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1 INTRODUCTION

Individually controlled growth chambers and greenhouses
located in one building are collectively referred to as a phytotron.
Downs et. al. (1972) called phytotrons "laboratories of‘precisely
controlled environmental chambers used to study the effects of
temperature, humidity, light and other factors on plant growth."
Since the establishment of the first phytotron at the Earhart
Laboratory in California Institute of Technology in America in 1949,
other phytotrons have been established here and in other parts of
the world. The phytotron at the North Carolina State University
was one of the two units established in 1968 under the Southeastern
Plant Enviromment Laboratories (SEPEL) in North Carolina. One of
the four gene?al engineering design criteria considered in the
planning of the phytotrons fnr SEPEL was uniformity of. environmental
conditions within chambers, (Downs et. al., 1972). Temperatures in a
horizontal plane one meter from the light barrier of not more than
+ .50 degrees Celsius with lights on and + .25 degrees Celsius with
lights off, at any given temperature setting, were the measure of
uniformity within chambers. Lang (1963) recognized that an engineer
could construct a chamber in which temperature and light distribution
approached ideal uniformity but with plants placed in a chamber, this
uniformity will be reduced. He believed that the biologist who
works with the plants and the engineer who designs the chambers, must
come to a reasonable compromise on the uniformity that could be

attained for plants. Kramer (1963), in a discussion on Lang's paper



felt that the basic objectives of controlled environment equipment
was that plagt growth, under the same environmental cqndition'should
be reproducible (presumably in different chambers set under the same
conditions), and that all plants within a chamber should be subjected
to essentially uniform environment.

With the capacity of precise control over several
environmental factors influencing plant growth in chambers, which had
been impossible under natural conditions, biologists can now study
several factors simultaneously. A chamber is a physical unit so
constructed that it cannot be partitioned to accomodate several
levels of certain treatment factors applied to a chamber. For
example, in a study of four day temperatures at least four separate
chambers are necessary. The experiment may take a fraction or a
full chamber space but the experimental unit to which a treatment is
randomly assigned is a chamber. The number of chambers required
will be large in a factorial experiment where several factors are
studied simultaneously. Replications of treatments are essential
to obtain a valid estimate of the experimental error (the between
chamber variance) to test between chamber treatment factors.
Limitations in space and time in the phytotron have often led to
experiments involving environmental factors being conducted without
replication. Without an estimate of the between chamber variance,
tests of the between chamber factors are often erroneously made using
a within chamber estimate of experimental error. Cooke (1968)

recognized that for greenhouse experiments, the within-house estimate



of error is not appropriate for testing the between-house factors,
as he believed that an additional component of error at the whole-
house stage may be substantial. However, he believed that in
experiments utilizing growth cabinets (or chambers), this additional
component of error may be small.

In addition to treatment factors'applied to whole chambers,
several within chamber treatments may or may not be included. When
within chamber treatments are included, the experiment is analogous
to the split-plot, with whole chamber treatment factors as the main
plot treatments and the within chamber factors as the sub plot
treatments. The main plot experimental unit is a chamber within the
period of time specified by the experimenter. The sub plot
experimental unit is usually a single pot containiné one or more
plants. Chamber to chamber variation is often assumed to be
negligible. With this view, many experimenters working under
controlled environments in the phytotron have ignored the need for

appropriate between chamber and within chamber experimental designs.



2 REVIEW OF LITERATURE

Many research workers conducting experiments in green-
houses and growth chambers have reported variation in plant
performance within chambers, usually in qualitative rather than
quantitative terms. In addition, several research workers have
tried to explain the possible sources of variation within chambers in
terms of some physical measurements.

Hruschka and Koch (1964) reported that ‘strong gradients
in sprout weight of potatoes were found front to back, top to bottom,
and left to right in storage room experiments where temperature and
humidity were controlled. They concluded that a completely
homogeneous environment Would‘never be realized and recommended
stratification to increase precision of experiments. Collip and
Acock (1967) reported significant variation in relative growth rates
in lettuce in growth cabinets (1.25 m x 1.25 m) with outside colummns
and rows having higher variability and also higher growth rates
compared to the other regions within cabinets. They recommended that
the outside columns and rows be treated as guard rows to reduce the
within cabinets variationm. Rigorous plant selection for uniform
plant size at the start of the study was given as another way of
reducing the variation. In terms of a within chamber design, they
recommended the randomized complete block over the completely random
design. Went (1955) also believed that as much as 50 to 70 percent
of the within chamber variation could be eliminated by exercising

vigorous phenotype selection of planting materials, even though the
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materials were of the same genotype. Hammer and Langhans (1972) at
Cornell measured physical and biological variation within a walk-in
chamber, similar in dimensions to an 'A' chamber at N.C.S.U. (2.44m
X 3.66m x 2.13m). Light pattern was described as a dome with a
peak in the middle and lower values at the sides. Temperature
readings fluctuated from location to location within a chamber. By
comparing 20 day old corn plants in five positions within a chamber,
significant differences were found in fresh and dry weight, with the
heaviest plants in the center of the chamber. They concluded that
light and temperature was a source of "unwanted" variation within a
chamber and suggested some form of calibration. From their study,
they recommended a randomized complete block design within chambers
with square blocks in preference to coﬁplete randomization.

Although no justification was given, working aisles along the walls
were also suggested.

Kalbfleiséh.(l§6§) in Canada, in an investigation on
methods of obtaining more uniform artificial light distribution over
plant growth areas, presented several diagrams showing the light
distribution patterns within chambers similar to those of Hammer
and Langhans.

Singh et. al. (1974) reported that although the soybean
is classified as a C3 plant species with low net photosynthetic
capacity, it has the ability to adapt to a high light intemnsity
under growth chamber studies. He showed that in terms of

photosynthetic production, the light response curve was linear with
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light levels from 3,000 to 5,000 foot candles, suggesting that its
behaviour was more like a C4 plant.

Uniformity studies were conducted at the North Carolina
State University phytotron with soybeans (Glycine max) with the
following objectives:

(1) to study the nature of variation within chambers for the 'A'
and 'B' walk-in chambers and the 'C' reach~in chambers with
growing areas of 9, 3 and 1 square meter respectively;

(2) to characterize and compare the within chamber patterns of
growth in several chambers repeated over time with chambers
set at one temperature and light intensity;

(3) to attempt to explain the possible causes of the within
chamber variation;

(4) to obtain estimates of the size of the between chambers
variation to the within chambers variation;

(5) to establish whether the variation in plant growth for young
soybean plants persists till maturity and is reflected in
yield; and

(6) to recommend suitable between and within chamber designs for

use in the phytotron.



3 MATERIALS AND METHODS

Experiments were conducted in the three different sized
chambers, referred to as - 'A', 'B' and 'C' chambers, in the North

1 All of the common features

Carolina State University Phytotron.
in these experiments will be covered under this section. Details
specific to each study will be covered under the 'Materials and

Methods' section appropriate to each study.

The variety of soybean, Bragg, was used for all experiments.

The experiments can be divided into two groups. The first group was
conducted in chambers of all sizes (set uniformly to within specified
limits) in plastic pots of 11.4 cm diameter (4% inches), containing
600 ml of two-third gravel and one-third peat-like substrate.

Pots were arranged on racks of 23em x 23cm, holding four
pots in a two by two arrangement. In experiments in the 'A' and
'B' chambers, the racks were placed on moveable carts of 46cm x 46cm,
commonly called trucks, with four racks per truck. In the 'C'
chambers, only racks were used.

Each experiment was terminated after 20 days with

2

measurements taken on individual plant. Five measurements were

1

Floor space in the 'A' and 'B' walk-in chambers were 2.44m x 3.66m
and 2.44m x 1.22m with 2.13m clearance from floor to light barrier.
The 'C' reach-in chambers were 1.22m x .92m with 1.22m clearance.
Other features and specifications in the chambers can be referred to
in Downs, R.J. and Bonaminio, V.P. (1976).
2

The 20-day growth period was decided on as a compromize between
having a short growth cycle to allow for more trials and a long enough
growth period to allow plant reflection of environmental differences.



taken on each plant, which was identified within a chamber by its

row and column position.1

The plant measurements referred to as
variables and their measurement units (in metric system) are:

(1) plant height, a measurement taken from the cotyledonary
node to the tip of the apical bud, in millimeters;

(ii) 1leaf area, a measurement of the total surface area of all
fully opened leaves including the primary leaves, in
square centimeters;

(iii) petiole length, a measurement of the 'stem' portion of the
first trifoliolate leaf from its axis with the main stem
of the plant to the base.of the extreme leaflet, in
millimeters;

(iv) fresh weight, a measurement of the combined weight of stem
and leaves of the plant above the cotyledonary node, in
milligrams;

"(¥) dry weight, the weight of (iv) above, dried for 48 hours in

the oven at 90 degrees Celsius, in milligrams.

All measurements, except for dry weight, were taken on the same day
the experiment was terminated, systematically row by row.

The second group of studies was comprised of two experiments;
one conducted in an 'A' chamber, and another in a 'B' chamber. The

chambers used had been used previously in the first group of

1

A row is parallel to the door of a chamber and labeled 1, 2 ... q,
with row 1 nearest the door. A column is perpendicular to the door
and labeled 1, 2 ... r, with column 1 nearest the left side wall.



experiments. Pots of 25.4cm (10 inches) diameter were used with
3,600 ml of the same substrate, and were put directly on the trucks,
with four pots per truck. The trucks were similarly arranged
inside the chamber as for the first group. In this study, two
plants in each pot were grown till the 20th day, when a random one
of the two plants was harvested. The same measurements as recorded
for the first group of experiments were taken with these 20 day old
plants. The remaining plant in each pot was allowed to develop
until pod and seed formation when the experiments were terminated,

with the following measurements taken on an individual plant basis:

(1) number of pods per plant;
(1ii) dry weight of pods in grams;
(1ii) dry weight of seeds in grams;
(iv) dry weight of aerial parts of plants, in grams;

(v) dry weight of roots, in grams.

