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ABSTRACT 

More vegetable seeds are needed for developing countries to 

produce more vegetables. However, high temperature In these areas limits 

vegetable seed production. Leaf lettuce (Lactuca sativa L.) was grown in 

growth chambers at 21° C and exposed to different temperatures (28, 35, 

38 and 42° C) for different exposure times (1, 4 and 7 hours) when 

flowers were at seven stages of development near anthesls. 

High temperatures (£ 35° C) decreased seed number and seed weight 

per head. Anthesls was the most sensitive stage to high temperature 

followed by pre-anthesis stage and then post-anthesis. Single seed 

weight increased when flowers were at or before anthesls but decreased 

for post-anthesis ones. Seven hours of exposure to high temperature 

decreased single seed weight more than one hour of exposure. Tempera

tures during seed development had no significant effect on root length 

during germination. Production of lettuce seeds is best when maximum 

temperatures do not exceed 35° C during flowering. 
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CHAPTER 1 

INTRODUCTION 

Vegetable production in the Third World has been increasing 

recently due to recognition of the importance of the nutritional value of 

vegetables for consumers and also because vegetables provide a good 

source of cash income for producers. However, obtaining good quality 

seeds is a big problem for producers in developing countries. Research 

on vegetable growing and vegetable seed production techniques is not 

developed adequately in most tropical and subtropical countries. In 

those countries, vegetable seeds are often poor in quality because they 

are produced by local farmers in their own fields with little care. 

Therefore, some farmers prefer imported seeds even though costs are very 

high. If growers could produce good quality and better variety seeds, 

they would benefit in various ways: 1) produce more vegetables, 2) 

improve people's health through increased consumption of vegetables, 3) 

save money, and 4) have an impact on the economy of the country. 

Most developing countries are located in tropical and subtropical 

areas where climatic conditions are very severe, i.e., high temperature, 

high humidity, and soils which are too dry or too wet. Due to these 

conditions, the diversity of vegetables cultivated in these areas is 

limited. For most temperate vegetables such as cabbage, Chinese cabbage, 

spinach, lettuce, and cauliflower, a cool climate is preferred for growth 

as they do not flourish in hot climates. Only limited areas of tropical 

highlands are devoted to temperate vegetable cultivation, and a need 

exists to expand the diversity of vegetables in these areas through the 



9 

introduction of new types of vegetables. This expansion is important to 

developing countries for both nutritional and economic reasons. Better 

seed production techniques should accompany such an expansion. 

Lettuce could be an important crop in tropical areas from the 

point of view of cultivation, nutrition and economics (Grubben 1977). It 

is one crop which is harvested in a relatively short period of two to 

three months, and is eaten raw by people in salads and also cooked as a 

spinach substitute. Leafy type lettuce, especially, has many advantages 

over other types of lettuce, i.e., 1) more nutritious (Ryder 1979), 2) 

harvestable at any stage of growth, and 3) easy to cultivate. However, 

almost all lettuce seeds are imported from the U.S.A., Australia and 

Mexico because only small amounts of seed can be produced in tropical 

areas by farmers for their own use due to climatic problems such as high 

temperatures and rainfall. 

Few reports are found on lettuce seed production under heat 

stress. Yet, studies on high temperatures and lettuce seed production 

would be useful for promoting such seed production as well as increasing 

lettuce production in tropical and subtropical countries. The goals of 

this research are to determine: 1) if high temperatures inhibit lettuce 

seed development, 2) what length of exposure to high temperatures is 

necessary to produce an effect on seed development, 3) which stages of 

late flower and early seed development are most sensitive to high 

temperatures, and 4) how high temperatures affect the vigor of developed 

seeds. 
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LITERATURE REVIEW 

Vegetable Seed Production in Developing Countries 

One reason for low vegetable production in developing countries 

is the lack of high quality seed of suitable varieties. Local seed 

production could help solve this problem. However, most developing 

countries are importing the majority of their vegetable seeds from 

developed countries. For example, in the Philippines, locally produced 

seeds only provide 25% of the vegetable seed required and the rest is 

imported (Arancillo 1972). In Thailand, about 580 tons of vegetable 

seeds are imported annually and a similar amount is produced locally 

(Shigenaga and Nawata 1984). 

Ho (1976) mentioned some of the problems of seed importation from 

other countries. Varieties are often unadapted since seeds are produced 

for the climatic conditions and consumer demands of the exporting 

countries. The lack of storage facilities also rapidly deteriorates seed 

quality under hot and humid tropical conditions. In addition, the seed 

supply is often unstable due to political and economic reasons, and 

imported seeds are expensive because of import taxes, transportation 

costs, and the profits of middlemen which are added to the base price. 

Limited vegetable seed production in developing countries is due 

to several major reasons. One reason is that less concentration is given 

to vegetables by the government which focuses more on basic tropical 

crops such as cereals, tubers and pulsers. This lack of concentration 

leads to less technical manpower and fewer research studies. Vegetable 
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seed production in tropical and subtropical regions also is limited by 

natural day lengths and temperatures which are not adequate for the 

proper flower formation of many vegetables which originated in temperate 

regions. 

Problems of Lettuce Seed Production 

Some problems exist with regards to lettuce seed production. 

First, the lettuce head must be broken when seed stalks are developing in 

most of the head lettuce varieties because seed stalks can not break 

through the head to elongate. Cutting the head is necessary to promote 

stalk elongation. Such a cultural practice, however, makes the heads 

very susceptible to diseases, especially in hot and humid climates. 

Another problem is that lettuce flowers open when weather is sunny, and 

overcast days suppress flower opening and reduce the number of pollen 

grains (Sakai 1978; Shinohara 1984). Third, flowers and developing seeds 

are disturbed by rains occurring during the month after the first flower 

has bloomed (Inoue 1967). 

Temperature Requirement to Initiate Flowering for Lettuce 

Lettuce prefers a mean temperature of 10° to 20° C for plant 

growth and good head formation (MacGillivaray 1948; Yamaguchi 1983). 

However, lettuce heading is prevented and seed stalks are formed when 

temperatures range from 21° to 27° C (Yamaguchi 1983). Lettuce requires 

high temperatures and long days for flower Induction. That is, the 

differentiation of lettuce flower buds is initiated by conditions of high 

temperatures and long days (Inoue 1967; Shoemaker 1947). However, some 

modern cultivars of lettuce are day neutral or intermediate (George 
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1985). Knott, Terry and Andersen (1937) reported that low temperature 

seed treatments accelerated seed stalk development. However, Thompson 

and Kosar (1948) showed that vernalization did not promote faster 

bolting. Later, Rappaport and Wittwer (1956) reported that the combina

tion of high air temperatures, high root temperatures and long days 

accelerated seed stalk development in head lettuce plants grown from 

vernalized seedlings. Kamiyama, Kato and Yamada (1965) reported that 

temperatures of 23/18° C (day/night) were optimum for flowering and seed 

development for seed production, and that temperatures of 28/23° C 

(day/night) were too high for seed production because the total number of 

seeds produced decreased. However, what temperature and how long it 

should be in effect to initiate flower bud differentiation is not known. 

