 1. Effect of levels 
of nitrogen and spacing on cauliflower. B. V. J. Agric. 1:17-24. 



199 

Munro, D.C. and J. A. Cutcliffe. 1970. Effect of available soil nitrogen on yields 
and response of brussels sprouts to applied nitrogen in the field. Can J. Plant Sci. 
50:261-266. 

Nagda, C.L. and K.S. Chauhan. 1987. Response of cauliflower to nitrogen and 
sulphur application. Ind. J. Hort. 44(1,2):62-68. 

Nicholas, DJ.D. and E. Catlow. 1948. Manurial experiments on vegetable crops. 
Effect of F.Y.M. and various fertilizer treatments on cauliflower. Ann. Rep. 
Agri. Hort. Res. Sta., Long Ashton. pp. 103-109. 

Nieuwhof, M. 1969. Cole Crops: Botany, Cultivation and Utilization. World 
Crop Books. Leonard Hill Pub., London, pg. 353. 

Nilsson, T. 1980. The influence of soil type, nitrogen and irrigation on yield, 
quality and chemical composition of cauliflower. Swedish J. Agric. Res. 10:65- 
75. 

Ottosson, L. 1958. Growth and maturity of peas for canning and processing. 
Vaxtodling 9. Uppsala. 

Pandey, U.C., G. Singh and G.P.Singh. 1982. Studies on nitrogen fertilization 
and its methods of application on cauliflower variety "Snowball-16". Haryana J. 
Hort. Sci. 11(1-2): 132-138. 

Parkinson, A.H. 1952. Experiments on vegetative and reproductive growth of 
cauliflower. Second Ann. Rep., Ntl. Veg. Res. Sta., England, pg. 38-51. 

Penningsfield, F. 1954. Wasserversorgung. Festschr. Staatl. Lehr-u. Forschanst. 
Gartenb., Weihenstephen, 142 (Abstract). 

Pickford, P.T.H. 1944. Manurial experiment on vegetable crops. 8: Effect of 
F.Y.M. and other manurial treatments on cauliflower. Ann. Rep. Agric. and 
Hortic. Res. Sta., Long Ashton. pp. 73-75. 

Pimpini, F., F. Venter and A. Wunsch. 1970. Untersuchungen uber den 
nitratgehalt im blumenkohl. Landw. Forsch. 23:363-370 (Abstract). 

Pimpini, F., F. Venter and A. Wunsch. 1971a. Uber den einfluss verschiedener 
Stickstoff-Formen und steigender Stickstoff-Mengen auf das wachstumr von 
blumenkohl in kulturgefassen. Gartenbauwissenschaft. 36:1-17 (Abstract). 



200 

Pimpini, F., F. Venter and A. Wunsch. 1971b. Der einfluss verschiedener 
Stickstoff-Formen und steigender Stickstoff-Mengen auf den Gehalt an Gesamt- 
Stickstoff und nitrate in blumenkohlpflanzen. Gartenbauwissenschaft. 36:511-523 
(Abstract). 

Purvis, E.R. and W.J. Hanna. 1940. Vegetable crops affected by boron 
deficiency in eastern Virginia. Virginia Truck Expt. Sta. Bull. no. 105, pp. 1721- 
1742. 

Rahman, F. 1965. Effect of mulches, levels of nitrogen and soil moisture 
conditions on growth and yield of cauliflower. Indian Agriculturalist. 9:59-71. 

Rajput, C.B.S. and K.P. Singh. 1975. Response of cauliflower cultivar 
"Snowball-16" to various levels and methods of nitrogen application. Bangladesh 
Hort. 3(l):23-30. 

Randhawa, K.S. and A.S. Bhail. 1976. Growth, yield and quality of cauliflower 
(Brassica oleracea var. botrytis) as influenced by nitrogen, phosphorus and 
boron. Ind. J. Hort. 33:83-91. 

Rao, L.N. 1938. Flowering branches from the curd of Brassica oleracea Linn, 
var. botrytis. D.C. Curr. Sci. 7:237-238. 

Reynolds, S.B., A. Scaife and M.K. Turner. 1987. Effect of nitrogen form on 
boron uptake by cauliflower. Comm. in Soil Sci. Plant Anal. 18(9): 1143-1154. 

Robbins, W.R., G.T. Nightingale and L.G. Schermerhom. 1931. Premature 
heading of cauliflower as associated with chemical composition of the plant. N.J. 
Agric. Expt. Sta. Bull. no. 509. 

Rosen, C.J. 1990. Leaf tipbum in cauliflower as affected by cultivar, calcium 
sprays and nitrogen nutrition. HortScience. 25(6):660-663. 

Roy, H.K. 1981. Effect of nitrogen on curd size and yield of cauliflower. Veg. 
Sci. 8(2):75-78. (India). 

Roy, R.S. and B. Choudhury. 1950. Effects of fertilizers on the yield of 
cauliflower (Brassica oleracea). Ind. J. of Hort. 7(3/4): 1-6. 

Sadik, S. 1962. Morphology of the curd of cauliflower. Am. J. of. Bot. 49:290- 
297. 



201 

Sadik, S. 1967. Factors involved in curd and flower formation in cauliflower. 
Proc. Am. Soc. Hort. Sci. 90:252-259. 

Sadik, S. and J.L. Ozbun. 1968. The association of carbohydrate changes in the 
shoot tip of cauliflower with flowering. Plant Physiology. 43:1696-1698. 

Saimbhi, M.S., K. Singh and D.S. Padda. 1969. Influence of nitrogen and 
phosphorus fertilization on the yield and curd size of cauliflower. Punjab Hort. J. 
9:198-202. 

Salter, P.J. 1959. The effect of different irrigation treatments on the growth and 
yield of early summer cauliflower. J. Hort. Sci. 34:23-31. 

Salter, P.J. 1960a. The growth and development of early summer cauliflower in 
relation to environmental factors. J. of Hort. Sci. 35:21-33. 

Salter, P.J. 1960b. Effects of different soil moisture conditions during the 
seedling stage on the growth and yield of early summer cauliflower. J. Hort. Sci. 
35(4):239-248. 

Salter, P.J. 1961. The irrigation of early summer cauliflower in relation to stage 
of growth, plant spacing and nitrogen level. J. Hort. Sci. 36(4):241-253. 

Salter, P.J. 1969. Studies on crop maturity in cauliflower. 1. Relationship 
between the times of curd initiation and curd maturity of plants within a 
cauliflower crop. J. Hort. Sci. 44:129-140. 

Salter, P.J. and Joyce R.A. Fradgley. 1963. The influence of sowing date on the 
performance of certain groups of summer and autumn cauliflower. Expt. Hort. 
18:40-51. 

Salter, P.J. and J.R.A. Fradgley. 1969a. The effects of cultural factors on yield 
and curd quality of autumn cauliflower. J. Hort. Sci. 44:265-272. 

Salter, P.J. and J.R.A. Fradgley. 1969b. Studies on crop maturity in cauliflower. 
2. Effects of cultural factors on the maturity characteristics of a cauliflower crop. 
J. Hort. Sci. 44:141-154. 

Salter, P.J. and J.M. James. 1974. Further studies on the effects of cold 
treatment of transplants on crop maturity characteristics of cauliflower. J. of 
Hort. Sci. 49:329-342. 



202 

Salter, PJ. and T. Laflin. 1974. Studies on methods of obtaining continuity of 
production of summer and autumn cauliflowers. 5. The role of short term storage 
and conclusions from experiments. Expt. Hort. 26:120-129. 

Salter PJ. and RJ. Ward. 1972. Studies on crop maturity in cauliflower. 3. 
Effects of cold treatment and certain growth regulators on crop maturity 
characteristics and yields. J. of Hort. Sci. 47:57-68. 

Salter, P J. and A.M. Williams. 1974. Studies on methods of obtaining continuity 
of production of summer and autumn cauliflowers. Expt. Hort. 26:106-119. 

Scaife, A. and D.C.E. Wurr. 1990. Effects of nitrogen and irrigation on hollow 
stem of cauliflower (Brassica oleracea var. botrytis). J. Hort. Sci. 65(l):25-29. 