This group of experiments will be referred to as studies with mature
plants.

Chamber specifications called for air temperature to
be maintained at + .25 Celsius of the set point as measured with
a No. 24 type "T", welded-bead thermocouple in a shielded, aspirated
housing. The chambers were set for temperatures of 22/18 degrees
Celsius, in experiments with 'A' and 'B' chambers and either

26/22 or 22/18 degrees Celsius in experiments with the 'C'
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chambers.!

Light in the chambers was provided by a combination of
cool white flourescent and incandescent lamps which provided energy
equivalent to an illuminance of 4,000 to 4,600 foot candles for the
'A' chambers, 3,000 to 3,600 foot candles for the 'B' chambers and
2,200 to 2,800 foot caﬁdles for the 'C' chambers. A photoperiod
of 12 hours was simulated using 10 hours of high intensity 1light
followed by 2 hours with incandescent lamps.

Soybean seeds were soaked in moist vermiculite and kept
at 27.5 degrees Celsius in a seed germinator for 48 hours.
Sprouted bean seedlings were then transplanted to the pots. Visual
selection for uniform seedlings was made by choosing seedlings with
radical lengths between 2 to hem. Three seedlings were planted in
the 1ll.4cm pot and six seedlings in the 25.4cm pot. Further
selection was made at 7 days of growth in a pot by eliminating the
extreme plants. From 7 until the 20 day growth stage, one plant per
pot for the 1ll.4cm pots and two plants per pot for the 25.4cm pots
were allowed to grow. In the maturity studies, the plants selected
for measurements at 20 days were chosen at random, one from each pot.

Deionized water was used up to the 7 day old stage and

the N.C.S.U. Phytotron nutrient solution was used thereafter.2

1

The 22/18 temperature was adopted as the principle temperature for
experimentation since previous experience in the phytotron suggested
that at this temperature, soybeans showed greater reproducible within
chamber growth pattern. The higher temperature of 26/22 was used
twice in the 'B' chambers and one-half of the studies with the 'C'
chambers as a check on temperature effect on the within chamber growth
pattern.
2

Analytical constituents found in Downs, R.J. and Bonaminio, V.P. (1976).
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4 STUDIES IN THE WALK~-IN 'A' CHAMBERS

4.1 Materials and Methods

4.1.1 Studies on Juvenile plants.

Four chambers, A4, A8, A9 and Al0 out of a possible
twenty-one were available for the studies with juvenile plants in
the 'A' chambers. Chambers A8, A9 and Al0 were adjacent while
chamber A4 was in another part of the same building. The four
chambers were studied, three at a time in any one 20-day périod,
referred to as a trial. Four trials were planned. The design
was a balanced incomplete block, with three replications of each
chamber, and each pair of chambers occurring twice in the same
trial. This balance was lost in the final trial because AlQ,
scheduled for that trial, was unavailable and was replaced by A9.
Table 4.1.1 shows the chambers used and the dates for each trial.
It should be noted that for chamber A8 in trial 3, a malfunction
of the light control left the incandescent bulbs on for three
consecutive nights, from September 1 to September 3.

Table 4.1.1 Chamber and trial combination with respective dates for
studies with juvenile plants in the 'A' chambers.

Dates Trial Chamber

July 8 to July 30, 1975 1 A8, A9, AlO
July 29 to August 20, 1975 2 A4, A9, Al0
August 19 to September 10, 1975 3 A4, A8, A9
September 9 to October 1, 1975 4 A4, A8, A9
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Because of the size of each experiment, 384 pots each,
the planting and data collection for each trial was done, by
chambers, on three consecutive days. The order in which the
chambers were planted was also followed in data collection so that
all plants had a 20 day growing period.

A schematic diagram showing the arrangement of trucks
and row, column and truck identity within an 'A' chamber is shown
in Figure 4.1.1. This arrangement allowed an alley of approximately
23cm in the center which was necessary in order to reach the watering
taps. It enabled observations to be taken adjacent to both side
walls and the front wall. The door is located between columns 7
and 12,

Preliminary data on ailr temperature and light intemnsity
at several positions within chambers were taken on July 15, 1975
for each chamber occurring in trial 1. Temperature readings were
taken at the top of the plant canopy in the center of each of eight
trucks labeled 1, 4, 9, 12, 14, 15, 21 and 24. An unshielded
thermocouple hooked on to a LEEDS and NORTHRUP SPEEDOMAX potentiometer
measured the temperature readings in Celsius, rounded to 0.25 degree.
Light readings were taken at the centers of twelve trucks labeled 1,
4, 7, 8, 9, 10, 14, 15, 17, 20, 22 and 23. These were measured in
lux using the LAMBDA photometer. As a follow-up on light and
temperature consistencies within chambers, readings were taken again
for chambers A8 and A9 on June 1, 1977, at the center of all 24

trucks. No uniformity trials were being run at this time.
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Figure 4.1.1 Schematic diagram within an 'A' chamber showing the

truck arrangement and the column, row and truck identities.
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However, pots with soil were arranged on trucks and positioned
exactly as was carried out during the uniformity studies.

4.1.2 Studies on mature plants.

The experiment on mature plants was conducted in
chamber A4 from March 17, 1976 to May 28, 1976, a period of 72 days.
Some problems in getting good plant growth at 22/18 temperature 1ed
to the use of 26/22 temperature regime for this study. Stakes were
used to hold the plants at 14 days, as growth was more luxuriant
compared to the juvenile studies. First flowering occurred about
27 days after sowing. Light intensity readings were taken on all

trucks on March 27, 1976.
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4.2 Results

4.2.1 Preliminary déta analyses.

4.2.1.1 Mean, variance (within experiment), range and

coefficient of variation. The statistics mean, variance (within

experiment), range and coefficient of variation (c¢.v.) were computed
for all variables in each chamber-trial combination, referred to as
an experiment, and are summarized in Appendix 1. The ranges within
experiment for all variables were comsistent, with the tallest and
heaviest plants about three times that of the smallest or lightest
plants in the same experiment. This gives an indication of the
variation in size of 20 day old soybean plants within a chamber with
all plants treated uniformly. Average values of the mean, variance
and c.v. (average of ratios) are presented ih Table 4.2.1 for all
variables. The values in Table 4.2.1 were for eleven experiments
excluding the experiment in chamber A8 in trial 3.

Table 4.2.1 Means, variances (within experiment) and coefficients

of variation (c.v.) averaged over 1l experiments by variable in
'A' chambers with 20 day old soybeans at 22/18 degree Celsius.

Variables
plant leaf petiole fresh dry
Statistic height area 1length weight  weight

(mm) (cm2)  (mm) (mgm) (mgm)
Mean 77 133 27 318 49
Variance 156 558 30 2,842 73
c.v.® 16 18 20 17 17

Note:* These c.v.'s computed from a single plant basis cannot be
compared directly to c.v.'s for field experiments which are computed
(usually) on a plot basis (of several plants).
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A faulty mechanism in chamber A8 in trial 3 caused the
lights to be on for three consecutive nights and resulted in mean
values of approximately one and one half to two times the average
values of the other trials. Also, the variances were increased
by a factor of two.

4.2.1.2 Correlations among variables. Simple correlations

among variables were computed for each experiment with 382 degrees
of freedom. Table 4.2.2 summarizes the average correlations
among variables.

Table 4.2.2 Within experiment correlation coefficients among
variables in 'A' chambers, averaged over all experiments.

Variables
leaf petiole fresh dry
Variables area length weight weight
plant height .61 .72 .61 .60
leaf area - .82 .94 .91
petiole length - - .80 .78
fresh weight - - - .93

The results showed that variables leaf area, fresh weight
and dry weight were highly correlated, and may be grouped as a set
with close association. Plant height appeared to belong to another
set having the lowest correlations with the first set. Petiole
length seemed to be intermediate in correlations and would be placed
in a different set from the above. This information will be used
later under section 4.2.2.2 regarding the selection of variables for

illustration of growth patterns within experiments.
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4.2.2 Within experiment variation with 20 day old plants. .

4.2.2.1 Position effects. The variation within experiments

was further investigated to determine whether there were any
systematic positional differences within experiments. Three
within chamber models were studied; models allowing for the column
effects, for the row effects or for the truck effects. Each model
is like the randomized complete block model with columms, rows or
trucks as blocks. Separate analyses of variance were computed,
fitting each model in each experiment. Coefficients of
determination, R2, measures of the amount of the total within
experiment variation attributable to the blocking effects in the
model, were obtained for each model in all variables.1 The
averages of R? (average of ratiog) are shown in Table 4.2.3. .
The truck effects accounted for 32 to 47 percent of the
total within experiment variation, the column effects for 17 to 33
percent and the row effects for 7 to 10 percent. It should be noted
that the column and row effects are orthogonal so that the average R2
for a model containing both effects would be the sum of the individual
column and row Rz(s). A comparison of the truck, column and row
models will be deferred until section 4.2.2.6 pertaining to within

experiment designs.