Seed Set and High Temperature 

Some comparisons of lettuce seed production in warm vs. cool 

climates have been reported. Seeds which were harvested in high tempera

ture areas had higher germination rates at high temperatures than seeds 

harvested in low temperature areas (Harrington and Thompson 1952). 

However, no other aspects of seed quality were addressed. In addition, 

many factors other than temperature also would have differed in the two 

areas. Although no studies with controlled high temperature and lettuce 

seed development were found, studies concerning the effect of high 

temperatures on seed development in other vegetables were consulted. 

Seed development of another leafy vegetable was affected by high 

temperatures. Kuo, Feng and Tsay (1981) reported that seed number per 

silique and seed yield of Chinese cabbage were reduced by high 

temperatures. This reduction was due to poor pollen grain germination 
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and pollen tube growth. Not only were pollen grain germination and 

pollen tube growth disturbed by high temperatures, but also ovule or 

stylar tissue development was affected. Thus reductions in seed yield 

under high temperature occur mainly due to reduced germination of pollen 

grains or reduced growth of pollen tube, ovaries or ovules. 

Chang and Struckmeyer (1976a) reported on onion seed development 

under different temperatures. They found that one day after pollination, 

only half as many ovules were fertilized at 43° C compared to 35° C. At 

43° C, fewer fruits set and fewer seeds developed per ovary compared to 

those at lower temperatures. The percentage of young seeds which aborted 

was also high at 43° C, while the average percent of fertilized ovules 

was lowest at 43° C (Chang and Struckmeyer 1976b). 

Soybeans (Glycine max) and beans (Phaseolus vulgaris) had reduced 

seed sets at high temperatures (Dickson and Boettger 1984; Farlow, Byth 

and Kruger 1979; Keigley and Mullen 1986; Marsh and Davis 1985). Farlow 

and coworkers (1979) postulated that high temperatures cause poor seed or 

pod set in beans for several reasons. Before anthesis, high temperatures 

cause female sterility (ovule death) and non-viable pollen. From 

anthesis to fertilization, high temperatures cause a failure of pollen to 

reach the stigma due to less pollen shedding, a failure of the pollen to 

penetrate the stigma, and insufficient pollen tube growth. After fertili

zation, high temperatures could prevent seed set by zygotic abortion 

following fertilization. 
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General Nature of Lettuce 

Lettuce, Lactuca sativa L., is an annual or biennial plant which 

originated in the Mediterranean and grows best in a moderately cool 

climate with temperatures around 10-20° C (Knott 1941; MacGillivaray 

1948; Thompson and Kelly 1957; Tindall 1983; Yamaguchi 1983) and 24° C 

for germination (Lorenz and Maynard 1980). 

Characteristics of Lettuce Flower 

Lettuce has a composite flower head which contains 10 to 25 

small, yellow-colored florets that open simultaneously when the composite 

opens. All florets in a head open on the same day, during early morning, 

and close within a few hours (McGregor 1976; Shinohara 1984). Florets 

open on only one day. Flowers are perfect, that is, each floret contains 

one style and five stamens which are attached separately at the base of 

the corolla tube. The anthers are fused together and form a cylinder 

around the style. The style is single but the stigma is two-lobed (Jones 

1927). 

Lettuce plants show definite flowering peaks (Jones 1927). The 

first peak is about two weeks after anthesis of the first flower, and the 

second peak is about two weeks after the first although the number of 

flowers is less at the second flower peak compared to the first flower 

peak (Jones 1927). Plants may continue to flower for one to two months. 

Flowering and Seed Development 

Lettuce pollination and fertilization occur in the following 

sequence (Jones 1927). The flower head starts to open about 24 hours 

before anthesis. Two hours before anthesis, the style and stigma of the 
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pistil are covered with small brush hairs and the stigmatic lobes have 

started to expand. However, the pistil still is not fully expanded. As 

the pistil elongates, the hairs on the side of the pistil brush the 

pollen grains out of the pollen sacs of the anthers, which have dehisced 

before the flower head opens. When the unexpanded stigmas appear through 

the stigminal column, they are already covered with pollen. When the 

lobes of the stigma separate and curl back, pollen falls on the stigmatic 

hairs of the inner surface and self pollination occurs. Some cross-

pollination also can take place between lettuce varieties and between 

cultivated lettuce and some wild Lactuca species. Thompson (1933) 

reported 1.33 to 6.22% cross pollination under natural conditions. 

Fertilization takes place soon after pollination, being completed within 

six hours (Jones 1927). 

After fertilization, the lettuce embryo develops. The following 

embryos were observed at certain hours after pollination: a two-celled 

embryo at six hours, an eight-celled one at 20 hours, a sixteen-celled 

one at 25 hours, a nineteen-celled one at 34 hours, and a twenty eight-

celled one at 46 hours (Jones, 1927). Cotyledonary swellings appeared 

three days after pollination. 

The so-called lettuce seed is a botanical fruit called an achene. 

The average time from anthesis to fruit maturity is about twelve days 

under optimum conditions. If the temperature is high, the seed matures 

earlier than with optimum conditions. 

Seed Vigor 

High temperatures around anthesis and during seed development may 

affect seed vigor. Seed vigor is defined as "a property of seeds which 
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Is physiologically imprecise but important in practice, the inherent 

ability of seeds to survive, germinate and produce a seedling capable of 

'doing well' under a wide range of conditions" (Heydecker 1973). A seed 

germination test usually is conducted to determine seed germination 

percentage under optimal conditions. However, a simple germination test 

may not indicate vigor with less than optimal conditions. Other methods 

to predict vigor have been proposed, such as root lengths. 

Seedling vigor often relates to the seed size or weight. 