Sharma, R.P. and P.N. Arora. 1984. Response of mid-season cauliflower to rates 
and time of nitrogen application and plant density. Ind. J. Agron. 29(4):468-470. 

Sharma, R.P. and P.N. Arora. 1987. Response of mid-season cauliflower to 
irrigation, nitrogen and age of seedlings. Vegetable Sci. 14(1): 1-6. 

Sharma, R.P. and K.S. Parashar. 1979. Effect of different water supplies, levels 
of N and P on consumptive use of water, water use efficiency and moisture 
extraction pattern by cauliflower (var. "Snowball-^"). Ind. J. Agron. 24(3):315- 
321. 

Sharma, R.P. and K.S. Parashar. 1980. Effect of soil moisture regimes on 
cauliflower plant characters, dry matter accumulation and nitrogen content in 
various parts. Ind. J. of Agron. 25(1):37-41. 

Sharma, R.P. and K.S. Parashar. 1980. Response of cauliflower to nitrogen and 
phosphorus fertilization. Ind. J. of Agron. 25(3):504-505. - 

Sharma R.P. and K.S. Parashar. 1981. Response of cauliflower to soil moisture 
regimes, nitrogen and phosphorus levels. Vegetable Sci. 8(2):75-81. 

Sharma, R.P. and K.S. Parashar. 1981. Studies on periodic dry-matter 
accumulation, nitrogen and phosphorus uptake by cauliflower (var. "Snowball- 
16") as affected by soil moisture regimes and N and P applications. Ind. J. 
Agron. 27(l):52-60. 

Sharma, C.P. and P.N. Sharma. 1987. Mineral nutrient deficiencies affect plant 
water relations. J. Plant Nutr. 10(9-16): 1637-1643. 



203 

Sharma, J.N. and M. Singh. 1963. Response to levels of nitrogen, doses of 
phosphorus and levels of molybdenum in cauliflower. Ind. J. of Agron. 7:285- 
290. 

Shattuck, V.I. and B.J. Shelp. 1987. Effect of boron nutrition on hollow stem in 
broccoli. Can J. Plant Sci. 67:1221-1225. 

Shattuck, V.I., BJ. Shelp, A. Loughton and R. Baker. 1986. Environmental 
stability of yield and hollow stem in broccoli. Can. J. Plant Sci. 66:683-688. 

Shelp, B.J. 1988. Boron mobility and nutrition in broccoli, (Brassica oleracea 
var. italica). Ann. Bot. 61:83-91. 

Shelp, B.J. 1990. The influence of boron nutrition on nitrogen partitioning in 
broccoli plants. Comm. in Soil Sci. Plant Anal. 21(l/2):49-60. 

Shelp, B.J. and V.I. Shattuck. 1987. Boron nutrition and mobility and its relation 
to hollow stem and the elemental composition of greenhouse grown cauliflower. 
J. Plant Nutr. 10:143-162. 

Shrivastava, R.S.P. 1958. Effect of application of different doses of nitrogen, 
phosphorus and molybdenum on cauliflower. Thesis for Assoc. Diploma. 
I.A.R.I., New Delhi, India. 

Singh, Y.V. and R.C. Bhandari. 1984. Effects of irrigation frequency and 
amount of water on the yield of cauliflower in an arid region. Ind. J. Agric. Sci. 
54(7):581-586. 

Singh, G., K.P. Singh and U.C. Pandey. 1983. Effect of spacing, nitrogen and 
phosphorus levels on yield of cauliflower variety "Hissar-l". Haryana Agric. 
Univ. J. Res. 8(4):573-578. 

Singh, R.D., S.N. Tiwari, B.B. Singh and J.N. Seth. 1976. Effect of nitrogen 
and potash on growth and curd yield of cauliflower variety "Snowball-16". Prog. 
Hort. 7:(4):29-34. 

Skapski, H. and E.B. Oyer. 1964. The influence of pre-transplanting variables on 
the growth and development of cauliflower plants. Proc. Am. Soc. Hort. Sci. 
85:374-385. 



204 

Skapski, H., K. Viscardi and J. Jagoda. 1969. The influence of artificial raining 
and of mineral and organic fertilizers on the yield of cauliflower. Biuletin 
Warzywniczy. (Bull, of Veg. Crops Res. Work). 9:101-119 (Abstract). Poland. 

Skinner, JJ. and E.R. Purvis. 1951. Plant nutrient deficiencies in vegetable or 
truck crops. From: Hunger Signs in Crops. Symp. Am. Soc. Agron. and the 
Natl. Pert. Assoc., Washington, pp. 171-201. 

Stang, J.R. 1988. Factors affecting the maturity characteristics of cauliflower. 
Proc. Oregon Hort. Soc. 79:154-155. 

Stanhill, G. 1957. The effect of differences in soil moisture status on plant 
growth: A review and analysis of soil moisture regime experiments. Soil Sci. 
84:205. 

Sullivan, John E. 1981. Effects of various levels of nitrogen and phosphorus on 
the uptake of nutrients, yield, and quality of direct-seeded autumn cauliflower. 
M.S. Thesis, School of Agriculture and Home Economics, California State 
University, Fresno California. 

Sumiati, E. 1986. Effect of four nitrogen fertilizers on harvesting time and yield 
of cauliflower variety "Cirateun". Bull. Penel. Hort. 8(l):69-75 (Abstract). 

Supriyadi, S.D. 1976. The effects of plant densities and nitrogen application on 
the yield of cauliflower. Bull. Penel. Hort. 4(l):29-35. 

Sutherland, R.A., P. Crisp and S.M. Angell. 1989. The effect of spatial 
arrangement on the yield and quality of two cultivars of autumn cauliflower and 
their mixture. J. Hort. Sci. 64(l):35-40. 

Thomas, T.H., J.N. Lester and P.J. Salter. 1972. Hormonal changes in the stem 
apex of the cauliflower plant in relation to curd development. J. Hort. Sci. 
47:449-455. 

Thompson, H.C. 1949. Vegetable Crops. McGraw Hill Book Co. Inc., New 
York and London. 

Tiebout, G.L. 1939. Cauliflower as a truck crop for late and early winter 
cauliflower. Louisiana Agric. Ext. Circ. no. 168. 

Toosey, R.D. and R.F.Y. Smith. 1964. Influence of spacing and level of 
nitrogenous fertilizer on stem cracking and lodging in marrow stem kale. Nature. 
202:924-925. 



205 

Tremblay, N. 1989. Effect of nitrogen sources and rates on yield and hollow 
stem development in broccoli. Can. J. Plant Sci. 69:1049-1053. 

Vanicek, V. 1950. Antagonismus dusiku a kyseliny 2,3,5-trijodbenzoove pri 
tvorbe rusic kvetaku. Sb. Csl. Akad. Zemed., 22(3/5):628-634 (Abstract). 

Vanstone, E. and L.E.H. Knapnon. 1939. On the quantities of nitrogen, 
phosphoric acid, potash and lime removed from the soil by a crop of "Roscoff 
broccoli during its growth. J. Pomolo. and Hortic. Sci. 11:85-88. 

Veihmeyer, F.J. and A.H. Hendrickson. 1950. Soil moisture in relation to plant 
growth. Ann. Rev. Plant Phys. 1:285. 

Vigier, B. and J.A. Cutcliffe. 1984. Effect of boron and nitrogen on the 
incidence of hollow stem in broccoli. Acta Hort. 157:303-309. 

Wall T.E., GJ. Hochmuth and E.A. Hanlon. 1989. Calibration of Mehlich-1 and 
3 extractable potassium for polyethylene-mulched, drip irrigated cauliflower. Soil 
and Crop Sci. Soc. Fla. Proc. 48:46-49. 

Wear, J.I. and R.M. Patterson. 1962. Effect of soil pH and texture on the 
availability of water-soluble boron in the soil. Soil Sci. Soc. Am. Proc. 26:344- 
346. 

Weibe, HJ. 1972a. Effect of temperature and light on the growth and 
development of cauliflower. 1. Duration of the juvenile phase for vernalization. 
Gartenbauwissenschaft. 37:165-78. 

