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1. INTRODUCTION 

Soil temperature has been found to affect plant growth. The review by 
RICHARDS et al. (1952) as well as subsequent data have clearly indicated that 
a relationship exists. 

It has, however, been difficult to elucidate the effect of soil temperature 
on plant growth. This seems to be due to the fact that various species have 
been used which do not respond to different soil temperatures in a similar 
way. Plants have also been exposed to soil temperatures in various stages of 
development and for varying lengths of time which are apt to influence the 
response to temperature. Environmental factors of the shoot such as air tem­
perature and humidity as well as light intensity and quality have varied be­
tween and within experiments. Different root environments, in addition to 
temperature, have been used e.g. water, sand and soil cultures. Aeration, 
mineral and water supply have consequently varied under similar root or soil 
temperature conditions. Furthermore, a limited soil temperature range has 
been studied in most experiments or in some instances with large temperature 
increments. Comparative growth differences, however, can be large in a sen­
sitive temperature range (WENT, 1957), necessitating smaller temperature 
increments. The indices simultaneously used to determine soil temperature 
effects on growth have been limited. The most extensive of recent publica­
tions, reported by DAVIS and LINGLE (1961) for tomatoes, included dry and 
fresh weight measurements, ion uptake and water supply in solution culture. 
Only two root temperatures, however, were investigated; no information on 
root temperatures above the optimum being obtained. 

A better understanding of soil temperature and growth relations, of maize 
particularly, seems necessary. Maize as a member of the grass family, Gra-
mineae, will probably differ from other plant families with regard to the effect 
of soil temperature, because the shoot apex is located in the top layer of the 
soil during a major part of the vegetative stage. 

This plant has received extremely little attention; the limited data available 
at present mainly being obtained in soil culture experiments. Dry weight pro­
duction has predominantly been used as criterion for growth. A detailed ana­
lysis on growth of the shoots and roots have not yet been carried out. 
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The simultaneous characterization of all plant-growth factors throughout 
the course of an experiment seems to be the ideal if the complex interrelation­
ships among these factors are to be unravelled. An attempt to elucidate soil 
temperature effects on the growth and development of maize will therefore 
require a vast amount of experimentation. A systematic approach as advo­
cated by WENT (1957), where single developmental stages are studied sepa­
rately seems to be the best solution. 

The present study has been conducted with plants in the vegetative stage 
only. Plants were exposed to only one combination of the environmental 
factors light intensity, photoperiod, air humidity and air temperature through­
out. To eliminate secondary effects of soil temperature usually encountered 
in sand or soil culture, the solution culture technique was considered to be 
the most appropriate for the present study. 

As a quantitative measure of growth the increase in length, dry weight 
and fresh weight has been employed. The dry matter content, shoot-root ratio 
and mineral content have been determined to indicate qualitative changes. 
In addition the intensity of simultaneously occurring physiological processes 
viz. the rate of dry matter production per unit leaf fresh weight, transpiration 
rate and rate of ion uptake was also measured. Each of these processes have 
been found to be influenced by soil temperature. The purpose of the pre­
sent study is to determine these in combination. 

Literature citations in support of the arguments presented here, will be 
discussed in the following chapters. 

2. MATERIALS AND METHODS 

2.1. PLANT MATERIAL AND GERMINATION TECHNIQUE 

Seeds of a uniform size of the South African single cross K64r x E m were 
used throughout. 

The germination procedure of HOAGLAND and BROYER (1936) was used 
with some modification. A preliminary soaking period of only four hours at 
20 °C was allowed before transferring the seeds to double filter paper for 
germination. Seeds which germinated simultaneously viz. after the primary 
root had emerged through the coleorhiza were selected, transferred to fine 
quartz sand, and covered to a uniform depth of two centimeters with addi­
tional sand. Tap water was added and the excess allowed to drain from the 
container. Once the seedlings had attained a height of 3 to 4 cm (3-4 days 
after transference to sand) sufficient seedlings were again selected for uni­
formity and transferred to water culture. 

The seedlings were removed from the sand by flooding the container with 
water and withdrawing the plants as described by BECKENBACH et al. (1936). 
In this way the entire root system was removed with a minimum of damage 
to the plants. Any sand adhering to the roots was removed by turning a cur­
rent of water onto the roots submerged in water. 

2.2. CULTURE TECHNIQUE 

Two types of plastic containers were employed for the solution culture 
experiments depending on the duration of the experiment. For those of a 
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relatively long duration (24 days) cylindric plastic containers of 700 cc capa­
city were used, as described by BROUWER and VAN VLIET (1960). One seed­
ling only was mounted in the plastic lid of each container. For the short term 
experiments where plants were subjected to the different root temperatures 
for five to eight days, large 5 1 containers were used, each containing eight 
plants. 

Aeration of the culture solution, in addition to supplying oxygen to the 
root system, also ensured a thorough circulation of the solution which main­
tained a uniform temperature throughout the container. 

The plants were allowed to develop at an air and root temperature of 
20 °C for ten days before being used for studies at the different root tem­
peratures. During this period the containers with plants were arranged on 
rotating tables in order to eliminate as far as possible any effect of variations 
due to environmental conditions. 

2.3. NUTRIENT SOLUTION 

The nutrient solution used was based on the No. 1 formulation of HOAG-
LAND and ARNON (1950). Unless otherwise stated, all plants were grown in a 
"half strength" solution similar to that used for maize by HAGEMAN et al. 
(1961). The composition of the solution is given in table 1. 

TABLE 1. Composition of nutrient solution 

Macro-elements 

Salt 

KH 2P0 4 

KNO, 
Ca(N03)2 . 4 H 2 0 
MgS04 . 7 H 2 0 

Concentration 

0.0005 M 
0.0025 M 
0.0025 M 
0.001 M 

Micro-elements 

Salt 

H 3B0 3 

MnCv 4 H 2 0 
ZnSOi. 7 H 2 0 
CuS0 4 . 5 H 2 0 
H 2 Mo0 4 .H 2 0 

Concentration 

1.0 p.p.m. B 
1.0 p.p.m. Mn 
0.1 p.p.m. Zn 
0.04 p.p.m. Cu 
0.02 p.p.m. Mo 

Ferrous sulphate was used as iron source and periodically supplied as 
described by HAGEMAN et al. (1961). Applications of 3.5 p.p.m. Fe were 
given per litre of culture solution at the commencement of an experiment or 
after renewal of the solution. Additional applications of 1.75 p.p.m. were 
made every third day. 

The carboxyl cation exchange resin IRC-50 was used as pH buffer ac­
cording to the technique of HAGEMAN et al. (1961). The nutrient solution 
was made with tap water and adjusted with sulphuric acid to approximately 
pH 4.5. Ion exchange resin was, however, excluded during those periods 
when the ion uptake of the plants was studied by measuring the amount of 
ion depletion of the nutrient solution. 

A periodical chemical analysis of the solution for N, P and K, as well as 
a daily check on pH was carried out. In general the solution was changed 
every three days during the early growth stages but ultimately it had to be 

Meded. Landbouwhogeschool, Wageningen 63 (5), 1-71 (1963) 



changed twice daily to ensure a continued supply of macro-elements in the 
optimum temperature range. 

2.4. TEMPERATURE CONTROL AND LIGHT INTENSITY 

The required root temperatures were applied by immersing the containers 
in which the plants were growing in temperature controlled water baths. Two 
units, each subdivided into isolated water baths 26 X 26 X 30 cm, were 
installed in a temperature controlled room. By means of thermoregulators it 
was possible to maintain a constant temperature of 20 °C above room tem­
perature with one unit, and 20 °C below room temperature with the other 
unit. 

Eight constant temperatures controlled at intervals of 5 °C, from 5° to 
40 °C were used throughout. The desired temperature in each water bath was 
maintained within a range of ± 1 °C. 