Sharpies (1970) reported that lettuce seed thickness was correlated to 

seed weight, and that thicker seeds produced plants with bigger stems and 

longer roots. Smith, Welch and Little (1973) reported that lettuce seed 

weight was correlated more with seed vigor than was seed thickness. They 

also found that the larger the seeds, the faster the seedling root 

growth. In addition, lettuce yield was related to seed weight, and the 

highest vigor seeds produced the highest yielding plants (Smith, Welch 

and McCoy 1973). A slightly better correlation with growth was found 

when embryos (without seed coats) were compared to seeds (Soffer and 

Smith 1974). Therefore, it appears that seed vigor also is influenced by 

seed coat thickness. 
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CHAPTER 3 

MATERIALS AND METHODS 

Experiment 1 

An early flowering line (D-20M) of leaf lettuce (Lactuca sativa 

L.) obtained from Dr. E. J. Ryder at U.S.D.A. Agricultural Research 

Station, Salinas, California was used in this experiment. Four seeds 

were sown in 13 cm plastic pots which were filled with peatmoss, vermicu-

lite and perlite (2:1:1, v/v/v), and grown at a temperature of 21/10° + 

1.5° C (day/night) with 16 hours of light at an intensity around 250 + 

25 y mol/s using a combination of cool white fluorescent tubes and 

incandescent bulbs, and a relative humidity around 50-60%. Plants were 

fertilized with a complete water soluble fertilizer, Peter's general 

purpose (20-20-20), every seven days at the rate of 0.3 g per pot with 

150 ml water. Water was given every other day at a rate of 100 ml 

initially to 180 ml during the flowering period. Seedlings were thinned 

several times and one plant was left per pot 14 days after sowing. 

Labels with dates of anthesis were placed on 3 flower heads per 

plant per day to determine the flower stages from 2 days before high 

temperature treatment until 3 days after the treatment. Other flowers 

were removed throughout the growing period to ensure that roughly the 

same number of flowers were growing on any one plant. 

About 12 days after all plants produced their first flowers, they 

were given a heat treatment. The plants were moved into three different 

growth chambers at temperatures of 28, 35 and 42° C for varying periods 
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of time (1, 4 and 7 hours) beginning at the time when lights came on 

(around 8 A.M.)* The light intensity of these growth chambers was 90 + 

10 y mol/s m^. After the heat treatment, plants were moved back into the 

original growth chamber (21/10° C) until the seeds were harvested. Seeds 

were harvested as they matured, and then seed number and weight per head 

were measured. Weights of single seeds were calculated. 

The vigor of seeds produced with different heat treatments was 

checked by root length which was measured after the seed was sown on a 

wet paper towel in a clear plastic envelope (Northrup King Co. Seed-pack 

growth pouch). Ordinary seed germination tests were not done because few 

seeds were harvested at the high temperature treatment. Seeds harvested 

in experiment 1 were used with original seed as a control. They were 

dried in air for four months. Ten seeds were placed on the paper 

randomly in the plastic envelope with 10 ml of distilled water, and then 

placed in the growth chamber at a temperature at 20 + 1.5° C under 

continuous light at 90 + 10 y mol/s m^. Relative humidity in the growth 

chamber was around 35-45%. Water was added (3 ml) to each plastic 

envelope every other day. Root length was measured every 24 hrs for 10 

days. However, some root tips were rotten and stopped growing four days 

after germination. Smith, Welch and Little (1973) reported that the root 

growth rate of lettuce tends to slow down after the third day. Thus root 

lengths four days after germination were used as a measure of vigor. 

Experiment 2 

The second experiment was done with the same procedures as the 

first one except that temperatures of 35, 38 and 42° C were used, and 

flowers were from 3 days pre-anthesis until 3 days post-anthesis at the 
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time of the high temperature treatment. Seed vigor also was checked in 

the same manner as in the first experiment. 

Data Analysis 

Split design was used for high temperature experiments. All 

experimental data were analyzed using analysis of variance. Means and 

standard deviations were calculated, and mean separations were performed 

utilizing Duncan's multiple range test at the 5% level where no signifi

cant interactions occurred. 
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CHAPTER 4 

i 
RESULTS 

Experiment 1 

Seed Number per Head; The analysis of variance indicated a 

significant effect of temperature and flower stage as well as a signifi

cant interaction between these same two parameters on seed number per 

head (Appendix A, Table A.l). Effects of exposure time and all other 

interactions were not significant. Seed number per head decreased 

drastically at 42° C at all flower stages but only decreased at 35° C 

when flowers were at anthesis (Table 1). Within a temperature, flower 

stage only had a significant effect on seed number per head when flowers 

were at 35° C. At 28° C no decreases due to temperature occurred so all 

flower stages were similar, and at 42° C decreases due to temperature 

were great enough that they occurred regardless at all flower stages. 

Exposure times did not affect seed number per head or interact with other 

parameters significantly so they were all lumped together. The signifi

cant temperature x flower stage interaction indicates that seed number 

per head responded differently to temperatures across flower stages. At 

anthesis, seed number per head decreases at 35° and 42° C. Whereas at 

other stages no significant decrease is seen until 42° C. 

Seed Weight per Head: Analysis of variance indicated signifi

cance of the same parameters and interactions for seed weight per head as 

were found for seed number per head (Appendix A, Table A.2). Seed weight 

per head showed the same trends as seed number per head with significant 
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Table 1. Effects of Temperature and Stage of Flower Development on 
Seed Number per Head with All Exposure Times2 Combined 
(Experiment 1). 

Temperature (° C) 

28 35 42 

Flower 
Stagey 

+2 3.8 + 2.0* 4.5 + 2.3 1.4 + 2.2 *w 

+1 4.5 + 2.2 3.9 + 1.6 1.4 + 1.5 ** 

0 2.8 + 1.3 1.3 + 1.0 0.7 + 0.5 ** 

-1 4.2 + 3.1 4.8 + 1.6 0.0 + 0.0 ** 

-2 4.6 + 2.0 3.2 + 2.2 0.2 + 0.3 ** 

-3 4.6 + 2.0 3.3 + 2.2 0.8 + 1.5 * 

NS ** NS 

z Exposure times of 1, 4, and 7 hours. 

y Age of flower at time of heat treatment: 
+ 2 = 2  d a y s  a f t e r  a n t h e s i s ;  + 1 = 1  d a y  a f t e r  a n t h e s i s ;  
0 = anthesis; -1=1 day before anthesis; -2=2 days before 
anthesis; -3=3 days before anthesis. 

x Values are mean it standard deviation. 

w NS = not significant, * = significant at 5% level, ** = signifi
cant at 1% level within columns and within rows. 
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decreases at 42° C for all flower stages and decreases at 35° C only when 

flowers were at anthesls (Table 2). Again, within a temperature, flower 

stage only had a significant effect at 35° C. Exposure times did not 

affect seed weight per head or Interact with other parameters signifi

cantly and thus were lumped together. The significant temperature x 

flower stage Interactions may be due to the fact that seed weight per 

head decreased at 35° C only when flowers were at anthesls, but at no 

other stages. 

Single Seed Weight: Analysis of variance Indicated that single 

seed weight was significantly affected by temperature, exposure time, and 

flower stage, but that no interactions were significant (Appendix A, 

Table A.3). As with seed number and seed weight per head, single seed 

weight decreased significantly at 42° C (Table 3). Longer exposure (7 

hrs) to high temperature decreased single seed weight significantly more 

than shorter exposure (1 hr) (Table 3). Single seed weight was decreased 

more when flowers were exposed to high temperature after anthesls than at 

or prior to anthesls (Table 3). 