1
The R? is a ratio of the sum of squares of each of the effects (row,
column or truck) to the total sum of squares. Thus, R2 will be a
ratio of the degrees of freedom associated with the two sums of squares
when the variance components for row, column or truck is zero. The
R2(s) when these components are zero are 6.0, 6.0 and 3.9 for the
row, truck and column effect models respectively. .
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Table 4.2.3 Coefficients of determination in percent averaged over
all experiments in the 'A' chambers for the colummn, row and truck
within experiment models with ranges given in pareqtheses.'

Model
Variable Column(1l5 d.f.) Row(23 d.f.) Truck(23 d.£f.)
plant height 19.2 9.9 42.7
(10.4 - 34.6) (4.3 - 18.9) (27.9 - 55.0)
leaf area 17.3 6.8 37.0
(9.3 - 26.0) (3.4 -9.8) (21.4 - 46.1)
petiole length 21.5 7.6 47.4
(11.3 - 36.7) (2.9 = 17.4) (36.8 ~ 58.2)
fresh weight 16.5 6.6 31.9
(7.5 - 22.5) (3.3 -9.0) (25.2 - 40.6)
dry weight 23.4 6.7 37.2

(7.8 -39.7) (3.9 - 9.6 ) (21.7 - 48.2)

4.2.2.2 Characterization and description of growth pattern.

Estimates of the total within experiment variance were tested for
homogeneity with-Bartlett's test (1937) and were found to be non-
homogeneous for all variables even after the extreme values in
chamber A8 in trial 3 were omitted. Correlations of experiment
means and variances and of means and standard deviations with 10
degrees of freedom showed that both the variance and standard
deviation were positively correlated with the mean for all
variables and of similar size in both cases.

One feature of non-normal distribution is that the
variance is often related to the mean (Snedecor and Cochran, 1967).
Several transformations in the power family were explored so as to
make the variance or standard deviation more nearly independent of
the mean, at the same time attempting to achieve homogeneity among
the total within experiment variances and making the distribution of

errors within experiments more nearly normal. The mean-variance
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correlations and the heterogeneity of the within experiment variances
were determined for the logarithmic, square root and reciprocal
transformations. For all variables, the square root transformation
seemed to be the best transformation when both reductions in mean-
variance correlations and heterogeneity of variances were considered.l

For the purpose of characterizing ‘the pattern of growth
within chambers and for comparing patterns over chambers and trials,
second degree and higher degree response surfaces models using row
and column position identification as independent variableé, were
fitted in each experiment for all variables. The general form for

the nth degree response surface equation is

2 2
60 + Bloc + BOlr + Bllcr + Bzoc + B, .r e

o]
]

cr 02

+ Bklckr1 + BOnrn + ¢ (4.2.1)
where Ycr is the observation in the rth row and the cth column,

where ¢ =1, 2, ... 8, 11, 12 ... 18, r=1, 2, ...24 and k +1 < n,

and €y is the residual error distributed N(Q,UFZ).Z

1

The decision to use this transformation was also made by considering
the reduction in heterogeneity of variances in the 'B' and 'C'
chambers using the different transformations. A common
transformation was preferred in any one variable for the 'A', 'B' and
'C' chambers in order that estimates of the between and within chamber
variances, scale of measurements in illustrations and the like may be
compared across chamber types. See Appendices 2 and 3.
2

The fitting of response surface models is used primarily for the
purpose of smoothing the data. A gap in c between 8 and 11 is
necessary to account for the empty space between columns 8 and 9.
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Only the full models which included all possible

_ regression terms for a given degree response surface were fitted.
Coefficients of determinatioms, R2, from the second to the seventh
degree response surface for the square root transformed data,
averaged over all experiments in each variable for the second to
the seventh degree response surface are given in Table 4.2.4.

Table 4.2.4 Coefficients of determination, Rz, averaged over all

experiments in 'A' chambers for the second to the seventh degree
response surface, by variable.

Variables®
Degree of plant leaf petiole fresh dry
response surface height area length weight weight
2nd 17.2  15.2 19.8 13.0 - 19.2
3rd 23.7 19.4 26.1 14.9 24.3
4th 36.8 - 33.7 41.7 30.6 35.5
5th 41.2 38.2 54.1 34.5 39.4
6th 50.6 46.3 57.2 42.4 46.4
7th 54.9 49.2 60.9 45.3 49.0

Note: * Square root transformation applied to all variables.
Examining the average R2 values indicate that there was
little gain beyond fitting the sixth degree response surface models

1 sixth degree response surfaces were thus fitted

in all variables.
in all variables (square root transformed), for each experiment to

characterize the within chamber pattern of variatiom.

1

Counts were also made on the additional regression terms from a
lower to next higher degree response surface models over all
variables and experiments which were significant at probability less
than 0.001. The percentage of terms over all experiments and
variables which were significant from the second to the third, third
to fourth, fourth to fifth, fifth to sixth, and sixth to seventh
were 18, 42, 16, 24 and 7 respectively.
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Dry weight, representing the set of variables (dry weight,
fresh weight and leaf area) and plant height are chosen to show the
fitted response surfaces in each experiment. These response
surfaces are presented in Figures 4.2.1 and 4.2.2 for plant height
and dry weight respectively.

The growth patterns characterized by these two variables
were very similar in each experiment. The pattern in each variable
in any one chamber was also consistent over trials, with two peaks
separated by a valley located approximately in the same position
within each chamber over the trials. There appeared to be some
similarity in pattern in chambers A9 and AlO. The patterﬁ in A8 was
like a mirror image of the pattern in A9 and Al0 (with the side wall
as the reflecting surface). The pattern in chamber A4 appeared
different froﬁ A9 and Al10 with some similarity to AS8.

Simple correlations were computed to determine the degree
of similarity of the within ekXperiment pattern and'to test the mirror
image pattern in A4 and AS8. For each variable, observed values
within any two chambers were paired according to their positions
within chambers. Correlations were computed for all possible
combinations of experiments, with trials occurring in the same or

different chambers using the same variable in any two experiments.l

1

As an example, six correlations are made between chambers A8 (with
three trials) and Al10 (with two trials) for any one variable. With
plant height data, correlations by position within chambers were
made, -of plant height data in A8 with plant height data in AlO0.
This was carried out with data for all variables.
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Figure 4.2.1 Contours of individual experiment, arranged by trial, .
of a sixth degree response surface for square root of plant
height. :

Explanatory note: Chamber identification is shown on the top left
corner in each diagram. Chamber A8 in trial 3 with a defective
light control is shown with an asterisk (*). Alternate contour
intervals of 0.5 unit on the square root scale are designated by
letters arranged in ascending order as follows:

S5 < A < 4.0

.5 5.0

3
4.5 < B < 3.

P < 19.0
19.5 < Q < 20.0

The bold-face letters P and V on each diagram show locations
of peaks and valleys in the contour surface.



e

[¥]

20

154

E 1-)

20

s

o

A8 Trial 1

CpRERsEREEEE
sERFERRS

'!F 686G

ryd GA‘
e &

P

”
PEESERSREER

G
G
G P

P8

o

L
npERssaps
GG rrr
G
GGGEGG5E6GAGE S
6G6GEGEGEGLGGES AREEERFRAGG
s 10 18 ¢ ¢
teEERe RSP GGGGG PR EE
. ey . _EQe
[ sopp GGG MRS B8
re e g $GGG AP LE
e FEPR (GGG GGG #F
. app 6 p GGG pe
e IR GG Pe
Ld PR GGGG_ GGG BP
4 [ 65 GGG PR
. CEEREE  PPS . rep
CEsERER  FPP GGGG KB
H T G rrE
. Iy 666G mPF
EE R G 1
i e
EEEEE FRPP re
O T L ]
rRpEss
L £ »
FERERBEES ’ "
FPRE pREEp
FERE  FREPF repg
rep rrEp L
L .
L K rEEsERR
o r rPEERR
e I
s sns repone
EEE_ BRR_ PRPER rEpEES
EEEEE FERF  FEEREE EREEENE G
SEEEE e " G
ELEER PP ’ i
SEEEE £EoE  PRPRROEPERRERSERF G
FEEEEE FRP G
FESER PP GGBGGGGGGGGGGGEGGGGGGGG
e 18 20 ¢
enrnp o aein reps
EEEARARFAFEEFEEREAER N sepp
[ FREE
srearepapamE rEpEp "
FESEEESEERE
SERRERPRES
SEEREREFER
FEREEEREE
RFEERERRER
REPERRPRES
ARBAREERER
EEPEPFERR ey
SWEREPRERR ene
FEARFEREEE i
FRRERRBEER ey
rREREEERER re
23] Vi .
I q
FREBRRERER -
FERRRERRS EE
RERRERRR »
rensapEnp .
FRRFSERES
EFERERES
spEERp
ERRRSRERS
] G
rRRPESRRS srnen GG
€ FREERRERS  pEEERS 6GGG
FRREFEPE $666GGG
PRESEAEEEEESRRES (GGeuGa
£ RRERESSREEPERp GGGGRGRG
BEPp 4 $6666GGGaE
134 GGEGEGAEGGE
(13 BEEFEP GCGGEGGG
TRy GGGGGEEGGE G
e G6GGGGGGGGG
H 10 13 0 ¢