The relative humidity was maintained at approximately 65 percent. 
High pressure mercury lamps (Philips HPL 400 W) were mounted above 

the plants at such a distance that an average light intensity of 10.2 X 104 

ergs s ec 1 cm-2 was supplied at a height of 9 cm above the lids in which the 
plants were mounted. 

A photoperiod of sixteen hours and a constant air temperature of 20 °C 
was maintained during the course of the experiments. 

2.5. PLANT WEIGHT AND LENGTH MEASUREMENTS 

Leaf lengths were recorded daily by measuring each leaf from the surface 
of the lid to the tip of the leaf. 

The fresh weight of shoots was obtained by harvesting the plants con­
stantly at a fixed time during the photoperiod. The roots were placed between 
two double sheets of filter paper and a slight pressure applied to remove 
excess moisture. 

The dry weights were determined after drying in an oven for 24 hours 
at 105 °C. 

2.6. TRANSPIRATION 

Water loss was measured by the decrease in weight of the culture solution 
in the containers in which the plants were growing. 

Losses due to evaporation were obtained by measuring the decrease in 
weight of the solution in the containers without plants but with aeration. 

2.7. CHEMICAL ANALYSIS 

2.7.1. Culture solution 

Phosphate as well as nitrate was determined colorimetrically with a Vi-
tatron colorimeter. The procedure of SCHUFFELEN et al. (1961) for plant 
samples was used for phosphate determination, the phenoldisulfonic acid 
method of SNELL and SNELL (1949) for nitrate determination and potassium 
was determined with a Dr. B. Lange flame photometer. 
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2.7.2. Plant material 

The plants were analysed by the chemical laboratory of the Institute for 
Biological and Chemical Research on Field Crops and Herbage. The differ­
ent elements were determined as follows: 

Nitrogen : by the Kjeldahl method with a selenium containing catalyst. 
Phosphate : colorimetrically as molybdenum blue. 
Potassium : by means of a Kipp flame photometer. 
Calcium : as oxalate by titration with potassium permanganate. 
Magnesium: colorimetrically using titan yellow. 
Water soluble carbohydrates: these were determined according to the method 

of VAN DER PLANK (1936). Sulphuric acid was used to hydrolise 
sucrose to glucose and fructose. 

2.8. EXPERIMENT WITH RADIO-ACTIVE RUBIDIUM 

Plants which had been exposed to 20 °C for 10 days were transferred to 
the different root temperatures and 1 piC of Rb86 added, as 0.01 ml of 0.001 
M rubidium chloride, per litre of nutrient solution. 

Eight plants were used per temperature with the roots suspended in 5 litre 
of nutrient solution without ion exchange resin. Four plants were harvested 
successively after 24 and 72 hours. The fresh weight of the shoots and roots 
was determined separately. The roots were rinsed with 200 ml of distilled 
water after harvesting. The fresh shoots as well as the roots were digested 
with sulphuric acid according to the method described by SCHUFFELEN et al. 
(1961) with some modifications. The clear solution was transferred to 100 ml 
flasks and made up to 100 ml with distilled water. Aliquots of 5 ml were used 
for counting. 

A Philips - decade scaling unit (PW 4032, PW 4062 and PW 4022) and 
a G.M. - end window counter (type 18505) was employed. 

The ß-emission of all aliquots were counted to a minimum of 1000 counts. 
The random error did not exceed 3.2 per cent. All samples were corrected for 
background only. 

3. RESULTS 

3.1. GROWTH PHENOMENA 

3.1.1. Introduction 

The development of the maize plant can be divided into five reasonably 
distinct stages (SHAW and LOOMIS, 1950). These are: 

a. early vegetative growth from planting to flower differentiation. This stage 
includes germination, the seedling stage and early leaf growth during 
three to four weeks of independent development of the plant. At the end 
of this period the above ground parts are limited to leaf sheaths and 
blades, the tassel is microscopically visible at or below ground level, culm 
development is largely embryonic but the maximum number of ovules on 
the embryonic ear shoots are already determined. The theoretical poten­
tialities of the plant are therefore, established; 
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b. rapid vegetative growth up to silking; 
c. pollination and fertilization; 
d. grain production from fertilization to maximum dry weight of grain; 
e. maturation or drying of grain and silk. 

The present study was limited to the effect of soil temperature on the 
growth of the maize plant in this early vegetative phase. The term growth 
will serve to designate the over-all process whereby new organs and their 
constituent tissues develop, which therefore, include the processes of cell 
division and elongation as well as differentiation which precedes, accompanies 
and follows cell division. 

According to MEYER et al. (1960) the principal indices which have been 
employed to measure growth qualitatively are: 

a. increase in length of stem, root or other organ of the plant; 
b. increase in area of the leaves; 
c. increase in diameter of the stem or other organ; 
d. dry weight increment; 
e. fresh weight increment. 

Each of the indices, however, measure only certain quantitative phases of 
growth. The most generally used were increase in height and fresh weight 
(MEYER et al., 1960). Soil temperature effects on growth, have generally been 
studied by using length or dry weight, or both, as criteria for growth 
(RICHARDS et al., 1952). The data of DAVIS and LINGLE (1961) on tomatoes, 
however, reveal that in the absence of differences between dry weights pro­
duced by various root temperatures, significant differences were obtained in 
fresh weights. This is not surprising since internal water deficits which 
seemingly check cell enlargement more than cell division, terminate cell 
enlargement earlier and result in structural differentiation of the cells ensuing 
sooner (MEYER et al., 1960). LooMis (1953) also states that any factor such 
as a deficient supply of water or nitrogen, which checks growth without cor­
respondingly reducing photosynthesis, will tend to increase any differentia­
tion response of which the plant is capable. Thus plants in which development 
is shifted to differentiation will produce more cuticle, thicker cell walls and 
more resistant protoplasm. Alterations in the growth pattern (shoot-root 
ratio) of the maize plant, produced by periodically withholding or supplying 
nitrogen, also affected the dry matter percentage of the shoot whenever nitro­
gen was withheld (BROUWER et al., 1961). According to these authors shoot 
growth is more sensitive to nitrogen shortage than the process of carbon 
dioxide-assimilation. The increased dry matter percentage of the shoots there­
fore, mainly consists of carbohydrates. WENT (1957) also found that at high 
and low night temperatures very little growth of the tomato plant took place, 
and that consequently only a small amount of photosynthates was utilized, 
which resulted in a higher concentration in the leaves of the plants. 

The fresh weight production is, therefore, an essential indice when studying 
soil temperature effects on growth. In addition, it provides data to calculate 
the dry matter percentage, which seems to be a useful measurement for de­
termining qualitative changes. Care should, however, be exercised when in-

Meded. Landbouwhogeschool, Wageningen 63 (5), 1-71 (1963) 7 



terpretating differences in dry matter percentage. An increase usually occurs 
during or after the initiation of flower primordia (VAN DE SANDE BAKHUYZEN, 
1937; VAN DOBBEN, 1959). 

SINNOTT (1960) states that in higher plants a close relation exists between 
the growth of the shoots and roots. Its value differs in different plants, at 
different stages of development and in different environments. In most cases 
the root is relatively large in the seedling but growth is relatively slower than 
in the shoot. The shoot increases at a rate which maintains a constant pro­
portion to that of the root. 

ROBERTS and STRUCKMEYER (1946) presented data on 29 species and 
varieties which indicated that neither photoperiod nor temperature was con-
sistantly related to top-root ratio. Flower or fruit formation, however, was 
found to be associated with a higher top-root ratio. They concluded that 
these observations point to the possibility that internal conditions, e.g. devel­
opmental stage, rather than purely external factors, would be the real deter­
minants of root production. 