Root Length: Analysis of variance showed no significant effect 

of temperature—exposure time or flower stage or interaction of the two 

on root length (Appendix A, Table A.4). Root lengths of harvested seeds 

were measured to estimate seed vigor (Table 4). No statistical differ

ences were found in root lengths relative to heat treatments of flowers 

at any developmental stages. 
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Table 2. Effects of Temperature and Stage of Flower Development on 
Seed Weight (mg) per Head with All Exposure Times2 Combined 
(Experiment 1). 

Temperature (° C) 

28 35 42 

Flower 
Stagey 

+2 5.7 + 2.9X 7.0 + 3.4 1.5 + 

1^
. 

• 

C
M
 **w 

+1 7.0 + 3.4 5.7 + 1.9 1.8 + 2.2 ** 

0 4.4 + 1.9 2.0 + 1.5 1.0 + 0.9 ** 

-1 6.4 + 4.7 7.3 + 2.6 0.0 + 0.0 ** 

-2 7.0 + 3.0 4.7 + 3.4 0.3 + 0.4 ** 

-3 6.1 + 2.8 5.1 + 3.3 1.2 + 2.5 A 

NS ** NS 

z Exposure times of 1, 4, and 7 hours. 

y Age of flowers at time of heat treatment: 
+ 2 = 2  d a y s  a f t e r  a n t h e s i s ;  + 1 = 1  d a y  a f t e r  a n t h e s i s ;  
0 = anthesis; -1=1 day before anthesis; -2=2 days before 
anthesis; -3=3 days before anthesis. 

x Values are mean i standard deviation. 

w NS = not significant, * = significant at 5% level, ** = signifi
cant at 1% level within columns and within rows. 
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Table 3. Effects of Temperature, Exposure Time, and Stage of Flower 
Development on Single Seed Weight (Experiment 1). 

Temperature (° C) Single seed weight (mg) 
z 

28 1.54 a 
35 1.54 a 
42 1.27 b 

Exposure time (hrs) 

1 1.52 a 
4 1.47 ab 
7 1.45 b 

Flower stagey 

+2 1.40 b 
+1 1.44 b 
0 1.51 a 
-1 1.53 a 
-2 1.50 a 
-3 1.54 a 

z Mean separation within temperature, exposure time or flower stage 
by Duncan's multiple range test, 5% level. 

y Age of flowers at time of heat treatment: 
+ 2 = 2  d a y s  a f t e r  a n t h e s i s ;  + 1 = 1  d a y  a f t e r  a n t h e s i s ;  
0 = anthesis; -1=1 day before anthesis; -2=2 days before 
anthesis; -3=3 days before anthesis. 
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Table 4. Root Lengths of Germinating Seeds Which Developed from 
Flowers Which Were Exposed to High Temperature for Different 
Lengths of Time When Flowers were at Different Developmental 
Stages (Experiment 1). 

Temperature (° C)—Exposure Time (hrs) Root length (mm) 

control 32.6 + 6.4 

28 1 27.8 + 5.1 
4 31.1 + 1.9 
7 31.5 ± 3.4 

35 1 25.7 ± 6.9 
4 27.2 + 3.8 
7 26.9 ± 4.1 

42 1 27.4 ± 3.3 
4 21.7 ± 1.5 
7 22.3 + 2.1 

w 
Flower stage 

+2 26.6 ± 7.3 
+1 28.8 ± 3.6 
0 25.5 ± 3.8 
-1 29.6 + 4.5 
-2 29.0 ± 2.4 
-3 29.8 + 3.8 

NSV 

z Measured 4 days after start of imbibition. 

y Seeds which had no high temperature treatment. 

x Values are mean i standard deviation. 

w Age of flowers at time of heat treatment: 
+ 2 = 2  d a y s  a f t e r  a n t h e s l s ;  + 1 = 1  d a y  a f t e r  a n t h e s l s ;  
0 = anthesls; -1=1 day before anthesls; -2=2 days before 
anthesls; -3=3 days before anthesls. 

v Not significant within column. 



26 

Experiment 2 

Seed Number per Head: The analysis of variance indicated a 

significant effect of temperature, flower stage, and interaction between 

these two on seed number per head (Appendix A, Table A.5). Effects of 

all other parameters and interactions were not significant. Seed number 

per head decreased consistently as temperature increased although the 

decreases were not significant at +3 and +1 flower stages (Table 5). 

Flower stage at time of heat treatment had a significant effect on seed 

number per head at all temperatures. Flowers exposed to the high 

temperatures when at anthesis or prior to anthesis had larger decreases 

in seed number per head than those flowers exposed after anthesis (Table 

5). 

The significant temperature x flower stage interaction shows that 

seed number per head responded to temperature differently depending upon 

flower stage. At most stages, seed number per head decreased as tempera

ture increased. However, this decrease was not observed in flowers 

exposed to the high temperature three and one days after anthesis. 

Seed Weight per Head; Analysis of variance indicated signifi

cance for same parameters and interactions as found for seed number per 

head except that the three-way interaction between temperature, exposure 

time, and flower stage also was significant (Appendix A, Table A.6). 

Seed weight per head decreased consistently when temperatures were 

increased at all flower stages except the +3 stage (Table 6). Within 

temperatures, flowers at different stages responded significantly differ

ent to the high temperature (Table 6). Flowers at anthesis were most 

sensitive to the high temperature. Flowers exposed to the high 
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Table 5. Effects of Temperature and Stage of Flower Development on 
Seed Number per Head with All Exposure Times2 Combined 
(Experiment 2). 

Temperature (° C) 

35 38 42 

Flower 
Staged 

+3 8.4 + 2.4X 7.0 + 2.6 6.3 ± 1.4 NS* 

+2 7.1 t 1.3 6.6 t 1.8 4.4 1 1.8 ** 

+1 7.4 + 1.7 8.3 ± 2.5 6.6 ± 2.3 NS 

0 1.4 + 1.6 0.5 ± 1.0 0.0 ± 0.1 ** 

-1 5.4 t 1.6 ' 1.1 ± 1.2 0.0 ± 0.0 ** 

-2 5.9 ± 2.0 4.2 ± 1.7 0.1 i 0.3 ** 

-3 4.1 t 

** 

1.9 2.5 t 2.2 

** 

0.6 + 

** 

0.8 ** 

z Exposure times of 1, 4, and 7 hours. 

y Age of flowers at time of heat treatment: 
+ 3 = 3  d a y s  a f t e r  a n t h e s i s ;  + 2 = 2  d a y s  a f t e r  a n t h e s i s ;  
+1=1 day after anthesis; 0 = anthesis; -1=1 day before 
anthesis; -2=2 days before anthesis; -3=3 days before 
anthesis. 

x Values are mean i standard deviation. 

w NS = not significant, * = significant at 5% level, ** = signifi
cant at 1% level within columns and within rows. 
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Table 6. Effects of Temperature and Stage of Flower Development on 
Seed Weight (mg) per Head with All Exposure Times2 Combined 
(Experiment 2). 