20

18

i

no

s

23

eLrans . s
1 rapny
re 3 FRERARSSR
" ]
4.4 PREEEERE
[l 44444434
- t
e sppr
£Es Piiaadiqes
e g nep
EPR pRS
PREERESPRRE
FEBRERS
supsEERpRS e
FEERpREER rEEBR
ronppp [ G
144444440 i I
BEEERPEERARESRERRRES <
GEGGG
PrrererRRREReRRER  Goseece
gaspps v - I
PPRERREAESEERRR GG
ey . »
PEERFFEFRRSERR <
FORPEEREFRRES cGs6s P
REES
ARERERRREER [
e [
T
(d L4 G
= {nd GGGG
sERRrRRp GGCECCEGGEGaIGE
rewmp G Y
.2 b4
G 66GE6GGGEGGEG G
666 6EEGEGaGGLGGE 1113
s 10 12 F13
4L L Ll LT
ERPEEERERA o aEE gEs
[ e GGG FRE ERE
rERPE (GGG g
rEBE CGGG PP E€
EENEE  GGGGGG AP EE
BAEE  GGGGRGG PP E
[ GG mRE
RERF  (GGGGG PP
” GGGGG PPR
. BEEF  GGGCC FEE
g 2] GGc  sp
ad op
e emEp rEE
i rers [
£ smew remp
Ry Esuers ren ey
AEREEE I Frerer rarer
nppEEy e wen
o & "

e E »
sEAREE € i
rERy re et EEERERRRE

EEBEE e
ERERE  EREREE 11 FEREEERP
rREEE EpEER [ EEEERER
repen FreRpE
feren rARS raressn
rere P eprrer
rape rpspmn
rpEn rEppEe
nnep sepEpsp
gee reme PESSERERERESRERER
LT FEFREEERRERNEF
rep srEERREERER
e pesn "
seEnErREn GGG
s 1o 18 2¢
FEERERRARRRSSE rrass
FEPERESERF  CGGGGE_  FRE
FasRpRE me
PERSRBER GECCEGEG AmE
. PR GG rep
114 FEEPREEERE GGG op
nnp sEanaRgERn CeGGGs REW
=p AREREREESERE  GGGGGGG AF
e FERRRREEERFE 65 L
rop EORERRARERERE  (GIGGG EFE
e ERREFRFEERERS GGEGG AP
- FERERRRERERNE  GGGGG FFE
EEFREBEAEAF  GCGGG PP
ERRERRRARRRR GGGG FE
FRESREREREE GGGa FF
REERERSFEFE T
PEBEREERPERS i@e. -
FREBERRRRE GGG
[ RARSSRREEFE GGGGG
== FRERBRREEPR $GGGG
sep EEERRERRERS £GGEG
P 6666
] PEPRRERFRES GG GG
L ERSPERASREE 66GGGa
rrr G
eenp EEREERREARS ¢
Lidd P eddd
[T SERSRERARER G
EE  EEeE PRSERRRERRS

e FRER rreEPREFR -
fEE  rEmp " GGGG
CEE FFEF FrRaRp <

r# GEEERGEGG
L GCesea
EE FERE GGSL
FERREEE ¢
GGrREPES GGGEGE6 GGG
s [T 18 2¢

Figure 4.2.1 (continued).



29

13

10

ne

N

e

no

2¢

10

Ad Trial 3

CORE RRARPEP CELEREER P'F
car

[ [-4 nnp
£ prppp £ !:!

ropEss

oppr
res e’V

“waw

PESEERRE
FRERESsaRan
FRERRSEEAESS £

»
h]
h ]
»
bl
-
b
-
"
-
»

n
a4
b
n
-
o
\
»
b ]
-
»

40 0 0 5 0% P 1% PO P
Nttt -
2000 U0 0% 40 I % 60 00 T
LT
i
.
»
-
-
»
-
k ]

FEPPRE  GGS
srenes GG rep

rEEEpRE 656G . &

rErnres 6664 H

rapspaRs gegs

G

b

i FRSsERRYR
F;urrrrut-nrw--w

G re L (33

GG v FEPRG

3 10 1s

<dd sddd Jdddddd

J RRMK KKKK Jddd
Jd KKK KRES Jdud

GORRKR KKEX Jddd

4 REARKKXR  JJd
-d MRERKRKK Jddd
dd  KKKKKK Jdd
ddd KEKEREK Jddd J4dJd
Jdd  MKRK  JJdJ dddd
44

44

dddd  duddd wdddudd
dddddddddd dddddddd
ddddddddd v cussdddd
deiddddddd 1 dddddddd
ddddddddd
dddduddded
ddddddddd

Jdddddddd
duddddddd
dddddd4d

duvddd dddddd dddddddd
dddd d dddidd dddddude
dod dddddd ddddddd
Jeddddddadddedd
KEKKXX déddundadddddd
KEKRKKRK ddddddddddId
ARMRKARKRR  Jdwwddedddddd

ety
40 6 e
5 0 e 5 00 B 0 9 e et
[eTareterareratorerasn
| THevorcsaparerararers

(S

a0

s 10 12

GGGas ({11414 GGG PEREF
é 1211

<
FERRRRE GGG GG
G
g

»
bd
-
*
»
»
"
-
»
]
h.)
)
-
&
o
a®
&

EERPEESEFPREEERR I
" GG

EEERRREE PRRRER
FEEREEER  ERERRE It

rErE FEREEPRERERD

rem FREREEERFEE

e (17 FEREREREES
[

b}
h]
-
»
hd
b
»
»
»
n
i
b ]
b
b ]
[
LT Y Y-y

©
&
o

¢G GGLGG
&GGGGGGGGGGGGGCQGGGGQ

GeGGGG

[

- .
6GGGCG
G

[+

p-

2¢

ac

18

no

20

18

no

20

18

ne

—

—

A4 Trial 4

&S RPASPPAS £e
ES FREERER (7]
€ FEFPRAS

& prrpepas gL
£ vaps EEEE

¢

€

&

113 ECEZER
[T SUEEE
£ rPRR
[ e
€
[
[
£
H

8,

Eed EEREERApEP
8E EARREERRRRER
S8  FPPESRERREPRS
ERERFREAREERAR

EPFRE-  FREFS §
Jads serer

EEE rees
EE
T i rEE GREE

FRRERERES seps  ZEES
ERPEEEEREEESREFES soEe 18
FEEFERRRESREERE adad e
[ FREEPRESERG

24

1¢ 1s

& ccrcecc cgfn. CCeccee es

Jasililn
]

mm
Ll L

COLLCD,
Cecces

SEEE]

[eds]

cee

3 [1-3-3273
133 cspeco

£ EEEE CoSCas &

SEEEEE CCLLLC &8

CCEEEEE SCOCCLCERF

ac

A9

Tl lddd 11
SERERES G
sEREERER
PRPEEEREEERE
FERERRREARERES 65 GGG ERE
FEREREERRRERRER GGG H Gs FEE
e FRAERSAERE  GGGG GG Fx
e PREFEBRERE  3GG GGG #F
[ FABEFEE GGG hm
"

GeG  mmpE
¢ FRE

. Ga G
[13 res GG G
EEE Trerr oot
EEE FERE GGG
[ PEBEFE  GGGG GG
BEPE  GGGGGGGG
EERE  GGGGGG
rrepREES EREER  GGGGG
FRREpRRARR REEEP
FERRRREPRE rEEEp
F FERSSRPRRERE Ll
Ll s rECEERR
FREEES REFEE FEEFEERE
FEERRE rep FeEREERS
it sene EEEEEER G
EEEEREE G
G rEps EEEEps [
GG mes PEERER GG
EERE Gl  FEEE ARFERE GG
&L erree EEFREF GGG
GG FRERR  REREER GGG
GG EEEFFEPPEFRS  GGGG
Far EEFRRABERE  3GGSG R
re BEEERESFE  GGGGGG R
£ b rr GGGGGEG *

(11 (111
e FEF  GGCGGGGGEE €GGGGGGG

noLnahoann
faononn

2¢

—

3 15

Figure 4.2.1 (continued).
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Figure 4.2.2 Contours of individual experiment, arranged by trial,
of a sixth degree response surface for square root of dry weight.

Explanatory note: Chamber identification is shown on the top left
corner in each diagram. Chamber A8 in trial 3 with. a defective
light control is shown with an asterisk (*). Alternate contour
intervals of 0.2 units on the square root scale are designated
by letters arranged in ascending order as follows:

4.8 < A < 5
5.2 5

< B <

.0
4

8.8 < K < 9.0

9.2 < L < 9.4

The bold-face letters P and V on each diagram show locations
of peaks and valleys in the contour surfaces.
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Figure 4.2.2 (continued).
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Another set of correlations with the ordering of the
columns in A4 and A8 reversed were also made for all possible
combinations of trials involving A4 or A8 and other chambers.

The results of the computations are summarized in a
two-way table in terms of the minimum and maximum correlations over
all variables for pairwise combinations of chambers, and all
pairwise combinations of trials in the same chamber in Table 4.2.5.
Table 4.2.5 Minimum and maximum correlations by position, over all

variables and all pairwise combinations of all trials for each
chamber and each pairwise combination of chambers, where correlations

with the columns in chambers A4 and A8 reversed as shown in
parentheses.

Chamber
Chamber A4 A8 A9 AlQ

A4  min. .34 -.09 -.16 (-.11) =-.00 (-.13)
max. .71 .22 .19 ( .22) .21 ( .16)

A8 min. - .22 =,29 ( .27) -.36 ( .20)
max. - .58 =.00 ( .55) -.02 ( .63)
A9 min. - - .36 .24
max. - - .64 .52
AlQ min. - - - 41
max. - - - .56

The correlations suggest that the patterns over trials
were somewhat less consistent for chamber A8 than for the other three
chambers (see the diagonal elements in Table 4.2.5). While there
were reasonably high and highly significant correlations between
trials for a given chamber, there was likewise a clear indication of

lack of repeatability of the patterms.
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The interchamber correlations clearly showed that the

growth pattern in A4 was quite unlike the patterns in the other

three chambers, whether or not the column labelling in A4 was
reversed. Likewise, the pattern in A8 was unlike those of A9 or Al0
unless the column labelling in A8 was reversed. With the column
labelling in A8 reversed, the interchamber correlations of A8, A9

and AlQ0 were nearly of the same degree as the intrachamber correlations
of the same set.