The data discussed by WASSINK (1955) further revealed a pronounced 
correlation between root growth and photosynthesis in Acer Pseudoplatanus 
and Acer saccharinum. MEYER et al. (I960) also state that a dimunition in 
the rate of photosynthesis or a decrease in the supply of carbohydrates within 
the plant, influences the shoot-root ratio. A dimunition of carbohydrates 
available in the tops, results in an increased shoot-root ratio and vice versa. 

Air temperature has also been noted to affect the shoot-root ratio. KHALIL 
(1956) established that in wheat, the higher the temperature the higher the 
shoot-root ratio. In almost all cases examined the roots of the plants which 
were grown at relatively high temperatures (30°C) were proportionately 
weak when compared with the roots produced at the lower temperature. 

Data presented by MEYER et al. (1960) further indicate that the nutritional 
environment of the root also affects the shoot-root ratio. The effect of an in­
creased nitrate concentration in the root environment resulted in a relatively 
larger increase in shoot weight. This effect is interpreted in terms of the in­
fluence on the internal food relations of the plant, a relatively larger propor­
tion of the nitrogen being translocated to the shoot. With a low nitrate con­
centration in the substratum in which the plant is rooted, most of the nitrates 
are utilized in the roots. The tops are therefore relatively deficient in proteins, 
and hence the growth rate of the tops is relatively slow and the shoot-root 
ratio relatively low. BROUWER et al. (1961) demonstrated that with maize the 
relative growth of shoots and roots did not respond immediately to the pre­
sence or absence of nitrogen in the root medium. They noted a delayed 
response of the root after withholding nitrogen and concluded that the pre­
sence of nitrates in the plant was the determining factor. This was later con­
firmed by BROUWER and LOEN (1962) with maize, where it was found that 
the presence of nitrogen in the root medium had no effect on the growth of 
the root if the total supply in the plant was sufficient. 

SINNOTT (1960) mentions that the effect of the shoot on the roots is not 
always nutritional but may result from the action of auxin, vitamins or other 
regulating substances. WASSINK (1955) concluded that in addition to the direct 
effect of photosynthesis on root growth of Acer species it was evident that 
leaf produced substances, probably hormones, also influenced root growth. 

The shoot-root ratio, in addition to the dry matter percentage, can there-
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fore be useful in indicating qualitive changes occurring in the internal food 
relations of plants. 

3.1.2. Increase in fresh weight 
3.1.2.1. P l a n t s s u b j e c t e d to v a r i o u s r o o t t e m p e r a ­

t u r e s a t t h e age of t e n d a y s 
The fresh weight accumulation of the plants previously held at 20°C for 

ten days and then exposed to various root temperatures for fourteen days, 
is given in fig. 1. An immediate effect of root temperature on the fresh weight 

fresh weight 
g/pl 

50 

30 

0 25° / 

10 12 

fresh weight 
g/pi 
35 r 

30 

10 12 10 12 

FIG. 1. Influence of root temperature on increase in fresh weight of shoots and roots of plants 
previously exposed to 20 °C for 10 days 



production is evident, becoming more pronounced as the period of exposure 
advances (fig. 1). The data also indicate that the temperature range chosen 
was sufficient to include the minimum and maximum temperature range. If 
the minimum temperature is considered as the lowest temperature at which 
plants will continue to grow without injury after a specified period of ex­
posure (RICHARDS et al., 1952), the data in fig. 1 illustrate that this appears 
to be in the range 5°-10 °C for the shoots and roots. The maximum tem­
perature after fourteen days is probably between 35° and 40 °C for the 
shoots and roots. The increase in weight of the shoot at 40 °C indicates con­
tinued growth but desiccation of the three oldest leaves and wilting of the 
other leaves was evident, which indicates that the plants were injured. 

The most rapid growth was found at 30°C, indicating that the optimum 
temperature occurs in the temperature range 25°-35°C for the shoots and 
at 20°-30°C for the roots (fig. 1). No decrease in optimum temperature was 
evident as the period of exposure advanced. 

The increase in leaf length of the plants when exposed to different root 
temperatures exhibited similar differences (fig. 2). The optimum temperature 
again ocurring in the range 25°-35°C. 

A marked effect of root temperature on the rate of leaf initiation (fig. 2) 

increase in 
leaf length/plant 
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FIG. 2. Increase in total leaf length per plant after exposure to the root temperatures in­
dicated for 14 days. The plants were kept at 20°C for 10 days prior to transference. 
t denotes appearance of a new leaf 
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FIG. 3. Elongation of the 4th, 5th and 6th leaf of plants, previously exposed to 20°C for 
10 days, at the root temperatures indicated 

as indicated by the emergence of new leaves, is evident. Leaf initiation pro­
ceeded most rapidly at 25°, 30° and 35°C, which may account for the greater 
increase in total leaf length at these temperatures. 

Marked differences in elongation of individual leaves, however, are 
noticeable (fig. 3). The fourth leaf, the youngest visible leaf when the plants 
were transferred to the different temperatures, elongated the most rapidly at 
25°, 30°, 35° and 40°C. It was retarded to a marked extent at 5°, 10° and 
15°C; the increase in length being less than at 20°C. The effect is most 
marked at 5°C decreasing with increase in temperature up to 25°C. The data 
in fig. 3 also indicate that root temperature has a pronounced effect on leaf 
maturation and consequently ultimate leaf length. Leaf maturation proceeded 
most rapidly at 40°C decreasing progressively as the temperature is lowered 
to 15°C. Elongation at 5° and 10°C had not yet ceased in the exposure 
period applied. An estimate of the ultimate length could therefore, not be 
obtained. 

Elongation of the fifth leaf (fig. 3) exhibited similar differences except 
that a conspicuous decrease is evident at 40°C, elongation proceeding less 
rapidly than at 15°C. In addition inconspicuous differences are noticeable 
between 20°, 25°, 30° and 35°C. The order of differences in ultimate leaf 
length, however, was similar to those previously encountered with the fourth 
leaf except that elongation at 40 °C was retarded with no indication that it 
had ceased. No alteration in relative differences is evident when comparing 
the elongation data of the sixth leaf (fig. 3). No measurements at 5° and 
10°C wete'possible since the sixth leaf had not yet emerged. 
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fresh weight of individual Leaves 
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4 th 5 th 
• 25° 

10 12 10 12 16 20 2« 
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The less rapid increase in leaf length per plant after exposure to 5°, 10° 
and 15°C is, therefore, the result of a retarded rate of leaf initiation and a 
decreased rate of leaf elongation (fig. 2 and 3). The marked increase in total 
leaf length per plant at 25°, 30° and 35°C, compared with 20°C, is mainly 
caused by a larger increase in rate of leaf initiation and to a minor extent by 
leaf elongation. 

Leaf elongation and initiation do not explain the larger fresh weight accu­
mulation of the shoot obtained at 30°C in comparison with 25° and 35°C. 
The increase in fresh weight of the individual leaves after exposure to these 
temperatures is given in fig. 4. The data indicate that the greater increase of 
the fifth, sixth and seventh leaf is one factor which contributed to a larger 
fresh weight per plant at 30°C. The weight of the fourth and fifth leaf at 30° 
and 25°C, however, also exceeded that of 35°C. The greater length of the 
leaves and weight of the fourth and fifth leaf at 25 °C does not result in any 
difference in total fresh weight when compared with 35°C. The rate of emer­
gence of new leaves at 35 °C does exceed that of 25 °C (fig. 2). This probably 
offsets the advantage gained by 25 °C resulting in similar fresh weights per 
plant. The data in fig. 4 also demonstrate that the weight of the sixth and 
succeeding leaves at 35°C was similar to that of 25°C which is an additional 
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FIG. 4. Increase in fresh weight of individual leaves during an exposure period of 14 days to 
the different root temperatures (4th and 5th leaf, see page 12) 

factor contributing to the elimination of differences in weight per plant be­
tween 25 °C and 35°C. 