Temperature (° C) 

35 38 42 

Flower 
Stagey 

+3 12.6 + 3.3X 10.4 + 3.6 8.3 ± 2.5 NSW 

+2 10.9 + 2.1 10.0 + 2.7 6.1 + 3.4 ** 

+1 11.5 + 2.4 12.7 + 3.3 9.1 + 3.4 * 

0 2.5 + 2.6 1.0 + 1.8 0.1 ± 0.3 ** 

-1 9.2 ± 2.6 3.0 + 2.1 0.0 + 0.0 ** 

-2 9.3 + 2.5 7.1 + 3.0 0.1 i 0.3 ** 

-3 7.0 ± 

** 

3.0 4.4 

** 

+ 3.7 1.1 ± 1.4 

** 

** 

z Exposure times of 1, 4, and 7 hours• 

y Age of flowers at time of heat treatment: 
+ 3  = 3  d a y s  a f t e r  a n t h e s i s ;  + 2 = 2  d a y s  a f t e r  a n t h e s i s ;  
+1=1 day after anthesis; 0 = anthesis; -1=1 day before 
anthesis; -2=2 days before anthesis; -3=3 days before 
anthesis. 

x Values are mean i standard deviation. 

w NS = not significant, * = significant at 5% level, ** = signifi
cant at 1% level within columns and within rows. 
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temperature before anthesis had lower seed weights per head than those 

exposed after anthesis. 

The significant interaction between temperature and flower stage 

may be due to the fact that seed weight per head decreased as temperature 

was increased at all flower stages except three days after anthesis. The 

significant interaction between temperature, exposure time, and flower 

stage is not explained by the data as shown. 

Single Seed Weight; Analysis of variance showed every parameter 

and every interaction as significant for single seed weight (Appendix A, 

Table A.7). With one hour of exposure to high temperature, increasing 

temperatures had no effect on single seed weights of flowers exposed 

after anthesis, but increased weight of seeds from flowers exposed at or 

before anthesis (Table 7). When exposure times were increased to 4 

hours, similar trends were observed except that now slight decreases were 

seen in seed weights at the highest temperature for flowers exposed after 

anthesis. This observation is in contrast to increases seen at or prior 

to anthesis. When exposure times were Increased to 7 hours, trends 

similar to those at 4 hours were observed. Flowers exposed at and before 

anthesis frequently set no seed. 

Root Length; Analysis of variance showed no statistical differ

ences among root lengths which were measured 4 days after sowing the 

seeds in plastic envelopes (Appendix A, Table A.8). A tendency was 

observed for seeds developed after exposure to high temperature to have 

shorter root lengths although this tendency was not significant (Table 

8 ) .  
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Table 7. Effects of Temperature, Exposure Time, and Stage of Flower 
Development on Single Seed Weight (mg) (Experiment 2). 

Temperature (° C) 

Exposure Flower 35 38 42 
Time (hrs) Stage2 

1 +3 1.5 + 
y 

0.1 1.5 ± 0.0 1.5 + 0.1 
+2 1.6 + 0.1 1.5 ± 0.0 1.6 ± 0.0 
+1 1.6 + 0.0 1.6 ± 0.0 1.6 ± 0.1 
0 1.7 + 0.1 2.3 + 0.3 2.5 ± 0.0 
-1 1.7 + 0.1 1.7 t 0.1 — 

-2 1.6 + 0.3 1.8 + 0.1 2.3 ± 0.0 
-3 1.7 + 0.1 1.9 ± 0.0 2.0 ± 0.3 

4 +3 1.5 + 0.1 1.6 ± 0.2 1.3 + 0.0 
+2 1.6 + 0.1 1.5 i 0.1 1.2 ± 0.3 
+1 1.5 + 0.1 1-6 ± 0.1 1.4 ± 0.1 
0 1.9 + 0.2 2.1 ± 0.0 
-1 1.7 + 0.1 1.9 t 0.2 
-2 1.7 + 0.1 1.6 ± 0.1 2.3 ± 0.0 
-3 1.8 + 0.0 1.7 ± 0.1 1.8 + 0.0 

7 +3 1.5 + 0.1 1.5 ± 0.1 1.1 + 0.0 
+2 1.5 + 0.1 1.5 ± 0.1 1.2 ± 0.0 
+1 1.5 + 0.1 1.5 t 0.1 1.1 ± 0.1 
0 2.2 + 0.3 1.9 ± 0.3 — 

-1 1.6 + 0.0 1.9 ± 0.1 — 

-2 1.6 + 0.0 1.6 ± 0.1 — 

-3 1.7 + 0.0 1.8 ± 0.1 2.5 ± 0.0 

z Age of flower at time of heat treatment: 
+ 3 = 3  d a y s  a f t e r  a n t h e s i s ;  + 2 = 2  d a y s  a f t e r  a n t h e s i s ;  
+1=1 day after anthesis; 0 » anthesis; -1=1 day before 
anthesis; -2=2 days before anthesis; -3=3 days before 
anthesis. 

y Values are mean i standard deviation. 
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Table 8. Root Lengths of Germinating Seeds which Developed from 
Flowers which were Exposed to High Temperature for Different 
Lengths of Time when Flowers were at Different Developmental 
Stages (Experiment 2). 

z 
Temperature (° C)—Exposure Time (hrs) Root Length (mm) 

y 
control 30.4 + 4.1 

35 1 27.1 + 3.8 
4 25.7 + 5.2 
7 27.4 ± 4.6 

38 1 25.3 + 2.7 
4 26.3 ± 5.4 
7 24.2 ± 5.3 

42 1 22.8 + 6.7 
4 21.5 + 4.4 
7 21.9 + 3.2 

w 
Flower Stage 

+3 25.1 ± 4.3 
+2 26.0 + 4.4 
+1 28.0 + 5.4 
0 24.3 + 3.9 
-1 24.8 + 5.1 
-2 27.7 ± 4.2 
-3 23.8 + 6.6 

NSV 

z Measured 4 days after start of imbibition. 

y Seeds which had no high temperature treatment. 

x Values are mean it standard deviation. 

w Age of flowers at time of heat treatment: 
+ 3 = 3  d a y s  a f t e r  a n t h e s i s ;  + 2  •  2  d a y s  a f t e r  a n t h e s i s ;  + 1 = 1  
day after anthesis; 0 = anthesis; -1=1 day before anthesis; 
-2=2 days before anthesis; -3=3 days before anthesis. 

v Not significant within column. 
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CHAPTER 5 

DISCUSSION 

Some differences were noted between the two experiments in seed 

numbers per head, seed weights per head and single seed weights with 

values somewhat larger in experiment 2 than 1. These differences may be 

explained by differences in the room temperature where the growth chamber 

was kept since the growth chamber was open for some time during watering, 

fertilizing, tagging, and transferring of plants. Experiment 1 was begun 

in March and continued through June 1986. The room temperature where the 

growth chamber was located was higher than optimum growth temperature for 

lettuce. Experiment 2 was conducted from November 1986 through February 

1987, when the room temperature was just around optimum growth tempera

ture for lettuce. This room temperature might have influenced the 

development of plants in the growth chamber where growth was taking place 

during most of this maturation period. Some of the differences also 

might be due to plant variability. 