Weibe, H.J. 1972b. Effect of temperature and light on the growth and 
development of cauliflower. 2. Optimal vernalization temperature and exposure 
time. Gartenbauwissenschaft. 37:293-303. 

Weibe, H.J. 1975. Effect of temperature on the variability and maturity of 
cauliflower. Acta Horticulturae. 52:69-75. 

Weibe, H.J. 1975. The morphological development of cauliflower and broccoli 
cultivars depends on temperature. Scientia Horticulturae. 3:95-101. 

Weibosch, W. A., Y. Van Koot and L.E. Vant Sant. 1950. Hartlooscheid en 
klemhort bij bloemkhool. Versl. Landbouwk. Onderz. 56:10 (Abstract). 

Weier, U. and H.C. Scharpf. 1988. Nitrogen fertilization of cauliflower. 
Gemuse. 24(2):54-56 (Abstract). 



206 

Welch, N.C., K.B. Tyler and D. Ririe. 1985a. Nitrogen rates and nitropyrin 
influences on yields of brussels sprouts, cabbage, cauliflower and celery. 
HortScience. 20(6): 1110-1112. 

Welch, N.C., K.B. Tyler, D. Ririe and F.E. Broadbent. 1985b. Nitrogen uptake 
by cauliflower. Calif. Agric. 39(5-6): 12-13. 

Welch, N.C., K.B. Tyler and D. Ririe. 1987. Split nitrogen applications best for 
cauliflower. Calif. Agric. 41:21-22. 

Went, F.W. 1957. The Experimental Control of Plant Growth. Chronica Botanica 
Co., Waltham, Mass. 

Wheeler, J.A. and P.J. Salter. 1974. The effects of shortening the maturity 
period on harvesting costs of autumn cauliflower. Scientia Horticulturae. 2:85-92. 

Will, H. 1968. "Cycocel" im Gemusebau. i Anwendungsmoglichkeiten bei 
Tomaten, Gurken, Rettich, und Blumenkohl. Gemuse. 4:12-14. 

Winter, EJ. 1952. The effects of certain adverse conditions on growth and late 
development cauliflower and lettuce. Second Ann. Rep., Ntl. Veg. Res. Sta., 
England, pg. 31-57. 

Wood, M.B. 1975. Factors affecting the maturity of early and summer 
cauliflowers. Acta Horticulturae. 52:57-64. 

Wood, M.B. and J.D. Whitwell. 1974. Early summer cauliflower continuity of 
production. Expt. Hort. 26:91-105. 

Wurr, D.C.E., J.M. Akehurst and T.H. Thomas. 1981. A hypothesis to explain 
the relationship between low temperature treatment, gibberellin activity, curd 
initiation and maturity of cauliflower. Scientia Horticulturae. 15:321-330. 

Wurr, D.C.E., E.F. Cox and Jane R. Fellows. 1986. The influence of transplant 
age and nutrient feeding regime on cauliflower growth and maturity. J. of Hort. 
Sci. 61(4):503-508. 

Wurr, D.C.E., E.D. Elphinstone and J.R. Fellows. 1988. The effect of plant 
raising and cultural factors on the curd initiation and maturity characteristics of 
summer/autumn cauliflower crops. J. Agri. Sci. Cambridge. 111:427-434. 



207 

Wurr, D.C.E., Jane R. Fellows and P. Crisp. 1982. Leaf and curd production in 
cauliflower varieties cold treated before transplanting. J. Agri. Sci. Cambridge. 
99:425-432. 

Wurr, D.C.E., R.H. Kay and E.J. Allen. 1981. The effect of cold treatments on 
the curd maturity of winter heading cauliflowers. J. Agric. Sci., Cambridge. 
97:421-425. 

Wurr, D.C.E., J.R. Fellows and R.W.P. Hiron. 1990a. Relationships between 
the times of transplanting, curd initiation and maturity in cauliflower. J. of Agri. 
Sci., Cambridge. 114:193-199. 

Wurr, D.C.E., J.R. Fellows, R.A. Sutherland and E.D. Elphinstone. 1990b. A 
model of cauliflower curd growth to predict when curds reach a specified size. J. 
Hort. Sci. 65(5):555-564. 

Wurr, D.C.E., J.R. Fellows and R.W.P. Hiron. 1990c. The influence of field 
environmental conditions on the growth and development of four cauliflower 
cultivars. J. Hort. Sci. 65(5):565-572. 

Yawalker, K.S. 1969. Vegetable Crops of India. Agric. Hort. Public. House, 
Nagpur, India. 

Zink, F.W. 1968. Hollow stem in broccoli. Calif. Agr. 22:8-9. 

Zink, F.W. and D.A. Akana. 1951. The effect of spacing on the growth of 
sprouting broccoli. Proc. Amer. Soc. Hort. Sci. 58:160-164. 



APPENDICES 



208 

Appendix A : Chapter 2 
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A 

B 

Figure A.l. The progression of cauliflower apical menstem growth from the 
early vegetative phase to full curd initiation. (A) early vegetative phase (juvenile), 
(B) late vegetative phase, (juvenile) (C) transitional phase broadening of meristem 
(vernalization possible, but still juvenile in character), (D) early curd initiation 
(adult), (E) differentation of apical dome cells, (F) full curd initiation. 



Figure A.l. Continued (C),(D). 
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D 



Figure A.l. Continued. (E),(F). 
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Appendix B : Chapter 3 
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Table B.l. Neutron probe determination of soil moisture changes at four depths 
under seasonal irrigation. Line source gradient position "Level 1". Line Source 
1988. 

Level 1' Seasonal 
Irrigation 

Percent Soil Moisture by Volume (means + standard error)5' 
4 Sample Depths 

Probe 
||    Evenf 

Water" 
(mm) 15 cm        SE 30 cm         SE 45 cm         SE 60 cm         SE 

8/17 33.0 25.53 1.11 30.55 1.39 42.50 0.60 42.75 0.57 

8/18 32.79 0.82 36.70 0.96 42.97 0.36 43.24 0.38 

8/24 36.0 23.51 1.02 27.70 1.80 40.55 0.44 42.52 0.50 

|     8/26 32.35 0.85 35.63 1.47 41.42 0.48 42.65 0.41 

9/1 39.0 25.28 1.01 28.29 1.30 38.26 0.57 42.49 0.64 

9/2 33.92 0.93 36.37 1.64 39.14 0.63 42.43 0.49 

9/7 37.0 26.82 0.89 27.90 1.47 36.14 0.51 41.27 0.55 

|      9/9 33.89 1.53 35.47 1.48 36.20 0.84 40.92 0.81 

|     9/14 39.0 27.78 0.99 28.71 1.56 34.24 0.66 39.25 0.71 

9/15 33.79 1.38 34.52 1.63 36.38 1.92 39.40 1.17 

9/26 34.0 30.64 1.07 31.90 1.81 36.28 1.18 38.57 1.26 

|     9/28 34.00 1.07 35.38 1.55 38.03 1.34 39.84 1.53 

10/4 35.0 29.33 1.06 30.93 1.68 36.48 1.12 38.97 1.23 

10/5 35.42 0.77 36.86 1.23 39.49 0.94 40.30 1.63 

10/12 36.0 32.14 1.09 33.46 1.51 38.50 0.98 39.89 1.44 

|     10/13 35.97 0.66 37.94 0.90 40.70 0.57 41.57 1.06 

1    10/26 30.45 0.66 32.37 1.81 38.71 0.88 39.99 0.96 

* Level 1 probe location at highest water accumulation site across line source gradient. 
y Means and standard errors from four separate probe site replications. 
1 Neutron probe events throughout season prior to and after irrigations. 
w Water accumulation average by replicated catch cans set at corresponding probe sites. 
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Table B.2. Neutron probe determination of soil moisture changes at four depths 
under seasonal irrigation. Line source gradient position "Level 4". Line Source 
1988. 

LeveU' Seasonal 
Irrigation 

Percent Soil Moisture by Volume (means 
4 Sample Depths 

+ standard errorsy 

Probe 
1    Event? 