Fig. 4 furthermore illustrates that the leaves continued to incerase in weight 
after leaf elongation has ceased (fig. 3). The leaf weights (fig. 4) also indicate 
that the effect of root temperature on the weight of corresponding leaves was 
quite similar to that encountered in leaf length. The ultimate weight and length 
decreasing with an increase in root temperature (fig. 3 and 4). 

The increase in stem length is presented in fig. 5. This was determined by 
measuring the length of the stem from the first whorl of crown roots to the 
tip of the shoot apex — the apex being determined microscopically. These 
data indicate that the order of differences corresponds to that produced by 
the fresh weigths (fig. 1). No differentiation of flower primordia could be de­
tected after fourteen days at the various temperatures. 

The root system of maize consists of two sets of roots viz. seminal roots 
whose initials are present in the embryo and adventitious roots which arise 
from stem tissue after germination (KIESSELBACH, 1949). The seminal roots 
include the primary root and a variable number of lateral roots which arise 
adventitiously at the base of the first internode of the stem. Roots which may 
form adventitiously elsewhere in the first internode of the stem (mesocotyl) 
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are commonly also included. Such roots, however, very seldom occurred on 
the single cross studied. The seminal roots, therefore, consisted of the pri­
mary root and the adventitious lateral roots arising at the base of the stem. 
The number of seminal roots present after ten days at 20°C and fourteen 
days at the various root temperatures is given in table 2. It seems that the 
number varied from four to six and that exposure to the different root tem­
peratures after ten days at 20 °C had no significant effect on the ultimate 
number. 

TABLE 2. The number of seminal roots after ten days at 20 °C and fourteen days at the root 
temperatures indicated 

Time-days 

10 
13 
17 
20 
24 

Mean 

5° 

4.5 
5.5 
4.0 
4.5 

4.6 

10° 

4.5 
5.0 
4.5 
4.5 

4.6 

15° 

4.5 
4.0 
5.0 
4.0 

4.4 

Temperature - °C 

20° 

5.2 
4.0 
6.0 
3.5 
5.5 

4.8 

25° 

4.0 
5.5 
4.5 
6.0 

5.0 

30° 

5.5 
5.0 
4.0 
5.0 

4.9 

35° 

4.0 
4.0 
6.0 
4.5 

4.6 

40° 

5.5 
4.0 
4.5 
5.5 ' 

4.9 

The first whorl of adventitious or crown roots appears at the base of the 
second internode (KIESSELBACH, 1949). The increase in number of crown 
roots per plant during fourteen days at the different root temperatures is 
given in table 3. 

TABLE 3. The number of crown roots per plant after exposure to 20 °C for ten days, followed 
by fourteen days at the different root temperatures 

Time-days 

10 
13 
17 
20 
24 

5° 

4.0 
4.0 
5.0 
5.0 

10° 

5.5 
4.5 
7.5 
8.0 

15° 

4.5 
9.0 

11.0 
9.5 

Temperature - °C 

20° 

5.4 
6.5 

10.5 
9.0 

13.0 

25° 

7.0 
9.5 

12.0 
18.0 

30° 

7.0 
9.0 

12.5 
18.0 

35° 

6.5 
10.0 
13.0 
16.0 

40° 

7.0 
7.0 
8.0 
7.5 

From table 3 it is evident that the most rapid increase in crown root num­
ber ocurred at 25°, 30° and 35°C. The fresh weight accumulation of the 
crown roots, presented in fig. 6, reveals pronounced differences between 25°, 
30° and 35°C. The increase at 30°C exceeding that of 25° and 35°C. The 
data in fig. 6 also indicate that crown root production at 20°C exceeded that 
at 15°C. Corresponding differences in crown root number were less con­
spicuous (table 3). PLATE I showing the plants after being exposed to the dif­
ferent temperatures for fourteen days, clearly demonstrates that the roots 
at 20 °C were more profusely branched and greater in length. The additional 
crown roots which developed at 10°C and 40°C during exposure to these 
temperatures, attained maximum lengths of only 1-2 cm (PLATE I). Thickening 
of the root tips was evident at both temperatures while the root apex at 40°C 
turned dark brown. These roots contributed very little to the fresh weights at 
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FIG. 5. Stern elongation of plants exposed to the 
root temperatures indicated. Plants were 
transferred to the different root tempera­
tures at the age of 10 days 

stem 
length 
mm 
30 r 

25 

A 3 0 o 

10 12 16 20 2« 
t ime - days 

these temperatures and probably account for the inconspicuous increase in 
weight (fig. 6). 

The effect of root temperature on the growth of the seminal roots, as mea­
sured by the increase in fresh weight, is shown in fig. 6. The data demonstrate 
a marked effect of root temperature on fresh weight production after being 
transferred from 20°C. Since root temperature had no effect on seminal root 
number it follows that the differences in weight are most probably the result 
of temperature on root elongation and branching (see PLATE I). The largest 
increase in weight occurred in the temperature range 20°-30°C (fig. 6). The 
root temperature of 35°C retarded the growth of the seminal roots, the 
weights being similar to that produced at 15°C. 

The analysis of the increase in weight of the seminal and crown roots se­
parately (fig. 6), reveals that the differences in total weight (seminal plus 
crown roots) presented in fig. 1, in the temperature range 20°-35°C, is pri­
marily caused by the effect of root temperature on crown root production 
viz. growth and crown root number. The influence on seminal or crown root 
production of 5°, 10° and 40°C proves to be similar, both sets of roots being 
affected to the same extent (fig. 6). Crown root production at 15°C, however, 
seems to have been favoured to a relatively greater extent than that of the 
seminal roots. 

r o o t t e m p e -3.1.2.2. P l a n t s e x p o s e d t o t h e v a r i o u s 
r a t u r e s a t t h e a g e of 2 0 d a y s 

The cardinal temperatures for plant growth are not precise but extend over 
ranges of several degrees at least (RICHARDS et al., 1952). They depend on 
several factors, one of which is the stage of development of the plant. Plants 
were, therefore, allowed to grow at 20 °C for twenty days before being sub-
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FIG. 6. Increase in fresh weight of seminal roots and crown roots during 14 days at the different 
root temperatures 

jected to the different root temperatures. At this stage the seventh leaf had 
just emerged. The fresh weights of the shoots and roots after five days at the 
different root temperatures are presented in fig. 7. Since no increase in fresh 
weight of the shoots and roots was evident after five days at 5°C (fig. 1) it 
can be assumed that a similar inhibition of growth occurred in the plants of 
which the data are given in fig. 7. The weights of both organs at 5°C can, 
therefore, be regarded as an indication of the original weight when the plants 
were subjected to the different root temperatures. The relative order of dif­
ferences in the temperature range 5°-20°C (fig. 7) is similar to that observed 
in younger plants (fig. 1). The optimum temperature range occurs between 
20° and 35°C for the shoots and 20°-30°C for the roots. The effect of 
40°C on the shoots and roots was less than that obtained with younger 
plants. 

3.1.2.3. G r o w t h i n r e l a t i o n 
t i o n of n u t r i e n t s 

t o i n c r e a s e d c o n c e n t r a 

Several authors have studied the effect of levels of fertilizer application at 
various root temperatures. KETCHESON (1957) found that the relative increase 
in yield by phosphate treatment was significantly better when eight-week-old 
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FIG. 7. Fresh weights of shoots and roots of plants 
exposed for 5 days to the root temperatures 
indicated. The plants were grown at 20 °C 
for 20 days before transference to the 
different root temperatures 

fresh weight 

g/pt 
50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

- / " 

- / 

: / 
0 

- . _ / . -
•— 

A 
y\. 