Temperatures on Lettuce Seed Development 

Soffer and Smith (1974) observed no relationship between lettuce 

seed yields and temperature fluctuations (20-35° C) during production. 

My two experiments suggested that temperatures greater than 35° C 

decreased seed number and seed weight per head, while single seed weight 

was decreased or increased depending on the flower stage. Possible 

reasons for these reductions In seed number may be due to high tempera

tures disturbing pollen germination, pollen tube growth, and ovary or 
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ovule development (Abdalla and Verkerk 1968; Chang and Struckmeyer 1976a; 

Dickson and Boettger 1984; Eenlnk 1983; Farlow, et al. 1979; Kuo, et al. 

1981). The reduction of seed weight per head mostly was due to low seed 

numbers. 

Exposure Times on Lettuce Seed Development 

Longer exposure to high temperature decreased single seed weight 

more than shorter exposure times In experiment 1. The observation may be 

due to more time for the mass of flower tissue to reach the temperature 

of the chamber. Or the longer exposure may allow the tissues to remain 

at the high temperature longer and thus have a greater effect on plant 

and seed metabolism. Another possible reason for the more detrimental 

effect with longer exposures could be that flowers are more sensitive 

later than earlier in the day, since exposures for one hour were only 

early in the day but exposures for seven hours extended later into the 

day. 

The length of our exposures to high temperatures (1 to 7 hrs) are 

typical lengths of time that temperatures are elevated In field situ

ations. However, in the field, highest temperatures of the day are more 

apt to occur around midday rather than early In the day. Since anthesls 

in lettuce flowers occurs early in the day, negative effects caused by 

high temperatures early In the day might be greater than those caused by 

similar temperatures around midday. Future studies ihvdlving short 

exposures should focus on high temperature effects around midday. 
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Flower Stages on Lettuce Seed Development 

High temperatures affect seed number per head, seed weight per 

head and single seed weight most at anthesls or pre-anthesis. Seed 

number decreases when flowers are at anthesls or pre-anthesls. This 

decrease at anthesls may be due to a failure of pollination or fertiliza

tion. The decrease at pre-anthesls may be due to the death of ovules or 

pollen. However, once ovules are fertilized they appear relatively 

resistant to high temperatures (below 42° C) as suggested by lesser 

effects on post-anthesis flowers. Seed weight per head also decreased 

when flowers were at anthesls or pre-anthesis, mostly due to lower seed 

numbers. Effects on single seed weights varied even more depending on 

flower stage. An interesting observation was that with heat treatments 

at post-anthesis, flowers had lower single seed weights; whereas with 

treatments at anthesls or pre-anthesis, flowers had higher single seed 

weights. The higher single seed weights may be due to the plant putting 

reserves into fewer seeds, and thus resulting in larger seeds. Smith et 

al. (1973) reported that the competition among seeds on the same flower 

head was not apparent under optimum conditions. However, under high 

temperature conditions, the plant compensates for lower seed numbers by 

higher single seed weight. Anthesls was the most temperature sensitive 

stage for seed development of lettuce possibly due to the fact that 

pollen germination and pollen tube growth are disturbed. However, a 

temperature of 42° C affects the development of seeds both before and 

after ovules are fertilized, suggesting that embryo cell division might 

be affected by high temperatures. This decrease in cell division also 
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could explain why single seed weight is decreased in post-anthesis 

flowers. 

These findings that sensitivity to heat varies as flowers and 

seeds develop is significant when determining the extent of high 

temperature effects on seed production in fields. Since a single plant 

has flowers and seeds at several developmental stages simultaneously, 

high temperatures for only a few days would only reduce seeds which were 

at a sensitive stage during that time and might have little or no effect 

on other seeds. In addition, stage of flower development varies greatly 

between different plants in a given field. Thus high temperatures in 

fields would have the greatest effects on seed production if they lasted 

for long periods of time or if they occurred during one of the flowering 

peaks that lettuce plants exhibit. 

Root Length 

Seeds which were harvested after high temperature treatments had 

a tendency to show reduced root growth although this tendency was not 

significant. One reason for this apparent reduction might be that seeds 

develop a thicker seed coat under high temperatures to prevent damage 

from high temperatures. This thickening of the seed coat might cause the 

root to take more time to break the seed coat. However, we did not 

measure the thickness of the seed coats, and incorporating this factor 

into the experiments might be a goal of other future studies. Another 

reason for this reduction might be changes in capability of metabolic 

processes due to the high temperature treatment during seed development. 

The lack of significance for this reduction may be due to the number of 
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seeds available from high temperature treatments for measuring root 

lengths during germination or to the large variability between seeds. 

Although the use of root length to indicate seed vigor did not 

show any significant differences between seeds developed under different 

temperature regimes, trends were present. However, differences were 

found in single seed weights, which have been correlated with seed vigor 

in other studies (Smith, Welch and Little 1973; Smith, Welch and McCoy 

1973). Larger seeds exhibited more seed vigor and in turn better field 

establishment. In our studies, high temperature during seed development 

decreased or increased single seed weights depending on flower stage at 

the time of heat treatment. Thus seeds produced in plants exposed to 

high temperatures might have greater variability in seed vigor than those 

produced in plants exposed to low temperature since flowers at several 

developmental stages usually are present simultaneously. Since all of 

these seeds would be mixed during harvest of the seed, a great deal of 

variability would be present in seeds of the same lot. This variability 

in vigor could result in very uneven seedling establishment. 
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CHAPTER 6 

CONCLUSIONS 

Temperatures of 42° C decreased seed number and seed weight per 

head when flowers were at all stages, while temperatures of 35° C de

creased seed number and seed weight per head only at anthesls. High 

temperatures decreased single seed weight when occurring after anthesls, 

but increased single seed weight when occurring at or before anthesls. 