Water1" 
(mm) 15 cm SE 30 cm SE 45 cm SE 60 cm SE 

8/17 26.5 24.37 1.33 28.47 1.65 41.30 1.61 42.91 0.91 

8/18 31.95 1.08 35.68 1.19 40.51 1.83 42.48 1.07 

8/24 31.0 22.68 1.13 28.12 1.09 38.38 2.22 41.54 1.60 

|     8/26 31.46 1.25 34.50 0.80 38.19 2.56 41.84 1.69   | 

1      9/1 
28.0 23.92 1.23 27.92 1.04 35.76 2.16 40.11 2.03 

1      9/2 
31.98 1.75 33.95 1.60 36.29 2.02 40.20 2.24 

II      9/7 
29.0 24.86 1.48 26.62 1.30 33.03 1.65 38.12 2.36    j 

1      ^ 32.90 1.32 34.86 1.45 34.82 1.79 37.98 2.47 

9/14 28.0 25.43 1.25 27.60 1.30 32.74 1.27 36.36 2.65 

9/15 33.17 0.98 34.53 0.71 33.48 2.04 36.16 2.81 

9/26 18.0 28.39 1.16 29.96 1.46 33.42 1.54 35.82 2.42 

1     9/28 31.26 1.23 33.10 1.80 35.20 2.39 35.93 2.66   1 

1     10/4 30.0 26.68 0.92 28.75 1.42 33.63 2.30 34.87 2.80 

1     10/5 
34.66 0.87 36.57 1.49 36.89 2.54 36.22 3.12   1 

|    10/12 32.0 29.93 0.95 32.26 1.21 35.27 2.28 35.66 2.98   1 

1    10/13 35.91 0.76 38.45 1.02 39.92 1.05 38.02 2.96 

1     10/26 28.46 1.04 30.66 1.46 36.01 1.21 36.45 2.55 

1 Level 4 probe location at moderate water accumulation site across line source gradient. 
y Means and standard errors from four separate probe site replications. 
* Neutron probe events throughout season prior to and after irrigations. 
w Water accumulation average by replicated catch cans, set at corresponding probe sites. 
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Table B.3. Neutron probe determination of soil moisture changes at four depths 
under seasonal imgation. Line source gradient position "Level 7". Line Source 
1988. 

Level T Seasonal 
Irrigation 

Percent Soil Moisture by Volume (means 
4 Sample Depths 

+ standard erro^s)>, 

Probe 
1    Evenf 

Waterw 

(nun) 15 cm SE 30 cm SE 45 cm SE 60 cm SE    | 

8/17 0.0 21.43 1.29 26.56 1.46 39.04 2.00 41.64 2.58 

8/18 21.59 1.31 26.46 1.49 38.38 2.20 41.35 2.18 

8/24 0.0 20.46 1.21 26.30 0.56 34.68 2.35 40.52 2.40 

|      8/26 20.00 1.07 25.66 1.02 33.95 2.48 40.06 2.66   1 

1      9/1 
1.5 20.50 0.86 24.96 0.67 30.95 2.06 37.82 2.99   1 

II      9/2 
20.85 0.88 24.55 0.61 30.16 1.66 37.83 3.28   | 

II      9/7 
.20 21.01 0.74 23.65 0.56 27.79 1.54 34.52 3.52   1 

1      9/9 
20.92 0.71 23.66 0.55 27.33 1.46 34.01 3.53 

9/14 1.5 20.99 0.77 22.61 0.56 26.64 1.64 31.31 3.16 

9/15 20.74 0.81 22.54 0.57 26.39 1.44 30.89 3.00 

9/26 3.0 23.08 0.69 23.49 0.58 26.47 1.24 29.48 2.25 

9/28 24.22 1.16 23.41 0.71 26.22 1.52 29.20 2.26   | 

1      10/4 1.2 22.70 0.84 23.05 0.74 26.10 1.43 28.32 1.99 

1      10/5 
22.91 0.84 23.07 0.54 26.17 1.56 28.25 2.19    1 

|     10/12 1.7 22.58 0.74 22.82 0.56 26.19 1.65 28.08 1.91    | 

1     10/13 22.70 0.88 22.67 0.66 26.00 1.46 28.50 2.04   1 

1     10/26 22.06 0.80 22.61 0.58 26.02 1.45 27.69 1.77   I 

* Level 7 probe location at lowest water accumulation site across line source gradient. 
y Means and standard errors from four separate probe site replications. 
x Probe events throughout season prior to and after irrigations. 
w Water accumulation average by replicated catch cans set at corresponding probe sites. 
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Table B.4. Neutron probe determination of soil moisture changes at five depths 
under seasonal irrigation. Line source gradient position, "Level 1". Line Source 
1989. 

Level 

1       V Seasonal 
Irrigation 

Percent Soil Moisture by Volume (means + standard errors)' 
5 Sample Depths                                                            | 

Probe 
Evenf 

Water 
(mm)" 15cm SE 30cm SE 45cm SE 60cm SE 75cm SE     | 

1     m 
33.71 1.69 35.95 1.61 36.31 1.46 37.08 0.91 37.90 1.10    | 

I     m 
46.0 31.47 1.68 36.04 1.63 36.28 1.14 36.57 1.07 38.19 1.09    1 

||     8/10 36.18 0.77 38.41 0.71 38.82 0.63 39.13 0.49 40.35 0.55 

1     8/17 
41.7 29.27 1.92 37.24 0.71 38.96 0.59 38.42 0.58 39.82 0.72 

1     8/18 36.32 1.00 38.97 0.65 39.65 0.31 40.03 0.48 40.59 0.47    1 

9/5 49.0 22.15 1.11 29.18 0.75 33.62 1.13 37.25 0.72 39.42 0.65 

9/6 34.91 0.85 35.54 0.76 34.74 1.08 37.55 0.97 40.13 0.89 

9/15 63.0 22.68 0.80 27.55 0.75 30.60 0.92 33.78 1.13 38.09 1.01    1 

1    9/16 
36.77 0.65 37.23 0.63 35.90 0.84 36.01 1.26 38.22 1.25    1 

1    9/27 75.0 25.68 0.65 31.20 0.83 32.68 0.96 33.83 1.28 36.47 1.14 

10/2 37.09 0.46 38.59 0.34 38.19 0.52 37.75 0.99 38.91 1.05 

10/16 63.0 31.94 0.57 36.00 0.13 36.55 0.67 37.41 0.75 38.33 0.71 

1    10/20 36.42 0.52 38.59 0.46 38.95 0.28 38.76 0.59 39.91 0.44 

1 Level 1 probe location at highest water accumulation site across line source gradient. 
y Means and standard errors from four separate probe site replications. 
x Probe events throughout the growing season prior to and following irrigations. 
w Water accumulation averages by replicated catch cans set at corresponding probe sites. 
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Table B.5. Neutron probe determination of soil moisture changes at five depths 
under seasonal irrigation. Line source gradient position, "Level 4". Line Source 
1989. 

Level 

II       ^ 
Seasonal 
Irrigation 

Percent Soil Moisture by Volume (means 
5 Sample Depths 

Probe 
1   Event* 

Water 
(mm)" 15 cm SE 30 cm SE 45 cm SE 60 cm SE 75 cm SE 

1      8/4 
31.27 2.35 35.06 1.57 36.16 0.29 37.13 0.29 38.21 0.45   1 

1      8/8 
27.5 29.70 2.06 35.07 1.50 36.20 0.23 37.18 0.21 38.55 0.23   1 

1     8/10 34.96 1.34 37.12 1.34 37.69 0.56 38.02 0.25 39.01 0.47   | 

8/17 25.0 27.87 1.27 35.83 1.07 37.83 0.40 38.32 0.68 38.47 0.53 

1     8/18 34.51 0.96 36.73 0.88 37.89 0.45 38.18 0.42 38.60 0.53   | 

1      9/5 
26.5 20.95 1.52 29.06 0.54 32.99 0.84 36.85 0.42 38.77 0.55 

II      9/6 28.42 0.87 31.46 0.50 33.35 0.75 36.62 0.54 38.36 0.27 

II     9/15 
38.0 19.92 1.60 26.82 0.36 28.43 1.23 32.17 1.08 36.44 0.75 

I    9/16 
30.45 0.76 29.91 0.39 29.52 1.14 31.78 1.16 35.60 0.48   || 

||     9/27 42.0 21.57 0.97 26.87 0.33 28.33 1.37 30.33 1.06 33.69 0.34   1 

10/2 31.12 1.42 31.93 1.46 30.18 1.83 30.60 1.19 33.39 0.44   1 

|    10/16 37.2 25.58 1.33 29.92 0.62 29.79 1.32 30.40 0.83 32.97 0.09   || 

|    10/20 33.00 1.02 34.59 0.62 31.66 1.05 31.58 1.12 33.45 0.28   1 

1 Level 4 probe location at moderate water accumulation site across line source gradient. 
y Means and standard errors from four separate probe site replications. 
x Probe events throughout the growing season, prior to and following irrigations. 
w Water accumulation averages from replicated catch cans set at corresponding probe sites. 
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Table B.6. Neutron probe determination of soil moisture changes at five depths 
under seasonal irrigation. Line source gradient, "Level 7". Line Source 1989. 