X 
— O shoots 

— • roots 

i r I I 

10 15 20 25 30 35 40 °C 
root temperature 

maize plants were exposed to a soil temperature of 13°C than when kept at 
20°C. Decreased root activity at the low temperature was partially overcome 
by phosphate fertilizing. NIELSEN et al. (1961) using soil temperatures of 
5°, 12°, 19° and 27°C stated that the addition of N, P and K did not offset 
the effect of the unfavourable temperature. Similar results were obtained by 
DAVIS and LINGLE (1961) with tomato plants exposed to soil temperatures 
of 18° and 24°C in sand culture. The plants at 18°C did not respond to in­
creased nutrient levels. Data obtained with water culture, however, revealed 
a depressing effect by increasing the nutrient concentration. 

Since these results were mainly obtained with sand or soil culture under 
a limited temperature range, further experimentation with water culture 
seemed justified. 

The fresh weights obtained with plants after twelve days at 20 °C followed 

fresh weight 
g/pl 
9 

: / : r - J 1 
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FIG. 8. Fresh weights of shoots and roots after 6 
days at the different root temperatures. A 
nutrient solution with double the concen­
tration of macro-elements was used 
throughout 
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by six days at the different root temperatures are given in fig. 8. The nutrient 
solution used contained double the concentration of macro-elements during 
the whole growth period viz. twelve days at 20°C and six days at the various 
root temperatures. 

The data in fig. 8 indicate that the retarded growth at the low temperatures 
could not be eliminated by doubling the concentration of macro-elements. In 
the optimum temperature range the growth rate was reduced similarly to that 
presented by DAVIS and LINGLE (1961). 

The fresh weight production of plants previously kept at 20 °C for 22 days 
and thereafter exposed to the various root temperatures for five days, is given 
in table 4. 

TABLE 4. Shoot and root fresh weights after five days at the temperatures 

Shoots. . . . 
Roots . . . . 

indicated 

Temperature - °C 

5° 

g 

19.1 
8.3 

10° 

g 

26.3 
8.4 

15° 1 20° 

g 

31.1 
11.2 

g 

41.0 
18.8 

25° 

g 

37.5 
18.7 

30° 

g 

43.6 
25.5 

35° 

g 

44.0 
18.2 

40° 

g 

31.6 
10.1 

It is evident that the relative differences in the shoots and roots (table 4) 
closely resemble those obtained on a half strength solution (fig. 7). Indica­
tions that the detrimental effect of the lower temperature range could be 
eliminated or altered by doubling the concentration of macro-elements were 
not detectable. 

3.1.3. Dry weight production 

3.1.3.1. P l a n t s e x p o s e d t o v a r i o u s r o o t t e m p e r a t u r e s 
a f t e r 1 0 d a y s a t 2 0 ° C 

The dry weight production of the plants subjected to the various root tem­
peratures for fourteen days is presented in fig. 9. The optimum temperature 
range for shoot production is 25°-35°C and for the roots 20°-35°C (fig 9). 
The relative differences in the optimum range, however, decreased. The dif­
ference in shoot weight between 30° and 35°C being relatively less than that 
obtained with the fresh weights (fig. 1). A similar diminution in relative dif­
ferences between 40°C and the optimum temperature range (fig. 9) is evident 
when compared with the fresh weight data of the shoots (fig. 1). It also ap­
pears that a relatively larger increase in dry weight of the shoot at 5°, 10° and 
15°C occurred in comparison to 25°, 30° and 35°C than was obtained with 
the fresh weights. 

The roots also exhibited alterations in relative differences - no difference 
being evident between 20°, 25° and 35°C (fig. 9) whereas the fresh weight at 
35°C was distinctly less than that of 20° and 25°C. 

The temperatures 10°, 15° and 40°C influenced the dry weight production 
relatively less than the fresh weights when compared with that of 30°C. The 
differences being relatively less for the dry weights (fig. 9). 
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FIG. 9. Increase in dry weight of shoots and roots at the root temperatures indicated. The 
plants were grown at 20 °C for 10 days prior to transference 

3.1.3.2. E f f e c t s of r o o t t e m p e r a t u r e on twen t y - d ay -o l d 
p la n t s 

The weight per plant (eight plants per temperature treatment) after being 
exposed to the various root temperatures for five days is given in table 5. 

TABLE 5. 

Shoots 
Roots . 

Dry weight per plant after five days at the temperatures indicatec 

Temperature - °C 

5° 

g 

2.11 
0.61 

10° 

g 

3.08 
0.62 

15° ! 20° 

g 

2.93 
0.85 

g 

3.21 
1.12 

25° 

g 

3.00 
1.08 

30° 

g 

3.45 
1.20 

35° 

g 

3.72 
1.04 

40° 

g 

3.03 
0.89 

From table 5 it is evident that a marked increase of the shoot occurred at 
30° and 35°C. A notable response to the temperatures 10°, 15°, 20°, 25° 
and 40°C is indicated by table 5, heavier shoots being produced than at 
5°C. No differences, however, were evident between these temperatures. 
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A remarkable increase in the weight of the roots is evident at 20°, 25°, 30° 
and 35°C (table 5). The weights at these temperatures are quite similar. Root 
growth was inhibited at 5° and 10°C corresponding to the effect of these 
temperatures on younger plants (fig. 9). Root temperatures of 15° and 40 °C 
produced root systems of intermediate weight. 

3.1.3.3. D r y w e i g h t p r o d u c t i o n w i t h a n i n c r e a s e d c o n ­
c e n t r a t i o n of m a c r o-e 1 e m e n t s 

The dry weights obtained with plants held at 20°C for twelve days and 
thereafter exposed to the various root temperatures for six days is given in 
fig. 10. The concentration of macro-elements in the nutrient solution was 
doubled and applied during the whole experimental period. 
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FIG. 10. Dry weights of shoots and roots after 6 
days at the different root temperatures. 
The plants were previously exposed to 
20°C for 12 days. A double strength 
nutrient solution was used throughout 

Fig. 10 indicates that the relative differences of the shoot corresponds to 
that obtained with a half strenght solution (fig. 9). No pronounced differences 
are evident in shoot weight at 20°, 25°, 30°, 35° and 40°C. The poorest 
growth occurred at 5°C followed by 10° and 15°C. The shoot weight at 40°C 
(fig. 10) seems to have been affected relatively less than with the half strength 
solution (fig. 9). The plants used for the data in fig. 10 were probably some­
what larger when transferred to the various root temperatures, resulting in 
relatively higher yields. 

The relative response of the roots to the increased nutrient concentration 
(fig. 10) was similar to that encountered with half the concentration in macro­
elements (fig. 9). No difference being evident between 15°, 20°, 25°, 30c 

and 35 °C after six days, while a pronounced retarding effect on dry weight 
production occurred at 5°, 10° and 40°C. 

3.1.4. Dry matter content 

3.1.4.1. R o o t t e m p e r a t u r e e f f e c t s o n t e n - d a y - o l d p l a n t s 

The dry matter percentage of the shoots and roots after fourteen days at 
the various root temperatures is presented in fig. 11. It is evident that root 
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FIG. 11. Dry matter percentage (fresh, weight basis) of shoots and roots of plants previously 
exposed to 20 °C for 10 days and thereafter to the different root temperatures for 
14 days 

temperature had a pronounced effect on the dry matter content of the shoots 
and roots. 