The differences in the within chamber growth patterns
between chamber A4 and the other chambers (A8, A9 and Al0Q) can be
observed more clearly by comparing the common fitted response surface
for chamber A4, computed from the pooled data over the three trials
for chamber A4 with the common fitted surface for chambers A8, A9 and
Al10 (with the columns in A8 reversed) computed from the‘pooled'data
over the three chambers in trial 1. In both cases, the transformed
data were used and sixth degree response surfaces were fitted. Only
data from trial 1 were used for the common surface for chambers A8,

A9 and AlQ0, so that the same total number of plants would be involved
in both data sets.

Predicted values from these sixth degree response surfaces
will be referred to in later sections, one dealing with the use of
prior information (from trial 1) as a covariate and the other dealing
with correlations between measurements taken from the maturity studies

and measurements from earlier trials with A4.
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Two sets of contours for data pooled by position were>
made, one for A4 and the other for three chambers combined (A8, A9
and Al10) for variables dry weight and plant height. These are
shown in Figure 4.2.3. The pattern was very similar for the two
variables in either group. Peaks in A4 were located approximately
in trucks 7, 11 and 17,22 with a valley stretching from truck 14 to
19. In the other chambers A8, A9 and AlO, peaks were located
approximately in trucks 6, 9 and 19, with a valley stretching

from truck 7 to 18.

4.2.2.3 Consistency of pattern over experiments. Visual

examination of the predicted contours within experiments (i.e.chamber-
trial combinations) led to two main conclusions, (i) the within
chamber growth patterns were different among the four chambers and
(ii) the patterns in any one chamber were fairly consistent when
repeated over time (or trial). In this section this consistency or
lack of consistency is further examined by the analysis of variance.

Eleven experiments were combined and analysed as a split-plot design.1

1
Chamber A8 in trial 3 was excluded for reasons given earlier.
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Figure 4.2.3 Contours of a sixth degree response surface for chamber
A4, averaged over three experiments and other chambers (A8, A9 and
Al0, with columns in A8 relabeled), one experiment from each
chamber for (a) square root of plant height and (b) square root of
dry weight.

Explanatory note: Alternate contour intervals of 0.5 unit for plant
height and 0.2 unit for dry weight on the square root scale are
designated by letters arranged in ascending order for each
variable as follows:

(a) plant height (b) dry weight
6.5 < D < 7.0 5.2 < B < 5.4
9.5 < G < 10.0 7.6 < 1 < 7.8

The bold-face letters P and V on each diagram show locations of
peaks and valleys in the contour surface.
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The model adopted was

U+Ci+Tj+€i.

j + Rk + (CR)ik

Y1jkn

* (MR + (TR + Syqq (4.2.2)

where Yijkn is the observed value on the nth plant within the
kth truck in the (ij)th experiment, n =1, ... 16;
Cy 1is the ith chamber effect, i =1, ... p;
Tj is theljth trial effect, j =1, ... q;
R, 1is the kth truck effect, k=1, ... r;
(CR)ik is the effect of the kth truck in the ith chamber;
(TR) i 1is the effect of the kth truck in the jth trial;
(CTR) 4y is the effect of the kth truck in the (ij)th
experiment;

€

13 is the random "main plot" error, distributed N(0,0 B);

2
and 61 is the random "sub plot" error, distributed N(0,0 W).

jkn
The results in the combined analyses of variance using
all trucks in each experiment (r = 24) and numbered as shown in
Figure 4.1.1, page 13, are summarized as mean squares in Table 4.2.6.
The test for consistency of the within experiment pattern
over chambers is made by comparing the chamber x truck mean squares
with the chamber x trial x truck mean squares in F-tests. As the
data are unbalanced, the ratios of the two mean squares serve as
approximate tests. The ratios ranged from 9.49 to 18.27, showing
significant differences in the within experiment pattern over

chambers.
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The test for consistency of the within experiment pattern .
over trials in the same chamber is made by comparing the pooled
trial by truck and chamber by trial by truck mean squares, that is,
the truck by trial interaction nested in chambers, with the within
chamber~trial-truck residual mean square in.-an approximate F-test.
The ratios ranged from 1.52 to 1.86, which were judged significant.
Thus, the growth pattern within experiments was more consistent
over trials than across chambers. A comparison for the trial by
truck mean square to the chamber by trial by truck mean sduare
gives no indication of any part of the pattern of interaction being
associated with trials. The ratios were 0.9 to 1.1. This showed
that the pattern of inconsistency as shown in the truck by trial
interaction within chambers mean square being larger than the residual .
was not associated with any average trial differences.

It was noted previously that the within chamber pattern
in A4 was different from the other chambers and the pattern within
chamber A8 was a mirror image of the patterns in A9 and AlO. The
above analysis of variance was rerun excluding data from chamber A4
and relabeling the data from chamber A8 such that the within chamber
pattern would resemble chambers A9 and AlO. The results of this
analysis showed a reduction in the ratios of the chamber by truck
mean squares to the chamber by trial by truck mean squares to less
than one-third the previous size. This showed that a major
portion of the differences in the within experiment patterns over

chambers was due to the within chamber pattern in A4 and the mirror
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image pattern in AS. The ratios of the truck by trials interaction
within chambers to the within chamber-trial-truck residual mean
squares were very similar to the previous size.

4.2.2.4 Temperature and light distribution effects.

Temperature and light intensity readings were taken at several
positions within a chamber, at the start of the uniformity studies

on juvenile plants and after the uniformity studies were completed.
In the first set, readings were taken in chambef; A8, A9 and Al0.
This set had eight temperature readings and twelve light intensity
readings with five of the temperature and light readings taken at

the same five trucks. In the second set, twenty-four readings of
temperature and light intensity, one for each truck, were taken for
chamber A8 and A9 without uniformity studies and two years after
completion of the uniformity studies. The second set of temperature
and light readings were not taken in chambers A4 and Al0 as they were
in use at that time.

Twenty-four light measurements, one per truck, were taken
for chamber A4 during the maturity study seven months after
completion of the uniformity studies with juvenile plants. This
set of light readings in A4 will also be distinguished from set one
and considered as part of set two. Table 4.2.7 gives the range
in temperature and light readings, by chamber for the two sets of

readings.



37

Table 4.2.7 Range in two sets of temperature and light readings
by chamber, one taken at the time of uniformity studies for
juvenile plants and the other taken without uniformity studies.”

Temperature Light ( x 103 1lux )
degrees Celsius As measured As rated
Chamber Set 1 Set 2 Set 1 Set 2 Set 1 Set 2
Ab - - - 32 - 46 - 51

A8 23.0 - 26.0 24.0 - 26.5 45 - 49 37 - 46 48 44
A9 . . 27.0 39 - 45 44 - 52 43 51
Al0  23.3 - 26.5 ~ 42 - 47 - 48 -

N
w
w
i
[
(o)}
(&)
N
W
(%)
|

Note: * Light readings were taken in A4 at the time of the uniform
studies with mature plants.

Correlations of light readings, each with 10 degrees of
freedom, from set one with those on common trucks in set two were
high for both chambers A8 and A9 ( .83 and .87 ). Correlations
of temperature -readings, each with 6 degrees of freedom, from set
one with those on common trucks in set two were somewhat low in
A9 ( .63 ) compared to A§ ( iBZ ). This showed that the light
and temperature pattern within chambers for A8 and A9 did not
change appreciably over the two year period.

Correlations of both sets of temperature readings were

made by chamber over all trials, with each of the five variables,

plant height, leaf area, petiole length, fresh weight and dry weight.

Similar computations were made for both sets of light readings. In
all cases, the correlations of light and temperature readings were
made with the mean plant performance of all plants within the same
truck for which the light and temperature readings were taken.
Average correlation over chambers and trials, by variable, are shown

in Table 4.2.8.
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Table 4.2.8 Correlations, r, and range in parentheses, of
temperature and light readings with each variable averaged over
chambers and trials, the correlations computed on the mean plant
performance on the same truck for which light and temperature
readings were taken.

Temperagure Readings L%ght Readings
Variables Set 1 Set 2*** Set 1 Set 2***
plant height .54 .63 .13 -.10
(.15 to .86) (.54 to .69) (-.24 to .56) (-.39 to .24)
leaf area .71 .70 .18 .05
: (.41 to .98) (.57 to .84) (-.24 to .45) (-.23 to .39)
petiole length .67 .69 .16 .01
(.17 to .98) (.51 to .80) (-.11 to .47) (-.30 to .33)
fresh weight .71 .71 .21 .10
(.43 to .96) (.55 to .87) (-.21 to .45) (-.18 to .32)
dry weight .81 .70 .26 .20
(.61 to .89) (.61 to .81) (-.24 to .53) ( .05 to .43)

Note: * For set 1 of temperature readings, each r value was
estimated with 6 degrees of freedom. H : p = 0 1is rejected if
|r| > .707 at 0.05 probability.

*% For set 1 of light readings, each r value was estimated wi
10 degrees of freedom. H : p = 0 1is rejected if |r| > .576
at 0.05 probability.

*%% For set 2 of both temperature and light readings, each r
value was estimated with 22 degrees of freedom. H : p = 0 is
rejected if |r| > .404 at 0.05 probability.