Exposure time had no significant effect except on single seed 

weight in experiment 1 when longer exposure times decreased single seed 

weight more than shorter exposure times. 

Flowers were most sensitive to high temperature at anthesls, 

followed by pre-anthesis, and lastly by post-anthesis, based on seed 

number and seed weight per head. Single seed weight for flowers at or 

before anthesls at the time of heat treatment consistently increased when 

temperatures rose. However, after anthesls, flowers decreased single 

seed weight at 42° C. 

Based on this study, lettuce seeds could be produced under 

conditions where the maximum temperature does not exceed 35° C nor last 

for a long time around anthesls. 

In this study, high temperature treatments were given to lettuce 

suddenly when the plants still were growing in a cool temperature 

(10° C). In their natural environment, however, plants gradually warm 

when temperatures rise and may have enough time to avoid or tolerate high 

temperatures physiologically. In referring to this study, experiments 
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giving high temperatures at midday and field experiments are needed in 

order to study further the effect of high temperature on seed development 

of lettuce. 



APPENDIX A 

ANALYSIS OF VARIANCE TABLES 



Table A.l. Analysis of variance for seed number 
per head in experiment 1. 

Source of 
Variation df SS MS 

Observed 
F 

Total 161 905.9 
Temp 2 331.8 165.9 24.0 ** 
Time 2 4.9 2.5 0.4 NS 
Temp x Time 4 38.6 9.7 1.4 NS 
Error (a) 18 124.3 6.9 
Stage 5 50.7 10.1 4.3 ** 
Temp x Stage 10 53.6 5.4 2.3 * 
Time x Stage 10 20.0 2.0 0.9 NS 
Temp x Time x S 20 71.8 3.6 1.5 NS 
Error (b) 90 210.1 2.3 

CV = 55.7% 

Table A.2. Analysis of variance for seed weight 
per head in experiment 1. 

Source of Observed 
Variation df SS MS F 

Total 161 2.1 
Temp 2 0.82 0.41 28.92 ** 
Time 2 0.015 0.008 0.53 NS 
Temp x Time 4 0.081 0.020 1.42 NS 
Error (a) 18 0.25 0.014 
Stage 5 0.1 0.02 3.97 ** 
Temp x Stage 10 0.13 0.013 2.49 * 
Time x Stage 10 0.055 0.006 1.07 NS 
Temp x Time x S 20 0.16 0.008 1.59 NS 
Error (b) 90 0.46 0.005 

CV - 54.9% 



Table A.3. Analysis of variance for single seed 
weight In experiment 1. 

Source of Observed 
Variation df SS MS F 

Total 130 0.0063 
Temp 2 0.0017 0.00085 16.28 ** 
Time 2 0.0005 0.00025 4.70 * 
Temp x Time 4 0.0006 0.00015 2.82 NS 
Error (a) 18 0.0010 0.00006 
Stage 5 0.0003 0.00006 3.37 ** 
Temp x Stage 9 0.0002 0.00002 1.33 NS 
Time x Stage 10 0.0003 0.00003 1.78 NS 
Temp x Time x S 14 0.0004 0.00003 1.78 NS 
Error (b) 66 0.0011 0.00002 

CV = 8.6% 

Table A.4. Analysis of variance for root length 
in experiment 1. 

Source of 
Variation df SS MS 

Observed 
F 

Total 157 15020.5 
Stage 5 228.7 45.74 0.44 NS 
Temp - Time 9 1317.2 146.4 1.41 NS 
Stage x Temp - Time 38 2334.1 61.4 0.59 NS 
Error 105 10920.5 104.0 

CV - 36.3% 



Table A.5. Analysis of variance for seed number 
per head In experiment 2. 

Source of 
Variation df SS MS 

Observed 
F 

Total 188 2076.5 
Temp 2 306.5 153.3 20.19 ** 
Time 2 26.3 13.2 1.73 NS 
Temp x Time 4 8.7 2.2 0.29 NS 
Error (a) 18 136.6 7.6 
Stage 6 1161.1 193.5 94.75 ** 
Temp x Stage 12 127.2 10.6 5.19 ** 
Time x Stage 12 29.6 2.5 1.21 NS 
Temp x Time x S 24 60 0 2.5 1.22 NS 
Error (b) 108 220.6 2.0 

CV = 33.9% 

Table A.6. Analysis of variance for seed weight 
per head In experiment 2. 

Source of Observed 
Variation df SS MS F 

Total 188 4.65 
Temp 2 0.96 0.48 27.57 ** 
Time 2 0.10 0.05 2.82 NS 
Temp x Time 4 0.02 0.005 0.33 NS 
Error (a) 18 0.31 0.017 
Stage 6 2.25 0.38 90.80 ** 
Temp x Stage 12 0.30 0.03 6.06 ** 
Tine x Stage 12 0.09 0.008 1.79 NS 
Temp x Time x S 24 0.17 0.007 1.70 * 
Error (b) 108 0.45 0.004 

CV - 31.3% 



Table A.7. Analysis of variance for single seed 
weight In experiment 2. 

Source of Observed 
Variation df SS MS F 

Total 150 0.01032 
Temp 2 0.00009 0.000045 3.25 * 

Time 2 0.00015 0.000075 5.66 ** 

Temp x Time 4 0.00032 0.00008 5.98 ** 

Error (a) 18 0.00026 0.000014 
Stage 6 0.00428 0.007 53.16 ** 

Temp x Stage 11 0.00095 0.00086 6.41 ** 

Time x Stage 12 0.00039 0.00003 2.43 A* 

Temp x Time x S 18 0.00095 0.000053 3.94 ** 

Error (b) 77 0.01030 0.00013 

CV = 7.1% 

Table A.8. Analysis of variance for root length 
in experiment 2. 

Source of 
Variation df SS MS 

Observed 
F 

Total 179 16040.1 
Stage 6 601.4 100.2 1.06 NS 
Temp - Time 9 1300.5 144.5 1.53 NS 
Stage x Temp - Time 47 3348.2 71.2 0.75 NS 
Error 117 . 11066.5 94.6 

CV - 37.8% 



APPENDIX B 

NONLUMPED DATA 
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Table B.l. Seed number per head, seed weight per head, single seed 
weight and root length at each treatment In Experiment 1. 

z 
Temp. Exposure Stage Seed #/ Seed Wt./ Single Root 

Time Head Head Seed Wt. Length 
(° C) (hrs.) (mg) (mg) (mm) 

+2 4.3 6.6 1.6 28.7 
+1 5.5 8.8 1.6 28.3 
0 3.1 4.7 1.5 26.3 
-1 4.8 7.4 1.6 31.7 
-2 5.0 7.5 1.5 18.7 
-3 3.0 4.3 1.4 33.3 