The change in the content of the shoots in the temperature range 20°-35°C 
was relatively less than at the temperatures beyond these limits viz. 5°, 10°, 
15° and 40°C. Exposure to 25° and 30°C resulted in a rapid decrease in dry 
matter percentage followed by an increase during the latter half of the ex­
perimental period. No immediate reaction occurred at 20° and 35 °C, the 
dry matter content remained unchanged for approximately seven and three 
days respectively (fig. 11). A gradual increase, however, is evident after this 
period, at both temperatures. 
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A factor which may have contributed to this increased dry matter content 
in the optimum temperature range, is plant density. Mutual shading of plants 
in this temperature range increased to a relatively greater extent with age in 
comparison to those beyond these temperatures. This effect was lessened 
during the course of the experiment since two plants were harvested suc­
cessively. The intercepted radiation per plant consequently increased in the 
favourable temperature range, which probably increased the dry matter per­
centage. Shading effects at 5°, 10°, 15° and 40°C during the latter part of 
the exposure period probably did not occur. The growth of these plants was 
retarded and removal of plants by harvesting, maintained a spacing between 
the plants which eliminated mutual shading, which was not the case with the 
larger plants in the optimum temperature range. 

Fig. 11 also demonstrates that the dry matter content increased conspi­
cuously at 5°, 10°, 15° and 40°C; the shoots after containing 9.0 per cent 
had increased to 11.6, 12.5, 11.5 and 11.0 per cent respectively within three 
days after transference to these temperatures. The values continued to in­
crease at 5°, 10° and 40°C ultimately exceeding that of 15°C which remained 
practically unchanged during the last nine days. The ultimate value at 10°C 
being less than that of 5° and 40°C (fig. 11), 

The dry matter content of the roots in the temperature range 20°-35°C 
shows a conspicuous decrease immediately after exposure to these tempe­
ratures (fig. 11). The effect is only temporary since a rapid increase took 
place at all these temperatures, rising sooner at 35°C than at 20°, 25° and 
30°C (fig. 11). 

The values in fig. 11 furthermore illustrate that the increase at 10°, 15° 
and 40°C was relatively less than that obtained with the shoots. The content 
at 5°C remained unchanged once subjected to this temperature. 

Wilting of the leaves was evident at 5°C, commencing during the photo-
period, once the plants were subjected to this temperature. This condition 
continued to exist during the first five days of exposure. Anthocyanin pig­
mentation was noticeable on the leaves at this stage. Some recovery in tur­
gescence of the leaves occurred after this period and the shoots continued 
to increase in dry weight (fig. 9). Desiccation of the first, second and third 
leaves was evident during the last few days, commencing from the leaf tip. 
The progressive increase in dry matter percentage (fig. 11), however, was 
primarily a result of a greater dry weight production (fig. 9) than of water 
loss. 

Anthocyanin pigmentation was also noticed on the three lowest leaves at 
10°C, followed by desiccation of the first and partial yellowing and necroses 
of the second leaf when the experiment terminated. Only the leaf sheaths of 
the first three leaves at 15°C showed anthocyanin pigmentation, while the 
leaf blades of these and the rest of the leaves were dark green in colour in 
comparison with the plants at 20°, 25°, 30° and 35°C. Anthocyanin pig­
mentation also appeared in the older leaves at 40 °C within three days after 
exposure to this temperature. Wilting and necroses of the first leaf was no­
ticeable four days later, followed by necroses of the second and third leaves 
as well as wilting of the other visible leaves when the experiment was dis­
continued. The progressive increase in dry matter percentage, however, seems 
to have been caused mainly by a relatively larger increase in the amount of dry 
matter (fig. 9); desiccation of the older and smaller leaves contributing less. 
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The increase in dry matter content of the shoots and roots which ultimate­
ly occurred in the temperature range 20°-35°C (fig. 11) seems extraordinary 
since no transition to the reproductive phase was evident, judged by the 
initiation of flower primordia. The plants were all in the vegetative phase. 

Examination of the seminal and crown roots indicates that notable dif­
ferences in dry matter content existed between these two sets of roots (table 
6). The dry matter percentage of the roots during fourteen days at the various 
root temperatures is given in table 6. 

TABLE 6. The dry matter percentage of seminal and crown roots after fourteen days at the 
temperatures indicated 

Temp.-°C 

15° 
20° 
25° 
30° 
35° 

Time - days 

13 

Seminal 

% 
8.5 
7.4 
5.6 
5.9 
6.2 

Crown 

% 
9.1 
6.8 
5.7 
6.0 
6.3 

17 

Seminal 

% 
9.3 
5.5 
5.3 
4.8 
7.4 

Crown 

% 
9.2 
6.7 
6.3 
5.4 
9.1 

20 

Seminal Crown 

/o 
8.4 
5.0 
5.0 
4.3 
7.9 

% 
8.7 
7.2 
6.4 
5.4 
8.7 

24 

Seminal 

/o 
9.5 
6.6 
5.6 
4.6 
7.7 

Crown 

% 
9.8 
8.8 
7.3 
6.1 
9.0 

It is evident that no differences in dry matter content occurred between the 
two sets of roots on the thirteenth day (3 days after transference). After this 
date a progressive increase is noticable in the crown roots at 20°, 25°, 30° 
and 35°C which is absent at 15°C. The plants contained only one whorl of 
crown roots on the thirteenth day while some of the second whorl had also 
appeared. On the twentieth day the plants at 25°, 30° and 35°C had three 
whorls of crown roots, those of the third being much thicker than those of 
the first and second whorl. During the last four days (20-24 days) the fourth 
whorl of crown roots appeared measuring 3-4 mm in diameter. The roots 
of the third and fourth whorl probably contributed the most to the increased 
dry matter content. The data in table 6 also demonstrate that no conspicuous 
increase occurred in the seminal roots at all the temperatures. 

An analyses of the dry matter percentage of the individual leaves also 
revealed that notable differences existed between individual leaves. Further­
more that the upper leaves, but not the youngest visible, contained a higher 
dry matter content than the lower leaves. A stage is, however, reached where 
the dry matter content of the oldest (lower) leaves exceeds that of the upper 
more xeromorph leaves. This is probably the result of desiccation of the lower 
leaves, the sheaths of which are ripped apart by the thick emerging crown 
roots. The dry matter content of the whole shoot, given in fig. 11, therefore, 
is only the average of a large variation between individual leaves. 

According to LOOMIS (1937) starch is not formed in the vegetative parts 
of maize and its nearest equivalent an amylodextrin is only a minor consti­
tuent. Sucrose is the characteristic carbohydrate of the vegetative plant. 
LOOMIS (1945) also found that the overnight losses from the stalk in maize 
are nearly pure sucrose and that sucrose is the only carbohydrate which 
shows losses in darkness along the translocation pathways of leaves to sheaths 
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to stalks. The soluble carbohydrate content of maize plants will, therefore, 
mainly consist of sucrose. 

Soluble carbohydrate determinations, in addition to dry matter content, 
can be used as a valuable criterion to indicate qualitative changes which may 
occur in the growth of the plant. 

The soluble carbohydrate percentage (dry weight basis) as well as the dry 
matter percentage of plants, subjected to the various root temperatures for 
eight days at the age of twelve days is given in fig. 12. It is evident that the 
relative order of differences corresponds closely to the dry matter values. 
Since the dry matter content of the shoot remained unchanged during this 
experimental period at 20°C (fig. 11) it can be assumed that the soluble car­
bohydrate content behaved similarly. The data in fig. 12, therefore, indicate 
that the soluble carbohydrates accumulated at 5°, 10°, 15° and 40°C, but 
decreased at 25° and 30°C. 
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FIG. 12. Dry matter percentage (fresh weight basis) and water soluble carbohydrate content 
(dry weight basis) of shoots and roots after 8 days at the root temperatures indicated 

The relative effect of temperature on the soluble carbohydrate percentage 
of the roots was similar to that found for the shoots (fig. 12). The general 
trend of the dry matter percentage was in close agreement with that of the 
soluble carbohydrate content except for a discrepancy at 15°C. 