The results show that the temperature variation within
chambers was more closely associated with the plant growth patterns
than the light wvariation. Estimates of the correlations of
temperature with the variables were quite similar in both sets of

readings. These results should not be taken to imply a 'cause and

effect' relationship between temperature and plant growth.

th
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4.2.2.5 Use of prior information as a covariate. The

purpose in this section is to test the usefulness, as a covariate, of
prior uniformity data. For this purpose, the experiments in trial 1
will be regarded as prior within experiment information which will be
used to adjust position effects within experiments in trials 2, 3

and 4. In section 4.2.2.2, the within experiment pattern of
variation in trial 1 was summarized in terms of a common degree
response surface fitted to pooled data, of chambers A8, A9 and AlO.
The predicted values, from these surfaces, ?H, QA’ QP, QFW and
?DW for variables plant height, leaf area, petiole length, fresh
weight and dry weight respectively will be the covariates for
experiments in trials 2, 3 and 4. Correlations among the covariates
for different variables were high, ranging in values from .89 to .99.
The covariate, ?ﬁw, with the highest correlation with all other
predicted variables on the average was selected for this study to
determine whether additional control of the within experiment
variation may be obtained with a covariate in the truck and column-
row models in each experiment. Five models for control of the
within experiment variation were compared: (a) a model using only
the covariate, YDW (b) a model using truck position effects,

(¢) a model using truck position plus the covariate ?DW’ (d) a
model using both the'column and row effects and (e) the latter plus

the covariate, ¥ Six of nine experiments belonging in trials 2,

DW*®
3 and 4 will be used excluding the three experiments in A4 since the
within chamber pattern was different for A4. In addition to the

analyses for the full chamber, analyses are made with four trucks
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in each experiment since it is likely that an experiment conducted
in an 'A' chamber will not occupy the full chamber space of twenty-
four trucks. Three groups of four trucks within each experiment
located at different positions were compared:

(b) trucks located in positions 10, 11, 14 and 15 in a 2 x 2
arrangement and referred to as the center 4 trucks;

(¢) trucks located in positions 5, 9, 13 and 17 ina 1l x 4
arrangement along the side wall and referred to as the
left-side 4 trucks; and

(d) trucks located in positions 8, 12, 16 and 20 ina 1l x 4
arrangement along the side wall and referred to as the
right-side 4 trucks.l

Analyses of variance/covariance were performed in each
experiment for the five models for all variables. In all cases,
that is, the full chamber and four trucks, QDW was equally
~eff;;tive in all variables. The coefficients of determination for
each model averaged over all five measured variables and the six
experiments are given in Table 4.2.9.

The results showed that without blocking within
experiments, prior information accounted for approximately 33 percent
of the within experiment variation in plant size in later trials,

with the exception of the left-side 4 trucks where the R2 was

21 percent.

1
Refer to Figure 4.1.1, page 13, for location of the trucks within
'A' chambers.
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Table 4.2.9 Coefficients of determination, averaged over all
variables and experiments for five models, of ¥D , truck, truck
and YD » column and row and column, row and Yy in analyses of
variance/covariance by experiment for 24 trucks and three groups of

4 trucks located in the center, left and right-sides of the chamber.?

. Model
Ypy Truck Truck Column Column,
§nd and Roy and
Location of trucks YDW Row YDw
Full chamber (24 trucks) 33.0 36.2 46.3 26.8 45.9
Center 4 trucks 32.6 28.7 43.0 31.7 55.2
Left-side 4 trucks 21.2 16.7 30.0 44.0 52.2
Right-side 4 trucks 33.4 9.1 40.9 39.2 57.2

Note: * Each value was an average over five variables and six
experiments.

With blocking by trucks within experimenté,.prior
information accounted for an additional 10 to 14 percent of the within
experiment variation in plant size, except for the right-side where
the gain was an additional 32 percent. This was due primarily to
the reduced effectiveness of the blocking by trucks on the right-side.

With two-way blocking by rows and columns within
experiments, prior information accounted for an additional 18 to 24
percent of the within experiment variation except for the left-side
where the addition was lower, at 8 percent. A comparison between
blocking by trucks and blocking by columns plus rows within
experiments will be deferred until the next section.

4.2.2.6 Within chamber designs. Any of the conventional

experimental designs can be used in the within chamber experiments.

The objective of this section is to compare the relative efficiencies
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of the completely random design (CRD), the randomized complete
block design (RCB) and the two-way blocking design, by rows and by
columns (LS).

The within experiment error mean square for each design
was computed for the full chamber and for the three groups of four
trucks within experiment as shown in Table 4.2.10.1
Table 4.2.10 Computational procedures for the within experiment

error mean square in the completely random (CRD), randomized

complete block (RCB) and the two-way blocking (LS) within chamber
designs.

Within chamber design Within experiment error mean square

CRD among plants within experiments
RCB 1) with trucks among plants within trucks within
as blocks . experiments
2) with columns among plants within columns within
as blocks experiments '
3) with rows as among plants within rows within
blocks experiments
LS columns x rows interaction within
experiments

Estimates of the within chamber error mean square for
the full chamber and the three groups of four trucks are given in
Table 4.2.11.

The results showed that blocking on trucks would reduce
by 33 to 44 percent of the total within experiment error mean square
for the full chamber and by 32 to 48 percent of the within truck
variation in the center four trucks. Blocking by trucks was also

equivalent to or better than blocking in both rows and columns.

1
The arrangement of the three groups of four trucks within chambers
are given in the preceeding section, page 40.
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Table 4.2.11 Estimates of the within experiment error mean square .
from 11 experiments, for the completely random, randomized block
and two-way blocking designs, from (a) the full chamber (b) 4
trucks in the center of the chamber '(¢) 4 trucks at the left-side
of the chamber and (d) 4 trucks at the right side of the chamber.

Variables®

plant leaf petiole fresh dry

Within Chamber Design height area length weight weight

(a) Full chamber (24 trucks)

CRD 0.49 1.08 0.27 2.24 0.36
RCB 1) trucks as blocks 0.29 0.71 0.15 1.62 0.24
2) columns as blocks 0.42 0.93 0.22 1.97 0.29
3) rows as blocks 0.47 1.07 0.26 2,23 0.36
LS 0.39 0.91 0.21 1.94 0.28

(b) Center (4 trucks)

CRD 0.58 1.16 0.31 2.20 0.35
RCB 1) trucks as blocks 0.37 0.72 0.16 1.49 0.22
2) columns as blocks 0.40 0.84 0.20 1.71 0.25
3) rows as blocks 0.56 1.21 . 0.31 2.30 0.37
LS 0.36 0.85 0.19 1.75 0.26
(¢c) Left-side (4 trucks) .
CRD 0.27 0.96 0.17 2.14 0.28
RCB 1) trucks as blocks 0.23 0.83 0.14 1.90 0.26
2) columns as blocks 0.26 0.86 0.15 1.88 0.25
3) rows as blocks 0.24 0.88 0.15 1.98 0.27
LS 0.22 0.74 0.13 1.62 0.23
(d) Right-side (4 trucks)
CRD 0.32 0.87 0.20 2.16 0.32
RCB 1) trucks as blocks 0.30 0.83 0.18 2.09 0.31
2) columns as blocks 0.31 0.79 0.17 1.97 0.29
3) rows as blocks 0.30 0.8 0.20 2.14 0.33
LS 0.28 0.79 0.17 1.90 0.29

Note: * Square root transformation applied to all variables.

Estimates obtained from both the left and right-sides
were lower than those from the center, with or without blocking.
Blocking on trucks appeared to be less effective at the sides

compared to the center. ‘
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For experiments using the full chamber, blocking within
experiments is clearly advantageous and all indications point to
greatest efficiency using square blocks (in this case, trucks).
Columns as blocks are consistently more efficient than rows as
blocks but both are less efficient than blocking by trucks. The
two-way blocking design provides only a slight advantage over the
randomized block with columns as blocks.

For experiments involving only four trucks, the results
showed that a 1 x 4 arrangement of trucks on either side is better
(i.e. more uniform) than the center 2 x 2 set of trucks.

For the center 2 x 2 set of trucks, blocking by trucks
is again most efficient, giving gains in efficiency over the CRD
of about 30 to 50 percent. Blocking by columns is better than no
blocking, giving gains in efficiencies of about 30 percent. The
two-way blocking design was about the same in efficiency as the
randomized block with columns as blocks.

For the four trucks from either side, the effect of
blocking of any kind is much less than the center four trucks. This
is due primarily to the more uniform growth at the sides compared to
the center. The two-way blocking design is best, although only
slightly better than blocking by trucks, giving up to about 10

percent gain in efficiency.

4.2.3 Between experiment variation with 20 day old plants.

4.2.3.1 Between chamber designs. In experiments where the

treatment factors, such as temperature, to be studied require the

use of a chamber as an experimental unit, it is important to have an
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appropriate estimate of the experimental error to test treatment ‘
effects. Because of the expense involved in such experiments, it
is tempting to use a "within experiment" error variance as the
"between experiment" error variance. This section presents
estimates of the appropriate between experiment error variance (the
whole plot experimental error variance) for three desigmns; the
completely random design (CRD), the randomized block design with
trials as blocks or chambers as blocks (RCB) and the two~way blocking
design with trials and chambers as blocks (LS). The relative
magnitudes of the between chamber and the within chamber variances
will be given in the next sectiom.

Computations for the between experiment error mean square
for these three designs are shown in :I'able 4.2.12. ‘
Table 4.2.12 Computational procedures for obtaining the between

experiment variance in the completely random (CRD), randomized
complete block (RCB) and the two-way blocking (LS) designs.

Design Between experiment variance
CRD among experiments
RCB 1) trials as blocks among chambers within trials
2) chambers as blocks among trials within chambers
LS chamber x trial residual

(adjusted for average chamber
and trial effects)

Note: An experiment refers to a chamber-trial combinationm.