Level 

II       ^ 
Seasonal 
Irrigation 

Percent Soil Moisture by Volume (meaiu 
5 Sample Depths 

and aundard erron)7 

Probe 
||   Evenf 

Water 
(mm)" 15 cm SE 30 cm SE 45 cm SE 60 cm SE 75 cm SE     | 

|      8/4 34.01 0.75 36.50 1.23 37.65 1.17 38.07 1.21 37.70 1.17 

||      8/8 1.5 31.52 0.63 35.90 1.01 37.43 1.24 37.35 1.13 37.91 1.05 

1     8/10 30.23 0.45 35.97 1.27 38.00 1.38 38.24 1.22 37.76 1.43 

II     8/17 
2.0 25.99 0.86 34.18 1.13 37.18 1.19 37.59 1.30 37.76 1.28 

||     8/18 25.72 0.97 33.49 1.01 37.23 1.05 37.87 1.12 37.68 1.31    1 

9/5 1.2 21.06 1.02 27.80 0.86 31.26 1.13 34.64 0.93 36.84 0.88   | 

9/6 21.47 1.06 27.83 0.88 31.04 1.56 34.44 0.96 36.54 0.87 

1     9/15 
6.0 19.65 0.87 26.05 0.85 28.40 1.87 31.29 2.01 33.58 1.27   || 

1     9/16 
19.24 1.00 26.37 1.19 28.38 1.99 31.08 2.12 33.90 1.44   || 

9/27 10.7 18.55 0.90 25.62 0.77 27.31 2.03 29.84 2.24 31.31 2.24 

10/2 20.56 0.68 25.35 0.72 27.40 1.75 29.63 2.46 31.25 2.05   | 

|    10/16 3.5 19.55 0.76 25.61 0.77 27.19 1.63 29.41 2.30 31.07 2.34   1 

1    10/20 20.10 0.92 25.71 0.74 27.30 1.67 29.63 2.38 31.37 2.17   I 

z Level 7 probe location at lowest water accumulation site across line source gradient. 
y Means and standard errors from four separate probe sites replications. 
* Probe events throughout growing season, prior to and following irrigations. 
w Water accumulation averages from replicated catch cans set at corresponding probe sites. 
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Table B.7. Neutron probe determination of soil moisture changes at four depths 
under seasonal irrigation. Line source gradient positions 1,4, and 7. Line Source 
1990. 

DMt- 

Saml 

Lmll- Lml4 lertl                                 1 

WMconbr  / D«pl» M Wtti inbd     / Dtpim 1-4 •WmxirfxA   1 Depte 1-4                  | 

ma I Sen SOorn 45aD 60an _, 15ao SOan 45an 60an mm Man 3fem 45— 

- 1 lm 
27.3 30.1 22.6 NA 29.6 29.7 21.3 NA 28.7 24.3 29.5 34.0      | 

1 M 
51 14.8 19.3 23.3 3a2 26 19.8 26.2 31.0 313 2 mi 24.1 29.6 33.2      || 

1   B" 27.1 24.7 26.3 3a5 25.5 26.5 30.7 315 19.6 23.7 29.5 33.4      | 

1   8/24 
Si 15.0 17.9 Z3.8 28.3 30 15.1 21.8 29.0 312 1 16.6 Jae 26.8 318      1 

1   Sa5 
27.7 29.6 26.5 28.8 21.5 22.9 29.2 310 16.5 20.0 26.5 314      | 

OT 39 20.9 24.9 29.2 30.1 24 17.1 212 28.1 31.0 3 15.7 19.1 24.3 27.4      | 

1   vi 
28.3 30.6 31.1 29.9 23.9 23.0 27.8 31.1 1S.6 19.3 23.9 27.6      1 

II   "l5 a 19.1 24.1 30.2 31.1 33 15.6 21.1 25.8 28.6 7 14.6 18.3 21.1 23.6      | 

||   9/17 29.2 31.6 34.7 35.2 24.8 211 25.8 28.3 14.9 18.1 21.2 23.6      1 

II   "^ 53 21.7 216 314 34.1 29 15.0 2X8 24.6 27.2 1 14.9 17.5 19.7 211      | 

II   "^ 28.5 31.8 35.5 36.4 24.6 210 24.0 26.6 13.9 17.8 19.4 21.7      1 

|    10/11 30 22.7 27.6 33.1 34.3 22 16.0 20.8 24.3 26.5 1 14.1 17.2 19.4 21.6      | 

|    10/12 27.9 31.2 34.1 35.0 210 21.6 24.4 26.3 14.5 17.5 19.3 21.2      || 

1 Probe events prior to and following each irrigation. 
y Consistent soil moisture readings available firom only one probe site replication due to variation in soil strata. 
Standard errors not available. 
1 Levels 1,4, and 7 at high, moderate and low water accumulation sites across line source gradient. 
w Water accumulation average firom replicated catch cans set at corresponding probe sites. 
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Table B.8. Daily maximum and minimum temperatures (degrees F) from 1 June 
to 30 November for the 1988, 1989 and 1990 growing seasons. 

LOCATION: ComWi(HytlopEiperfnxntSudoo) 
STARTYEAR:I9M    END YEAR: 1990 
UNITS: DEGREES FAHRENHEIT 