3.1.5. Shoot-root ratio 
The shoot-root ratio per plant of the fresh weights is presented in fig. 13. 

These plants were grown at 20°C for ten days and thereafter exposed to the 
various root temperatures. 
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FIG. 13. Shoot-root ratio, based on the fresh weights, during 14 days at the different root 
temperatures 

A pronounced effect of the root temperature on the shoot-root ratio is 
evident (fig. 13). A marked increase occurred at temperatures beyond the 
range 20°-30°C, with the exception of 5°C which remained unchanged. In 
the temperature range 20°-30°C it remained constant during the first ten 
days after transference. A notable increase in ratio is evident during the pe­
riod 20-24 days at 25° and 30°C (fig. 13). These data seem to indicate that 
the relative iberease in weight of the shoots and roots remained unchanged 
during the first 10 days after transfer. The condition, however, changes during 
the last four days when root growth is relatively retarded to a greater extent, 
resulting in an increased shoot-root ratio. 

The ratio at 10°C and 35°C increased from 1.6 to values of 2.6 and 2.5 
respectively as a result of a relatively greater increase in shoot weight (fig. 1) 
and then remained unchanged. A transition period of approximately 7-8 
days was required before an equilibrium between shoot and root growth was 
established. 

The root temperature of 15 °C retarded root growth to a relatively greater 
extent than shoot growth, causing an increase in shoot-root ratio (fig. 13). 
This effect was only temporary since the ratio decreased progressively after 
the seventeenth day with no indication that an equilibrium is reached within 
the following seven days (17-24 days). This seems to indicate that the growth 
of the root system, although relatively less than that of the shoot, is sufficient 
to maintain shoot growth for approximately three days (10-13 days). After 
this stage root growth increases relatively more to maintain shoot growth, 
resulting in a diminishing of the shoot-root ratio (fig. 13). 

A pronounced increase is evident at 40CC (fig. 13) since root growth prac­
tically ceased while that of the shoot continued. 

If the shoot-root ratio of the dry weights, presented in fig. 14, are exa­
mined, further changes are detectable which were not observed with the 
fresh weights. 

In the temperature range 20°-35°C the plants reacted quite similarly. An 
immediate increase in shoot-root ratio is evident within three days after ex­
posure to these root temperatures (fig. 14). The most pronounced increase 
was obtained at 35°C, the effect being relatively less with a decrease in tem­
perature up to 20°C. This is followed by a period of approximately seven 
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FIG. 14. Shoot-root ratio of the dry weights during an exposure period of 14 days to the root 
temperatures indicated 

days in which the relative increase in weight of the shoots and roots remains 
in equilibrium (fig. 14). During the last four days the ratio again increases 
except at 20°C. This coincides with the remarkable rise in dry matter per­
centage of the shoots and roots (fig. 11). The relatively larger increase in dry 
matter content which occurred in the shoot at 35 °C may have contributed 
to the higher shoot-root ratio at this temperature. This, however, seems to 
be negligible since a relatively greater increase in dry matter percentage is 
also evident in the roots at 20°, 25° and 30°C (fig. 11). The higher shoot-root 
ratio is primarily a result of a relatively larger increase in dry weight of the 
shoot during the period 20-24 days (fig. 9) at 20°, 25°, 30° and 35°C. 

Fig. 14 demonstrates that the trends at 10°, 15° and 40°C are similar to 
those found for the fresh weights (fig. 13). The ratios obtained with the dry 
weights, however, were higher than those calculated for the fresh weights. 

The shoot-root ratio based on the dry weight increased progressively at 
5°C (fig. 14). Such an effect was undetectable in the fresh weights (fig. 13). 
The relatively larger increase in dry weight of the shoot and practically no 
increase in root weight seems to be the primary cause. The increase in dry 
weight of the shoot probably just compensated for the loss of moisture due to 
desiccation, resulting in a constant fresh weight of the shoot (fig. 1). Since 
the fresh weight of the root remained unchanged (fig. 1) this had no effect on 
the shoot-root ratio based on the fresh weight (fig. 13). 

3.1.6. Relative growth rate 

The formula: R ^ l 0 g e ^ - l 0 g e ^ 
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where ta—ti is the time between initial weight Wi and any weight W2 at time t2 
and R the growth constant or relative growth rate, has been employed by 
numerous investigators (BALLARD and P É T R I E , 1936; VAN DE SANDE BAKHUY-

ZEN, 1937; W I L L I A M S , 1946; HAMMOND and KIRKHAM, 1949) to reveal in­

teresting features of growth. 
The relative growth rate is a convenient measure for comparing rate of 

increase in weight at different times and in different plants (BALLARD and 
P É T R I E , 1936). I t may therefore, be of value to evaluate growth effects of 
soil temperature which are difficult to detect, by comparing absolute weight 
determinations only. 

Da ta on maize were used by VAN DE SANDE BAKHUYZEN (1937) to calculate 
the relative growth rate of weekly periods up to the age of fifteen weeks. 
These data indicate that the relative growth rate was highest during the period 
preceeding the appearance of the male inflorescence with a marked decrease 
already noticeable three weeks before this stage. The period from the appear­
ance of the male inflorescence was characterised by a further diminishing in 
relative growth rate. H A M M O N D and KIRKHAM (1949) in analysing growth 
data on field maize demonstrated a similar decrease in relative growth rate 
when the tassel appeared and again at silking. No decrease in relative growth 
rate, however, was evident before the appearance of the tassel. 

These data indicate that erroneous conclusions may be drawn if plants are 
compared when they are not in the same growth stages. 

The relative growth rate of the shoots and roots, calculated from the fresh 
weights, is given in table 7. The data were obtained from two experiments in 
which the plants were exposed to the different root temperatures for eight 
days ( 10-18 days) and an additional six days ( 18 -24 days). In the first expe­
riment the values have been calculated by interpolating in the smoothed 
curves (fig. 1) where two plants were harvested successively. In the second 
experiment the calculation is based on the increase in weight of eight plants 
harvested per temperature after eight days. 

The data in table 7 indicate that in general the relative growth rate of the 
shoot in the first period (10-18 days) for the two experiments was in close 
agreement with the exception of 15° and 35°C which showed a larger varia­
tion. Higher relative growth rates of the roots, are evident in experiment one, 
in which two plants were harvested successively. This seems to indicate that 
where eight plants are grown in the same space previously allocated to four 
plants, the relative growth rate of the roots decreases. The data nevertheless 
demonstrate that the relative effect of root temperature was quite similar to 
that obtained in experiment one. 

F rom table 7 it is evident that the relative growth rate of the shoot at 25° , 
30° and 35 °C exceeded that of the other temperatures. Temperatures of 20° , 
25° and 30°C, however, seem to have been the most favourable for root growth. 
The data clearly demonstrate that in the second growth period ( 18 -24 days) 
the relative growth rate of the shoot remained unchanged at all temperatures 
except at 40 °C where it showed a marked decreased rate compared to the 
first period. The relative growth rate of the roots was maintained at 5 ° , 2 0 ° , 
25° , 30° , 35° and 40°C and increased 4.0 and 1.5 times respectively at 10° 
and 15°C. 

The relative growth rates calculated from the dry weights are given in 
table 8. 