+2 4.2 6.1 1.5 29.3 
+1 3.8 5.9 1.5 31.0 
0 3.7 5.6 1.5 30.0 
-1 5.4 8.4 1.5 30.7 
-2 4.7 7.3 1.6 34.7 
-3 4.6 7.2 1.6 30.7 

+2 2.9 4.4 1.4 36.0 
+1 4.1 6.3 1.5 31.0 
0 1.7 2.9 1.7 26.3 
-1 2.6 3.4 1.5 30.3 
-2 4.1 6.3 1.5 31.0 
-3 4.3 6.9 1.6 34.3 

+2 2.1 3.0 1.4 12.7 
+1 2.6 4.1 1.6 30.0 
0 1.5 2.5 1.8 32.0 
-1 5.8 9.0 1.6 26.0 
-2 3.6 5.0 1.4 24.7 
-3 2.3 3.8 1.6 28.7 

+2 4.7 8.0 1.6 32.3 
+1 5.3 7.0 1.3 29.7 
0 1.5 2.3 1.4 25.7 
-1 4.8 7.4 1.5 25.7 
-2 2.1 3.3 1.6 29.3 
-3 2.8 4.2 1.6 23.7 

+2 6.8 9.9 1.5 24.0 
+1 4.0 5.9 1.5 28.0 
0 0.8 1.2 1.5 20.0 
-1 3.8 5.5 1.5 28.7 
-2 4.0 5.8 1.5 31.3 
-3 4.8 7.4 1.5 29.3 
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Temp. Exposure Stage Seed #/ Seed Wt./ Single Root 
Time Head Head Seed Wt. Length 

(° C) (hrs.) (mg) (mg) (mm) 

+2 3.0 3.7 1.6 28.7 
+1 2.7 4.0 1.3 32.3 
0 0.9 1.4 1.5 26.7 
-1 0.0 0.0 0.0 — 

-2 0.6 0.8 1.5 24.0 
-3 2.4 3.7 1.4 25.3 

+2 0.5 0.5 0.9 20.0 
+1 0.7 0.7 1.0 22.3 
0 1.1 1.6 1.3 22.7 
-1 0.0 0.0 0.0 — 

-2 0.0 0.0 0.0 — 

-3 0.0 0.0 0.0 — 

+2 0.6 0.4 0.7 20.3 
+1 0.7 0.8 1.1 22.7 
0 0.2 0.1 0.8 24.5 
-1 0.0 0.0 0.0 — 

-2 0.0 0.0 0.0 — 

-3 0.0 0.0 0.0 — 

z Age of flowers at time of heat treatment: 
+ 2 = 2  d a y s  a f t e r  a n t h e s l s ;  + 1 = 1  d a y  a f t e r  a n t h e s l s ;  
0 = anthesls; -1=1 day before anthesls; -2=2 days before 
anthesls; -3=3 days before anthesls. 



47 

Table B.2. Seed number per head, seed weight per head, single seed 
weight and root length at each treatment in Experiment 2. 

Temp. Exposure Stage Seed #/ Seed Wt./ Single Root 
Time Head Head Seed Wt. Length 

(° C) (hrs.) (mg) (mg) (mm) 

+3 10.4 15.7 1.5 29.0 
+2 8.1 12.8 1.6 27.0 
+1 7.8 12.4 1.6 27.0 
0 3.0 5.1 1.7 30.3 
-1 4.0 6.9 1.7 20.0 
-2 5.9 8.6 1.6 31.3 
-3 5.8 9.8 1.7 25.3 

+3 7.0 10.5 1.5 20.7 
+2 6.7 10.4 1.6 30.7 
+1 7.1 10.8 1.5 29.0 
0 1.0 1.8 1.9 22.0 
-1 5.7 9.7 1.7 28.3 
-2 4.9 7.8 1.7 30.1 
-3 2.1 3.7 1.8 17.7 

+3 7.9 11.5 1.5 24.3 
+2 6.3 9.6 1.5 29.0 
+1 7.4 11.2 1.5 34.7 
0 0.2 0.5 2.2 25.7 
-1 6.7 10.9 1.6 29.0 
-2 7.1 11.6 1.6 20.0 
-3 4.3 7.4 1.7 29.0 

+3 8.6 12.8 1.5 28.0 
+2 6.3 9.7 1.5 28.0 
+1 7.8 12.2 1.6 26.3 
0 0.3 0.6 2.3 26.5 
-1 3.1 5.4 1.7 20.7 
-2 4.2 7.5 1.8 25.0 
-3 2.7 4.8 1.9 23.0 

+3 5.2 7.9 1.6 24.0 
+2 6.9 10.6 1.5 23.7 
+1 8.3 13.0 1.6 30.3 
0 0.1 0.2 2.1 24.0 
-1 1.4 2.6 1.9 17.7 
-2 3.9 6.5 1.6 28.7 
-3 2.8 4.9 1.7 34.0 
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z 
Temp. Exposure Stage Seed If I Seed Wt./ Single Root 

Time Head Head Seed Wt. Length 
(° C) (hrs.) (mg) (mg) (mm) 

+3 7.1 10.6 1.5 29.3 
+2 6.6 9.8 1.5 24.0 
+1 8.9 12.9 1.5 23.7 
0 1.1 2.1 1.9 20.0 
-1 5.6 10.6 1.9 28.7 
-2 4.6 7.4 1.6 28.7 
-3 1.9 3.3 1.8 15.3 

+3 7.0 10.7 1.5 29.7 
+2 5.7 9.1 1.6 30.7 
+1 6.9 10.9 1.6 24.3 
0 0.1 0.3 2.5 0.0 
-1 0.0 0.0 0.0 — 

-2 0.3 0.3 2.3 23.0 
-3 1.0 1.9 2.0 14.0 

+3 6.2 7.8 1.3 20.0 
+2 4.2 5.2 1.2 16.0 
+1 6.2 8.7 1.4 25.3 
0 0.0 0.0 0.0 — 

-1 0.0 0.0 0.0 — 

-2 0.0 0.0 0.0 — 

-3 0.6 1.0 1.8 24.7 

+3 5.7 6.4 1.1 20.0 
+2 3.3 3.8 1.2 23.3 
+1 6.7 7.6 1.1 20.7 
0 0.0 0.0 0.0 — 

-1 0.0 0.0 0.0 — 

-2 0.0 0.0 0.0 — 

-3 0.2 0.5 2.5 27.0 

z Age of flowers at time of heat treatment: 
+ 3 = 3  d a y s  a f t e r  a n t h e s l s ;  + 2  •  2  d a y s  a f t e r  a n t h e s l s ;  + 1 = 1  
day after anthesls; 0 « anthesls; -1-1 day before anthesls; -2 
= 2 days before anthesls; -3 » 3 days before anthesls. 
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