DtrefMonih 
1 Yev Meoth Pirunctcf 1 3 i 4 i _6 7 1 _« J2 Ji 15 13 14 15 It 17 11 19 20 21 23 23 24 25 2< JZ _2S 29 J2 _!! 
I9U 6 Ma.Tcap 19 59 a 67 64 a 65 63 68 64 69 73 73 to « 12 71 75 75 to 71 t6 78 73 82 72 71 68 rs 69 
Mtt 6 Wa-Tarf. 41 SO 4J 47 39 47 49 49 49 47 46 42 46 52 50 51 SO S3 49 47 52 56 50 SO 53 54 53 45 47 43 
19U 7 Mm. Tom 76 77 72 70 68 66 71 15 17 15 79 67 71 67 74 77 t2 12 90 tot 98 19 15 15 94 101 101 90 17 88 90 
19M 7 Mta-Teop. 45 56 52 48 50 38 49 48 41 49 S3 55 55 SS 52 41 51 SI 62 S3 52 52 50 55 55 64 51 S3 SS 53 48 
I9U t MsLlfeap 10 77 85 94 95 13 74 79 16 16 79 71 77 70 75 71 75 74 79 13 77 16 96 100 86 It 16 91 96 to 77 
1981 t Mta-Tenp. 42 51 60 54 49 SO 48 48 55 SS SO 54 S3 32 SI 56 49 44 41 45 45 54 SO 47 43 44 54 55 50 47 49 
1SU 9 MakTeap. IS 99 103 95 90 16 12 76 13 77 71 II 17 90 17 68 67 70 72 61 68 73 70 75 75 66 60 70 74 83 
1988 9 Mb-Tenp. 52 53 SO SO 50 46 48 49 48 r 47 S3 41 43 41 43 40 34 42 43 45 42 43 49 54 55 41 44 45 50 
mi 10 Mn.1taqpi U 91 75 6S £3 '68 69 67 71 76 68 61 67 62 65 74 73 70 61 71 66 66 64 69 64 60 60 62 58 63 73 
1988 10 MlaTtap. 52 44 45 45 50 53 54 52 48 41 49 47 48 52 57 S3 54 47 41 SS 45 42 41 43 40 44 38 31 33 41 45 
1981 11 Mn-Ttap, «7 56 S7 S7 61 64 55 51 S3 51 55 55 56 47 51 54 48 SI 47 47 52 S3 55 48 43 51 49 49 53 41 
1988 11 Mb-Teap. 40 48 SO 49 48 47 39 40 42 44 36 42 37 41 43 44 41 36 36 40 43 47 40 36 36 33 34 36 34 35 
1989 < McTen^ 79 15 IS 18 89 12 75 76 72 70 78 11 64 73 64 69 70 74 71 65 71 to 79 89 94 16 74 70 68 62 
1989 6 Mb. Tom 52 49 48 60 52 53 42 45 44 45 47 48 55 57 51 42 C SI 51 41 48 41 60 63 52 56 49 52 53 52 
1989 7 Mn.Temp <4 64 77 75 76 79 IS 79 72 68 75 14 12 76 71 75 66 77 12 11 73 75 15 12 n 17 69 77 84 72 74 
1989 7 Mb.Tta«p. 47 51 57 SO 44 49 48 45 S3 56 49 53 53 S3 S3 54 56 62 56 52 SO SI 47 SO 52 56 57 SO 49 44 52 
1989 1 Mo. Temp. 67 62 75 76 10 18 90 89 14 77 78 to 79 tl 79 77 76 77 16 12 79 71 68 71 73 79 t3 81 82 71 TO 
1989 1 Mn-Ttaf. 49 55 47 55 51 55 55 S3 54 52 43 49 47 SI 47 51 47 41 49 60 56 St 54 47 46 49 46 SO 51 56 55 
1989 9 Mo. Tom 7J 73 74 77 82 74 11 86 18 16 87 16 19 93 92 It 75 70 71 74 to 87 94 90 13 71 69 71 89 66 
1989 9 Mb-Teap- 48 48 4] 43 49 48 46 46 53 S3 56 56 47 44 42 45 52 36 36 43 41 50 46 49 52 S3 55 48 53 55 
1989 10 M«LTtanp. 62 64 68 70 70 73 70 66 74 71 72 67 67 64 62 63 65 71 64 61 65 57 64 S7 55 59 57 55 S3 56 S3 
1989 10 Mb-Teap. 48 43 35 34 40 45 45 41 46 46 40 41 43 43 32 32 35 37 48 41 49 48 52 44 40 40 40 34 32 30 32 
1989 II Mo. Tempi 61 60 58 61 61 56 56 56 56 64 60 62 SI SO 52 SO 41 S3 49 SS 57 58 50 SS 52 45 50 53 46 41 
1989 11 Mb. Tempi 40 » 32 36 33 37 37 35 39 41 46 47 39 33 33 32 35 41 44 44 44 42 43 39 40 39 39 38 35 33 
1990 6 Mn.1>mp. 61 a 72 67 66 69 62 69 70 63 64 67 63 67 79 79 64 70 to »1 t2 95 74 68 75 70 71 72 77 10 
1990 i Mb. Tom 46 51 54 46 46 52 46 54 52 47 46 SO 45 52 47 49 so 45 52 55 51 60 57 55 « 51 46 54 S3 54 
1990 7 MELltajpi 76 71 70 72 to 72 73 12 n 17 91 93 95 19 90 95 14 16 90 94 97 99 92 78 76 74 71 14 90 96 IS 
1990 7 Mm  ^nwp 46 S3 4S 50 51 55 49 52 si 56 56 61 56 54 52 51 49 53 51 52 56 51 41 58 54 56 54 S3 54 55 SO 
1990 t Mn.Tea9i 11 13 14 90 99 94 11 91 91 «3 98 101 It 12 14 76 71 67 73 to 13 68 74 74 72 76 79 79 79 65 77 
1990 1 Mb. Temp. a S3 55 58 52 47 59 63 56 55 57 S4 SI 41 S3 51 51 56 SO S6 59 59 SO 43 46 54 55 59 61 S3 47 
1990 9 Mn-Ttanp 78 78 76 12 19 n 17 76 11 n 17 65 69 13 76 65 74 74 77 76 C 91 90 74 70 70 73 77 t3 71 
1990 9 MhLl^mpi » 52 53 56 SO 50 52 59 S7 54 SI 57 41 53 56 55 55 48 47 SO 55 52 47 46 52 55 46 46 51 SI 
1990 to Mo-Ttanp. 76 a 64 72 72 64 60 62 66 67 61 63 66 a 54 63 60 61 36 54 54 S3 54 60 66 64 59 66 60 61 52 
1990 10 MbLTkmpi 44 41 45 46 45 34 31 35 35 40 33 38 49 31 44 43 31 39 37 34 36 39 M 41 43 46 44 46 42 45 46 
1990 11 MBLltaop. 54 52 48 56 59 56 46 54 60 61 65 60 57 52 S3 59 55 49 49 45 46 SO » 55 56 49 47 SO 48 49 
1990 '« Mb-Tcgn Lizl \M Lsl 4« 44 -M JS. « » JO J9 40 41 J» » J2 JZ J> .21 _HJ Lsl ja L*d Jl 44 131. J2 31 Jl L»j  | 

QoorfeKTiTtor 

APRIL. 1993 
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Appendix C : Chapter 4 
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Table C.l. Neutron probe determination of soil moisture changes at five depths 
under "severe" seasonal irrigation stress. "Level 1", Special Irrigation 1989. 

Level 

II      l' 
Seasonal 

Irrigation' 
Percent Soil Moisture by Volume (meant 

5 Sample Depths 
+ standard errors) •  j 

Date" Water (mm) IS cm SE 30 cm SE 45 cm SE 60 cm SE 75 cm SE    | 

7/28 35.74 1.12 38.71 0.65 37.36 1.00 37.14 1.38 39.49 1.18   j 

1     m 
35.20 1.20 38.37 0.82 37.19 0.88 37.24 1.49 39.48 1.17   | 

II     ^ 31.69 1.42 36.77 1.25 36.63 0.84 37.47 1.54 39.52 1.17 

8/11 27.08 1.38 33.60 1.63 36.20 1.25 37.12 1.67 39.11 1.13   | 

]    8/16 24.63 1.22 30.18 1.24 33.45 1.92 35.98 1.86 39.77 1.34   || 

1    8/26 23.64 1.18 25.98 0.62 27.78 1.78 31.84 2.44 37.50 1.53   || 

9/1 23.02 1.00 25.12 0.11 24.16 1.21 27.46 1.47 34.06 2.04   j 

9/5 74.0 23.21 1.27 24.38 0.14 22.29 0.97 24.99 0.94 30.89 1.46   1 

9/7 36.17 0.76 36.76 1.11 34.69 1.56 34.39 2.98 35.82 2.59 

|    9/13 27.92 0.82 32.04 0.49 30.19 0.78 30.01 1.58 33.04 1.62   j 

|    9/22 24.38 1.07 26.47 0.69 24.21 1.01 26.13 1.10 29.68 0.62   1 

I    10/3 
25.51 1.35 25.71 0.51 24.15 1.14 26.03 1.29 29.53 0.81   1 

1 Level 1 "severe" seasonal water stress treatment. Total differential irrigation + rainfall = 96 mm 
water. Establishment irrigation + rainfall (7/13-7/24) = 97 mm of water. 
y Water accumulation average from replicated catch can measunnents at probe sites within separate 
randomized main plots. Does not include rainfall for period. 
1 Means and standard errors from four replicated probe sites within separate randomized main plots. 
w Date of probe events and related seasonal irrigations. 
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Table C.2. Neutron probe determination of soil moisture changes at five depths 
under "moderate" seasonal irrigation stress. "Level 2", Special Irrigation 1989. 