Meded. Landbouwhogeschool, Wageningen 63 (5), 1-71 (1963) 27 



TABLE 7. The relative growth rate in gram/gram/day of the shoots and roots (fresh weight) 
at the different root temperatures for two periods 

Temp.-°C 

5° 

10° 

15° 

20° 

25° 

30° 

35° 

40° 

Exp. no. 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

Relative growth 

10-18 days 

Shoots Roots 

0.017 
0.015 
0.071 
0.065 
0.156 
0.128 
0.187 
0.191 
0.220 
0.225 
0.240 
0.215 
0.218 
0.186 
0.120 
0.105 

0.004 
-

0.013 
0.005 
0.119 
0.057 
0.192 
0.145 
0.213 
0.150 
0.238 
0.165 
0.177 
0.100 
0.025 
0.018 

rate g/g/day 

18-24 days 

Shoots 

0.013 
-

0.063 
-

0.146 
-

0.187 
-

0.218 
-

0.235 
-

0.222 
_ 

0.062 
-

Roots 

0.006 
-

0.054 
-

0.170 
-

0.192 
-

0.212 
-

0.238 
-

0.196 
-

0.017 
-

TABLE 8. The relative growth rate in gram/gram/day, based on the dry weight of the shoots 
and roots, at the different root temperatures for two periods 

Temp.-°C 

5° 

10° 

15° 

20° 

25° 

30° 

35° 

40° 

Exp. no. 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

Relative growth rate g/g/day 

10-18 days 

Shoots 

0.070 
0.104 
0.124 
0.154 
0.183 
0.187 
0.192 
0.210 
0.214 
0.231 
0.224 
0.221 
0.214 
0.210 
0.165 
0.198 

Roots 

0.036 
0.024 
0.056 
0.143 
0.116 
0.181 
0.162 
0.189 
0.153 
0.200 
0.143 
0.189 
0.132 
0.075 
0.095 

18-24 days 

Shoots 

0.069 
-

0.094 
-

0.126 
-

0.195 
-

0.218 
-

0.226 
-

0.218 
-

0.139 
-

Roots 

0.003 
-

0.083 
-

0.162 
-

0.178 
-

0.197 
-

0.200 
-

0.197 
-

0.033 
-

The relative growth rate of the shoot at 5°, 10°, 15° and 40°C during the 
10-18 day period is remarkably greater than that obtained on a fresh weight 
basis, whereas no differences are evident for the temperatures 20°, 25°, 30° 
and 35°C (table 8). A similar increase in relative growth rate of the roots is 
also noticeable. In the period 18-24 days the relative growth rate of the shoot 
remained unaltered at all temperatures except at 10°, 15° and 40°C where it 
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was less than in the previous period (10-18 days). The greater increase in 
relative rate compared with the fresh weights, however, was maintained at 
5°, 10° and 40°C. The relative growth rate of the roots increased at 10° and 
15°C but decreased at 40°C (table 8). Those of the other temperatures re­
mained constant. 

3.1.7. Discussion 
The results presented in the previous chapter confirm those published by 

DICKSON (1923); WILLIS et al. (1957); and NIELSEN et al. (1961) which have 
been obtained on soil culture with maize. Pronounced differences in shoot 
and root growth were evident where the shoots were exposed to a uniform 
temperature and the roots subjected to various root temperatures. 

The present study with water culture demonstrates that shoot growth of 
the single cross K64r X E m as measured by increase in fresh and dry weight 
as well as leaf elongation, has an optimum in the temperature range 
25°-35°C. 

KIESSELBACH (1949 and SHAW and LOOMIS (1950) discussing the deve­
lopment of maize, stated that within two to three weeks after seedling emer­
gence the entire stem surmounted by the differentiated tassel is visible at or 
below the soil surface. According to KIESSELBACH (1949) the stem from the 
base of the crown to the tassel initials is only about 2.5 cm long at this stage. 
This signifies that in experiments with maize in soil culture the shoot apex 
is also exposed to the ambient soil temperature. The effect of increased tem­
peratures of the shoot and root environment within the physiological range, 
on the growth of plants has been well established (WENT, 1953). In studies 
with young plants soil temperature effects on shoot growth are therefore, 
bound to occur because of the direct influence on the shoot apex (BROUWER, 
1959; VAN DOBBEN, 1963). 

In the present experiments on water culture the shoot apex of young plants 
(10 days) has also been exposed to the ambient root temperature up to the 
age of 20 days. A marked effect of root temperature, however, was also 
evident when older plants (20 days) were subjected to the different root tem­
peratures being quite similar to that encountered in the younger plants. An 
effect of the ambient temperature of the root system on shoot growth there­
fore, seems to have been established. In addition, experiments with species 
of which the shoot apex is well above the soil surface, have demonstrated 
marked growth effects of soil temperature (RICHARDS et al., 1952; BROUWER 
and VAN VLIET, 1960; DAVIS and LINGLE, 1961; BROUWER, 1962). 

The exposure of the roots, shoot apex and the leaf base of the plant to 
the ambient soil temperature does, however, complicate the unravelling of 
the results. The plants were nevertheless exposed to the various root tempe­
ratures as it usually occurs in the field. 

In studies thus far conducted with maize the effect of soil temperature on 
the overall growth process has mainly received attention. No evidence has 
been furnished of the effect on the growth and development of individual 
parts which seems to be necessary to provide a better insight into the actual 
cause of root temperature induced differences. 

The present data indicate that an excelled rate of leaf initiation at the tem­
peratures 25°, 30° and 35°C was one factor which accounted for the greater 
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overall growth rate at these temperatures. Leaf initiation in maize has also 
been noted to be speeded up by temperature with a Qio of 1.3 when the whole 
plant was exposed to the temperatures tested (WENT, 1957). KHALIL (1956) 
also found that in wheat the time required for the emergence of successive 
leaves is decreased significantly by increasing the temperature within the 
range 10° to 30°C. These results are in agreement with that of GREGORY 
(1956) and BLACKMAN (1956) who concluded that the effect of temperature 
is to hasten development of the leaf primordium and thus hasten time of 
unfolding. 

Evidence that the excelled rate of leaf initiation was not only caused by 
the effect of soil temperature on the shoot apex but also by effects on the 
roots is furnished by the data of TAKAMURA et al. (1961). By subjecting the 
sheath, base and roots in various combinations, to soil temperatures of 20° 
or 30°C they established that the rate of leaf initiation of rice plants was 
greater when the base and roots were exposed to the higher temperature than 
exposure of base and sheath to the higher temperatures. This indicates that 
the root temperature of the root system also contributed to the excelled rate 
of leaf initiation. 

The present results on leaf initiation and those previously presented (GROB-
BELAAR, 1962) do not reveal any break in time between the embryo leaves 
(no.'s 1-6) and the post embryo leaves as suggested by WHALEY et al. (1950). 

The results of the present study furthermore indicate that root temperature 
influenced leaf elongation which proceeded the roost rapidly in the optimum 
range (25°-35°C). Data furnished by BROUWER (1962) indicate that for 
Vicia plants differences in leaf size were mainly caused by the effect of root 
temperature on cell extension of the leaves. Cell extension decreasing at tem­
peratures beyond the optimum temperatures range. Cell division, however, 
seems to have been retarded only at 5°C. The differences in elongation of the 
leaves at 10°, 15° and 20°C may therefore, most probably, be the result of 
reduced cell extension. The conspicuous decrease in leaf elongation at 5°C, 
however, may have been caused by a reduced rate of cell division and exten­
sion. 

The fresh weight of individual leaves exhibited differences quite similar 
to those obtained with leaf length. Increase in weight at 5°, 10° and 15°C 
being retarded. A similar effect was obtained by BROUWER (1962) with Vicia 
plants; the rate and ultimate size of leaf decreasing progressively at tempe­
ratures beyond the optimum temperature range. Indications that the ultimate 
leaf size is larger in a certain temperature range (15° and 20 °C) below the 
optimum was evident. The influence of root and base temperature on leaf 
length and weight in a temperature range below the optimum is therefore, 
just the opposite to that presented by BROUWER (1962) for Vicia and Phase-
olus plants where leaf size was greatly reduced at temperatures below the 
optimum temperature range. A factor which possibly contributed to these 
differences was the location of the shoot apex, which remained exposed to 
the root temperature in the case of maize. 

The data on leaf length and weight indicate that although the rate of in­
crease was less at 15°C the duration of elongation continued over a longer 
period of time. This is substantiated by data on cell elongation presented by 
BURSTRÖM (1961) where the rate of elongation increases with increasing 
temperature, but the duration of elongation is shortened. 
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