In Table 4.2.12, a split-plot design structure is
assumed with the appropriate designs for the whole plot. There wmay

or may not be another set of treatments imposed on the sub plot units
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of pots within experiments. The expected value of the between
experiment. error mean square is (czw + tqu) where ozw is the
variance among t sub plot units within chambers for a given design
and 'OZB is the whole plot error component of variance among
chamber-trial experimental units.

The results for the full chambers (t = 384) and four
trucks within each chamber taken from the center, left-side and
right-side (t = 64) are shown in Table 4.2.13. The positions of
the trucks within chambers in the center, left-side and right-side
are similar to those used in the computations of the within
experiment error mean squares.

The results showed that the effectiveness of blocking
for whole plots varied with each of the variables and the positioning
of groups of four trucks within chambers. With plant height ané
petiole length data, blocking by trial or by chamber for the full
chambers was no better than a completely random design. With the
same traits, blocking by trial in the center four trucks and the
left-side four trucks was better than a completely random design,
with gains of 11 to 28 percent. Blocking by chamber was no better
than the completely random design. Blocking by chamber for the
same traits at the right-side four trucks was better than blocking
by trial or the completely random design (CRD), with gains of 32
to 39 percent. With leaf area, fresh weight and dry weight data,
blocking by trial showed some value in the full chamber and the

different positions of groups of four trucks within chambers.
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Table 4.2.13 Estimates of the experimental error for whole plots '
from 11 experiments in the completely random (CRD), randomized
complete block (RCB) and two-way blocking designs for the full
chamber and for 4 trucks each from the center, left and right-
sides of the chamber.

Variables**
plant leaf petiole fresh dry
Design height area length weight weight
(a) Full chamber
CRD 93.66 236.04 48.90 384.22 43.75
RCB 1) trials as blocks 93.29 157.69 45.46 258.35 38.57
2) chambers as blocks 92.64 206.67 44.05 320.02 38.57
LS 125.72% 127.67 50.07% 211.63 31.43
(b) Center 4 trucks
CRD 16.46 29.75 6.35 50.02 4.81
RCB 1) trials as blocks 14.69 14.99 4,56 32.69 4.03
2) chambers as blocks 14.44 25.25 6.08 40.72 4.08
LS 18.11% 13.05 5.98 24.57  3.49
(c) Left-side 4 trucks .
CRD 10.13 38.48 7.38 53.55 5.72
RCB 1) trials as blocks 8.65 25.04 6.53 34.44 4.52 ‘
2) chambers as blocks 12.61  40.26 8.12 57.40 5.17
LS 13.86* 26.65 8.88% 36.95 4.27
(d) Right-side 4 trucks
CRD 21.79 54.89 12.85 79.86 12.75
RCB 1) trials as blocks 23.76 41.63 12.95 60.13 11.25
2) chambers as blocks 14.77 40.96 7.80 69.85 10.21
LS 21.98% 25.68 8.78 37.78 6.87

*
Note: Estimates were higher in the design with two-way blocking (LS)
compared to the completely random (CRD) because negative estimates of
the components of variance for trials and/or chambers were obtained.
The best estimates in this case would be the lower values.

** A11 variables transformed by taking the square root prior to
analysis.
Gains of 12 to 50 percent for whole plots were obtained compared to
the CRD. The two-way blocking design was best for the full chambers,

the center four trucks and the left-side four trucks, with gains of 11

to 34 percent over the RCB design with trials as blocks.
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4,2.3.2 Relative sizes of the between to the within experiment

error mean squares. The relative size of the between to the within

experiment error mean squares is an estimate of the ratio (UZW +
tczB)/ozw, where 02B is the whole plot component of error variance
among chambers, °2W is the variance among experimental units within
chambers and t the number of experimental units within experiments.
The ratio is thus dependent on the number of experimental units (or
pots) within experiments. With four trucks (t = 64), the relative
size of the two error variances would be approximately one-sixth
that for the full chamber (t = 384) if czB dominates.! The ratio
gives an indication of the magnitude of bias in the use of a within
experiment estimate of variance for testing factors requiring
chgmbers as experimental units.

Relative sizes were computed assuming a completely random
whole plot design and the completely random, and randomized complete
block designs (with trucks as blocks) within chambers.2 The results
for the full chamber and groups of four trucks in the center and the

two sides are shown in Table 4.2.14,

1

Estimates of the variance component 823 may be computed by taking
the difference of the two error mean squares in Table 4.2.11, page 43
and Table 4.2.13, page 47, and dividing the difference by the
appropriate t. Similarly, estimates of the between expeg%ment errgr
mean square may be computed for any t from estimates of o g and oy
from the full chamber.
2

It is assumed that treatments are present within chambers as sub-
plot treatments and that these treatments may be randomly arranged
within chambers or assigned at random to trucks within chambers.
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Table 4.2.14 Relative sizes of the between to the within experiment
error mean squares, assuming a completely random between
experiment design and two within experiment designs, the completely
random and randomized complete block designs (with trucks as
blocks) for the full chambers and groups of four trucks located
at the center, left and the right-sides of each chamber.

Variables®
plant 1leaf petiole fresh dry
Within chamber design height area length weight weight

(a) Full chamber (24 trucks)

CRD 191.1 218.6 181.1 155.5 121.5

RCB 323.0 332.5 326.0 215.0 182.3
(b) Center (4 trucks)

CRD 37.5 25.6 20.5 22.7 13.7

RCB 44,5 41.3 39.7 33.6 21.9
(c) Left-side (4 trucks)

CRD 37.5 40.1 43.4 25.0 20.4

RCB 44,0 46.4 52,7 28.2 22.0

(d) Right-side (4 trucks)
CRD . .
RCB 72.6 66.1 71.4 38.2 41.1

Note: * Square root transformation applied to all variables.

A within experiment estimate of error variance used in
place of a between experiment estimate of error variance in the full
chambers will be an underestimate by a factor of 120 or more, with a
completely random arrangement of pots within experiments. The
completely random arrangement may be with or without treatments
within chambers at the sub plot level. With treatments within
experiments arranged on trucks, with trucks as blocks, the relative
sizes of the between to the within experiment estimates of variance

are higher.
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In experiments with groups of four trucks positioned in
the center, left and right-sides of each chamber, the relative sizes

of the two error terms differed by a factor between 13 to 72.

4.2.4 Experiment with mature plants.

4.2.4.1 Within chamber variation. The experiment with

mature plants was conducted in 25.4cm pots in chamber A4, selected
at random from the four chambers used previously in the juvenile
studies. This experiment was run at a higher Day/Night temperature
of 26/22 because an earlier experiment at 22/18 failed, with plants
showing atypical growth thought to be related to the temperature
regime.

Two séts of data were taken at two growth stages, at
20 and 72 days. In the first set, the same five variables as the
juvenile studies were taken with one of the two plants in each pot
selected at random. The second set of measurements was taken with
the remaining plant. The means, variances (among plants), ranges
and coefficients of variation for the variables taken at these two
growth stages are given in Table 4.2.15.

The means (Table 4.2.15) of 20-day old plants were two
to four times larger than the means for the same variables in the
juvenile studies. Variances were three to eight times as large.
The coefficients of variation in variables at 72 days were 29 to

41 percent.



51

Table 4.2.15 Means, variances (among plants), ranges and coefficients

of variation (c.v.) for variables taken with 20 and 72 day old
plants in the same experiment in chamber A4 at 26/22 temperature.

Variables Mean Variance Range cC.V.

20 day old plants
plant height (mm) 304 1,348 204 -~ 405 12
leaf area (cm2) 295 4,613 153 - 446 23
petiole length (mm) 69 92 45 - 91 14
fresh weight (mgm) 742 34,733 410 - 1,175 25
dry weight (mgm) 111 622 69 - 172 22

72 day old plants
pod number- 46 182 2 - 82 29
seed weight (gm) 14 21 0.2 - 23.9 33
shoot weight (gm) 15 27 4 - 32 35
root weight (gm) 2.4 1.0 0.6 - 5.8 41
whole plant weight (gm) 37 154 6 - 73 33

4.2.4.2 Correlations between variables at the two growth

stages. Correlations, by position.(or pot), between variables taken
at the two growth stages would show to what degree.the pattern of
variation seen with 20 day old plants at the juvenile stage persisted
over time. These correlations, estimated with 94 degrees of
freedom, are shown in Table 4.2.16.

These correlations are between different plants from
nearly the same position measured in different ways at different
stages of plant development. Thus, while these correlations were
not large, there is clear indication of position effects which
persist from the juvenile to the mature stage.

Fifth degree response surfaces were fitted to the square

root of plant height and dry weight (variables taken at 20 days) and
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Table 4.2.16 Correlations, by position, with 94 degrees of freedom,
between variables taken with 20 day old plants and variables taken
with 72 day old plants in the same experiment in chamber A4 at
26/22 temperature.

Variables (20 day old plants)

Variables plant leaf petiole fresh dry
(72 day old plants) height area length weight weight
pod number .16 .36 .29 .40 .40
seed weight .13 .35 .27 .40 .39
shoot weight .18 .41 .38 .46 .48
root weight .16 .30 .27 .35 .40
whole plant weight .17 .38 .33 .43 A4

the square root of seed weight (variable taken at maturity).l The
predicted contours for these variables are shown in Figure 4.2.4.
Similarities in the pattern characterized by dry weight and seed
weight can be seen especiaily.in the center and right side of the
chamber. There was no obvious similarity in pattern for plant height
and either of the two variables, consistent with the lower correlations
with plant height.