Level 

II      V Seasonal 
Irrigation7 

Percent Soil Moisture by Volume (means 
5 Sample Depths 

and standard errors * 

1   Date" Waler(mm) 13 cm SE 30 cm SE 45 cm SE 60 cm SE 75 cm SE 

1    7/28 
33.99 0.77 36.67 0.79 35.58 0.65 34.21 0.80 35.48 0.45 

1     8/2 
33.01 0.88 36.24 0.56 35.70 0.50 34.46 0.61 35.10 0.43 

1     ^ 31.42 1.37 36.11 0.52 35.43 0.58 34.73 0.50 35.31 0.38 

1    8/11 
27.13 1.03 33.80 0.55 35.74 0.50 34.18 0.71 35.83 0.38   | 

|    8/16 25.00 0.81 31.55 0.78 34.26 0.49 33.98 0.51 35.53 0.40 

1    8/26 86.0 23.36 0.71 27.99 0.85 31.45 1.27 32.41 1.04 34.71 0.67   || 

1    8/29 36.01 0.41 37.91 0.31 37.65 1.10 37.06 1.64 38.25 1.26 

9/1 32.82 0.31 36.49 0.41 37.16 0.92 36.31 1.36 37.89 0.98 

1     9/5 
28.04 0.30 33.90 0.66 35.36 1.24 35.57 1.54 37.20 1.56 

]    9/13 78.0 24.35 0.53 28.30 1.29 30.98 1.51 30.68 1.96 32.89 1.86 

1    9/15 36.01 0.61 37.91 0.40 37.69 1.75 36.46 2.26 36.78 2.48 

1    9/22 
30.50 1.54 34.90 1.24 35.77 1.72 34.77 2.35 35.50 2.47   1 

|    10/3 29.26 1.35 32.94 1.58 33.82 1.82 32.88 2.36 34.28 2.06 

1 Level 2 "moderate" seasonal water stress treatment. Total differential period irrigation + rainfall 
= 186 mm water. Establishment irrigation + rainfall (7/13-7/24) = 97 mm water. 
y Water accumulation averages from replicated catch can measurements at probe sites within 
separate randomized main plots. Does not include rainfall for period. 
1 Means and standard errors from four replicated probe sites within separate randomized main plots. 
w Date of probe events and related seasonal irrigations. 
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Table C.3. Neutron probe determination of soil moisture changes at five depths 
under "conventional" seasonal irrigation. "Level 3", Special Irrigation 1989. 

Level 
3« 

Seasonal 
Irrigation' 

Percent Soil Moisture by Volume (means 
5 Sample Depths 

]   Date* Watet<mm) 15 cm SE 30 cm SE 45 cm SE 60 cm SE 75 cm SE    | 

|    7/28 33.79 0.59 35.78 1.05 35.30 1.19 36.13 1.28 37.78 1.52   || 

8/2 32.86 0.57 35.47 1.04 35.36 0.85 35.77 1.35 38.23 1.40 

1      8/7 
24.7 30.05 0.66 34.64 0.60 34.85 0.93 36.40 1.25 37.83 1.30   | 

8/8 33.34 0.71 34.74 0.94 35.15 0.78 35.59 1.30 37.44 1.45 

1     8/11 
30.38 0.92 33.75 0.84 34.72 0.99 36.03 1.40 37.68 1.28   | 

||     8/16 56.7 26.44 0.60 30.95 0.42 33.70 0.22 35.76 1.22 37.78 1.17   || 

8/17 35.77 0.20 37.51 0.60 37.44 1.08 38.79 1.26 39.68 1.22 

1     8/26 28.66 0.32 32.61 0.67 34.99 0.82 37.06 1.18 38.62 1.35 

9/1 25.88 0.43 28.99 0.25 31.59 0.34 34.25 1.12 37.36 1.95   | 

|      9/5 63.7 25.04 0.23 27.01 0.41 27.94 0.32 30.57 0.74 34.45 2.13 

|      9/7 35.44 0.35 36.87 0.47 36.13 0.67 35.46 0.89 37.38 1.11   1 

9/13 71.0 27.13 0.42 30.49 0.61 31.01 0.52 32.24 0.66 35.21 1.56 

||     9/15 36.52 0.27 38.05 0.50 38.18 0.34 39.17 0.38 39.29 0.87   | 

|    9/22 29.84 0.75 33.48 0.81 34.55 0.86 34.99 1.12 36.66 0.91    | 

|    10/3 30.00 1.46 31.70 1.48 31.65 1.64 33.11 1.71 34.85 Ld 
* Level 3 "conventional" seasonal water stress treatment. Total differential period irrigation + 
rainfall = 239 mm water. Establishment irrigation + rainfall (7/13-7/24) = 97 mm water. 
y Water accumulation averages from replicated catch can measurments at probe sites within separate 
randomized main plots. Does not include rainfall for period. 
* Means and standard errors firom four replicated probe sites within separate randomized main plots. 
w Date of probe events and related seasonal irrigation. 
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Table C.4. Neutron probe determination of soil moisture changes at five depths 
under "No" seasonal irrigation stress. "Level 4", Special Irrigation 1989. 

Level 

II      4' 
Seasonal 

Irrigation' 
Percent Soil Moisture by Volume (means 

5 Sample Depths 
ud standard errors)' 1 

|   Date" Waler(mm) 15 cm SE 30 cm SE 45 cm        SE 60 cm SE 75 cm SE    | 

1    7/28 
12.5 35.30 0.39 37.69 0.25 35.56 0.44 36.38 0.74 38.17 1.01 

l     m 
37.14 0.20 39.13 0.99 36.07 0.63 36.57 0.77 37.57 0.68   1 

1     8/7 
23.5 33.22 0.31 37.31 0.66 36.51 0.63 36.40 0.73 37.36 0.88   1 

1     8/8 
36.21 0.33 38.15 1.13 37.18 1.08 37.29 1.22 37.95 0.63   1 

1    8m 
36.2 32.36 0.45 36.72 1.44 36.71 1.45 37.41 0.89 38.44 0.78 

8/12 37.29 0.72 39.22 0.64 39.15 1.09 40.45 0.84 40.06 0.67   | 

|    8/16 55.7 31.91 0.53 36.74 1.50 37.86 0.99 39.55 0.72 40.57 0.75 

II    8/17 
36.84 0.36 39.38 0.85 39.87 0.73 40.64 0.60 41.09 0.58 

|    8/26 90.0 30.42 0.63 33.92 1.08 36.53 1.05 39.24 0.78 41.03 0.45 

||    8/29 36.75 0.48 39.94 0.71 39.93 0.70 41.26 0.73 41.85 0.08   1 

1     9/1 
34.20 0.55 37.76 0.62 38.78 0.59 40.29 0.63 41.14 0.26   | 

1     9/5 
66.0 29.82 0.82 33.35 0.60 35.57 0.95 38.00 0.74 39.88 0.54   1 

1     9/7 
36.92 0.39 39.17 0.39 38.97 0.53 40.85 0.97 41.73 0.29   1 

1    9/13 67.0 29.28 0.89 32.47 0.60 33.79 0.83 36.64 0.60 39.16 0.43   1 

1    9/ls 
37.63 0.19 39.82 0.75 39.49 0.75 40.80 0.66 41.86 0.19   1 

1    9/22 
31.97 0.93 34.61 0.43 35.02 0.55 37.27 0.45 39.13 0.44   | 

1    10/3 
31.14 1.20 33.42 1.00 33.90 0.59 35.13 0.90 37.08 1.20   1 

1 Level 4 "No" seasonal water stress treatment, total differential irrigation + rainfall = 375 mm 
water. 
Establishment irrigation + rainfall (7/13-7/24) = 97 mm water. 
y Water accumulation averages from replicated catch can measurements at probe sites within 
separate randomized main plots. Does not include rainfall for period. 
x Means and standard errors firom four replicated probe sites within separate randomized main plots. 
w Date of probe events and related seasonal irrigations. 



226 

Table C.5. Neutron probe determination of soil moisture changes at three 
depths. Irrigation stress "Pre" curd initiation. Special Irrigation 1990. 

Pre CP Seasonal 
Irrigatiorf' 

Percent Soil Moisture by Volume (means and standard 
errors)1 at 3 Sample Depths 

1     Date* Water (mm) 7.5 cm SE 15 cm         SE 30 cm SE 

1       7/4 25.76 0.22 30.30 0.52 31.59 1.11 

7/10 21.24 0.08 28.17 0.40 31.01 1.09 

|      7/11 21.21 0.18 27.70 0.25 31.07 0.85 

|      7/16 16.55 0.73 24.83 0.50 31.17 1.03 

1      7/17 16.54 0.57 24.03 0.47 30.99 0.82 

|       7/20 15.32 0.49 23.43 0.51 30.54 1.22   1 

7/21 15.19 0.57 23.42 0.73 30.72 1.15   1 

7/30 13.22 0.35 20.56 0.50 27.44 0.85 

7/31 12.91 0.29 19.80 0.62 27.20 1.12 

8/7 11.19 0.36 18.75 0.57 24.68 1.26 

8/8 10.70 0.32 18.05 0.54 24.92 1.37 

8/13 65.0 8.76 0.87 16.36 0.81 22.88 1.07 

1      8/15 25.17 0.16 29.09 0.50 35.01 0.76 

1      8/24 30.3 18.23 0.13 25.48 0.30 33.44 0.43 

8/25 24.93 0.17 29.71 0.13 35.78 0.98   1 

1      8/30 35.6 25.75 0.42 29.56 0.36 35.65 1.11 

8/31 26.23 0.21 30.43 0.38 36.54 1.81 

9/13 55.3 9.00 0.86 16.28 1.63 27.46 1.66 

9/15 23.68 0.18 27.69 0.66 33.36 0.62 

|      9/27 49.6 11.34 0.26 17.40 0.25 25.24 2.08 

1       9/28 25.64 0.42 28.41 0.53 33.97 0.75 

1      10/11 42.3 15.93 1.83 20.65 0.95 29.14 1.86 

|     10/12 26.61 0.87 28.90 0.71 33.89 1.77   | 

* Differential water stress treatment "Pre" curd initiation, (7/4- 8/12). Total irrigation + 
rainfall for period = 2 nun of water. 
' Water accumulation averages for seasonal irrigation firom replicated catch can measurements. Total seasonal (7/4- 
10/16) irrigation + rainfall = 360 mm of water. Establishment irrigation + rainfall (6/25-7/3) = 39 mm water. 
* Means and standard errors from three replications of probe sites within main plots. 
w Date of probe events and related seasonal irrigations. 
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Table C.6. Neutron probe determination of soil moisture changes at three 
depths. Irrigation stress "During" curd initiation. Special Irrigation 1990. 

During 

II       CT 
Seasonal 
Irrigation?' 

Percent Soil Moisture by Volume (means and standard 
errors)1 at 3 Sample Depths.                            | 

|     Date" Water(mm) 7.5 cm SE 15 cm         SE 30 cm SE 

I       7/4 25.83 1.66 31.76 1.44 35.37 i.ti 

7/10 16.8 21.16 1.56 29.23 1.18 34.40 1.29    1 

1      7/11 
25.63 1.56 31.44 1.18 35.65 1.29    | 

7/16 19.3 19.25 2.23 28.71 1.52 36.24 0.62 

7/17 24.32 1.87 31.06 1.53 36.41 0.43 

7/20 20.3 20.85 1.95 29.64 1.37 36.58 0.43 

1      7/21 26.47 1.77 32.09 1.61 38.38 1.00 

|      7/30 18.92 3.17 28.12 1.73 36.39 0.71 

1      7/31 18.34 2.83 27.60 1.85 35.85 0.67    1 

I       8/7 
13.23 2.17 22.55 1.39 33.13 0.36 

1       8/8 
11.97 1.93 21.78 1.32 32.22 0.40 

|      8/13 8.03 1.21 18.27 0.54 29.38 0.23    | 

|      8/15 7.51 1.36 17.45 0.59 28.61 0.24 

8/24 7.12 0.83 15.75 0.09 22.65 0.35    1 

I      8/25 6.87 1.13 15.17 0.47 22.19 0.85 

1      8/30 36.3 13.29 0.61 17.14 0.45 19.56 0.76    1 

8/31 23.11 1.58 27.90 0.83 29.07 2.74 

9/13 54.6 5.31 0.75 13.25 0.15 17.59 1.47 

1      9/15 
22.32 1.91 27.60 1.07 32.22 1.84    1 

|      9/27 54.0 8.01 0.46 15.73 0.57 20.59 2.62    1 

9/28 24.70 1.46 29.33 0.53 31.71 2.23 

1     10/11 38.6 12.31 0.59 18.85 1.27 25.10 3.22    1 

1     10/12 25.17 1.05 29.10 0.47 31.33 3.80    1 

* Differential water stress treatment "During" curd initiation, (7/21-8/29). Total irrigation + rainfall for period = 25 nun 
of water. 
' Water accumulation averages for seasonal irrigation from replicated catch can measurements. Total seasonal (7/4-10/16) 
irrigation + rainfall = 321 mm of water. Establishment irrigation + rainfall (6/25-7/3) = 39 mm. 
1 Means and standard errors from three replications of probe sites within main plots. 
* Date of probe events and related seasonal irrigations. 
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Table C.7. Neutron probe determination of soil moisture change at three 
depths. "No Stress" irrigation treatment. Special Irrigation 1990. 

No 
1    Stress1 

Seasonal 
Irrigation3' 

Percent Soil Moisture by Volume (means and standard 
errors)1    at 3 Sample Depths.                            | 

1    Datew Water (mm) 7.5 cm SE 15 cm SE 30 cm SE 

7/4 25.94 1.73 31.91 0.41 36.06 0.32 

|     7/10 16.8 21.37 1.73 29.75 0.49 34.68 0.63 

7/11 25.83 1.73 31.96 0.49 35.93 0.63 

1    7/16 
22.5 19.85 2.92 29.47 0.51 35.43 0.72   1 

7/17 24.56 2.30 31.63 0.76 36.77 0.40    | 

7/20 22.2 22.44 2.86 30.47 0.72 36.47 0.52   1 

7/21 25.80 2.39 32.20 0.62 38.05 0.46    [ 

1    7/30 27.5 20.19 3.39 28.42 1.07 35.51 0.14   1 

7/31 25.88 2.61 31.80 0.85 37.56 0.45    | 

1     8/7 
42.0 19.36 3.75 27.64 1.44 34.43 0.59 

1     8/8 
26.13 2.70 31.55 1.01 37.79 0.96 

8/13 50.0 16.69 3.37 26.07 1.54 33.72 1.02   1 

|    8/15 25.62 2.06 31.20 0.55 39.46 0.95 

|     8/24 36.2 16.54 2.71 25.00 1.47 33.18 1.43 

|    8/25 25.06 1.37 30.39 0.91 37.47 0.57 

1     8/30 35.0 25.68 1.70 30.88 0.51 37.25 0.81 

|    8/31 25.97 1.77 30.78 0.49 37.85 0.61 

|    9/13 52.0 10.84 1.69 19.02 1.36 24.17 1.06 

1    9/15 
24.01 1.37 29.09 0.59 35.20 0.83 

9/27 49.0 12.41 1.91 19.45 1.37 23.68 0.76    | 

1    9/28 25.39 1.28 29.49 0.44 35.62 1.21 

1    10/11 41.7 16.69 1.36 23.39 0.47 27.47 0.95    | 

1    10/12 25.88 1.54 29.89 0.45 35.79 1.26   1 

* Differential water stress treatment "No Stress* prior to, or during curd initiation (7/4-8/29). Total irrigation and rainfall 
for period = 245 mm of water. 
' Water accumulation averages for seasonal irrigation from replicated catch can measurements. Total seasonal (7/4-10/16) 
irrigation + rainfall = 476 mm of water. Does not include establishment irrigation (6/25-7/3) 39 mm water. 
* Means and standard errors from three replications of probe sites within main plots. 
* Date of probe events and related seasonal irrigations. 