4.2.4.3 Correlations between variables in maturity study with

variables in juvenile studies in A4. Experiments with juvenile plants

in A4, conducted approximately seven months earlier, were compared to
the experiment on mature plants to determine whether the within
chamber pattern of variation remained consistent over the given period.
There were two differences between the two experiments, with the
maturity study conducted at a higher temperature (26/22) and in larger
pots (25.4cm). One large pot occupied the space of four small pots

used in the juvenile studies.

1
Choice of the fifth degree response surface was based on the
coefficient of determination as in the juvenile studies.
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Figure 4.2.4 Contours of a fifth degree response surface in chamber
A4 for the maturity study, for square root of (a) plant height at
20 days, (b) dry weight at 20 days and (c) dry weight of seed.

Explanatory note: Alternate contour intervals of 0.5 unit for plant
height data, 0.2 unit for dry weight data and 0.2 unit for dry
weight of seed are designated by letters arranged in ascending
order for each variable as follows:

(a) plant height (b) dry weight (¢) dry weight of seed
15.5 < M < 16.0 8.4 <J < 8.6 3.4 < F < 3.6
18.5 < P < 19.0 10.0 < N < 10.2 4.6 < I < 4.8

The bold~-face letters P and V on each diagram show locations of
peaks and valleys in the contour surface.
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Predicted values from sixth degree response surface
equations fitted to pooled data from the three juvenile experiments
in A4 were used for the correlations with the corresponding
variables in the maturity study. Adjacent sets of four predicted
values are averaged so that there is a 1 : 1 correspondence, by
position, with data from the maturity study. The predicted values
for plant height, leaf area, petiole length, fresh weight and dry
weight, referred to as ?H) QA’ §P’ QFW and §DW and their
correlations, by position, with some variables in the maturity study,
are shown in Table 4.2.17.
Table 4.2.17 Correlations, by position, estimated from 94 degrees
of freedom, between predicted values ¥ » ¥ A Y and Y
from earlier experiments in A4 with juvenile plants ath2/18

temperature with two sets of variables from the maturity study at
26/22 temperature.

Variables from maturity study

20 day old plants 72 day old plants
Predicted values plant leaf dry seed shoot
from juvenile studies height area weight weight weight
?H .50 .04 -.02 -.03 -.07
¥, .48 .08 .06 -.00 ~-.01
¥p .50 .07 .05  -.01  -.02
Yow .45 .10 .08 ~-.00 -.02
YDW .48 .11 .13 .06 .06

The results showed that the within chamber variation in
plant height at 20 days was the only variable from the maturity

study showing a significant association with the predicted values
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from the earlier trials. All other correlations, including those
with variables in the maturity study not shown in Table 4.2.17,

were not significantly different from zero; The similar patterns
of the two studies can be seen by comparing Figure 4.2.3, page 32

with Figure 4.2.4, page 54, for plant height data in chamber A4,
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4.3 Discussion and Conclusions

All 'A' chambers have top to bottom air flow, specular
reflector aluminum walls and other common features. Variation in
plant growth within experiments is expected to be at least similar
in pattern over all chambers under a wide range of environmental
conditions. If all chambers had similar within experiment patterns,
standardized within experiment designs with maximum efficiency could
be recommended for experiments of any size.

Uniformity studies with soybeans have shown that the
within experiment pattern of variation was different over the
chambers sampled. However, about 40 percent of the total within
experiment variation could be controled by blocking on truck;.
Therefore, in experiments of within chamber treatments, a randomized
block design (complete or otherwise) with trucks as blocks and pots
as the within experimental units, is suitable.

The within experiment variation in four trucks of three
separate groups taken from the center, the left or right-sides of
each chamber showed higher variability among plants at the center.
This has shown that contrary to the usual recommendation to avoid
the sides of the chambers, Collip and Acock (1967), Hammer and
Langhans (1972), it is advantageous to have experiments along the
side. Maximum use of within chamber space is thus possible.

There was some indication that plant growth within
chambers was associated with temperature, not light. It would be

useful to take temperature readings within chambers for use as a
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covariate, particularly where no blocking within chambers is done.

The use of prior plant growth data as a covariate for
later experiments would reduce the total within experiment variation
by one-third. Its use with blocking within experiments would add
another 10 to 18 ‘percent.

In addition to treatments applied within chambers (the
sub plot treatment) between chamber treatment factors (the main plot
treatment) are often studied simultaneously. In experiments
occupying a whole chamber, a between experiment design with blocking
by time or chambers is no advantage over the completely random
design. Even in experiments occupying four trucks within experiments
in a compact arrangement and similarly positioned over experiments
a completely random between experiment design is preferred. Since
the number of 'whole plots' available is small, the additional
advantages of the completely random design will be the flexibility
and the larger number of degrees of freedom for experimental error.

A between chamber treatment factor of Day/Night
temperatures is frequently studied with several within chamber
treatments. In the N.C.S.U. Phytotron, a standard set of Day/Night
temperatures are provided in four chambers programed at 30/26, 26/22,
22/18 and 18/14, with a nine-hour daylength. Experimenters with
a few trucks of within chamber treatments will use these chambers.
As several types of experiments will occur within each chamber, and
at different times, trucks will be randomly positioned within a

chamber and moved frequently. The trucks of one experiment may be
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placed in a position corresponding to a 'peak' in one chamber and a
'valley' in another, causing part of the within chamber variability
to become between chamber variability.

An experiment where replication of the temperature
treatments is made using the same chamber will have an experimental
error variance that is biased as temperature effects are confounded
with the chamber effects. Only when the temperature settings are
randomly reallocated to the four chambers will there be an unbiased
estimate of the between experiment error variance.

Without replication of between chamber treatment factors
in time or in chambers, there is no valid estimate of the experimental
error to test chamber treatment factors. Any within chamber
esfimate of error is clearly biased dpwnward. Relative sizes 6f the
between experiment to the within experiment error mean squares from
uniformity studies give an indication of the magnitude of this bias.
With a within chamber experiment of four truckék(t‘¥~34), the
magnitude of bias is from 13 to 68 units of error variance. Higher
estimates are obtained with an efficient within chamber design.

The relative size is thus dependent on the number of within chamber
experimental units (t) and would be higher as t increases. The
estimate of the between chamber-trial variance component (SZB) was
smaller than the within experiment component (sz) in all variables.
As an example, the ratio for variable dry weight of GZB/GZW was
.11/.36. It would be erroneous to believe that the smaller of the
two estimates, that is 823, can be ignored and a within experiment

error mean square used in place of a between experiment error mean
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square, Cooke (1968). It is only when SZB is consistently zero
that it can be ignored, but this would be rare.

In the maturity study in chamber A4, the within chamber
pattern of seed yield at maturity was consistent with the growth
pattern seen at 20 days in the same experiment, except for plant
height. Thus, there is a good indication that the within chamber
growth pattern at the juvenile stage persisted until maturity.
However, the within chamber growth pattern in chamber A4 in the
maturity study was different from the growth pattern seen in earlier
experiments with juvenile plants in the same chamber, except for
plant height. The similarity in pattern with plant height only
cannot be explained logically. It should be noted that chamber A4
has spray misters to increase the relative humidity within chamber,
if needed. It was not known whether the misters were opened or
shut in either of the studies. Also, a higher temperature setting
in the mature study may have caused a difference in the within

chamber growth pattern.
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5 STUDIES IN THE WALK~IN 'B' CHAMBERS

5.1 Materials and Methods

5.1.1 Studies on Juvenile plants.

Four chambers, Bl, B2, B3 and B8 out of a possible ten
were available for the studies on juvenile plants in the 'B’
chambers. The four chambers were studied, three at a time in any
one 20-day period (trial). A balanced imcomplete block design was
planned with four trials. However, in trial 2, atypical plant
growth was seen in all three chambers and the experiments were
discarded. In trial 3, chambers B2 and B8 were run at a different
temperature, the 26/22 and Bl at 22/18 temperature. This trial
was successfully carried out and the 22/18 temperature was retained
for the rest of the trials. However, ghe balanced design was lost.
In trial 6, temperature control within the lamp housing in chamber
B3 failed and all plants were moved into chamber Al5, set at 22/18
temperature for three consecutive days until the fault was remedied.
The plants were returned to chamber B3 three days before the
experiment was terminated. Plants in this experiment were
considerably taller than plants in the other experiments with
abnormal plant growth resembling symptoms seen earlier in trial 2.
Data from this experiment in B3, trial 6 were taken and will be
reported but the results will be given separately when different.

Table 5.1.1 shows the chambers that occurred together

in each trial with the respective dates.
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Table 5.1.1 Chamber and trial combination with respective dates for
studies with juvenile plants in the 'B' chambers.

Dates Trial Chambers
March 14 - April 3, 1975 1 B2, BB* B8
April 26 - May 16, 1975 3  Bl, B2*, B8*
May 17 - June 6, 1975 4 B2, B3, B8
June 7 - June 27, 1975 5 Bl1, B3, B8
June 28 - July 18, 1975 6 Bl, B2, B3**

Note: * Experiments conducted at 26/22 temperature.
** Experiment where a faulty temperature control mechanism was
recorded.

All experiments in each trial were planted on the same
day and terminated at 20 days from sowing. Each experiment had
eight trucks with sixteen plants to a truck. A schematic diagram
showing the arrangement of the trucks with the row, column and truck
identity is shown in Figure 5.1.1. The door is located between
columns 6 and 12, and was hinged on the left for chambers B2 and B8
and hinged on the right for chambers Bl and B3.

Preliminary light and temperature readings were taken
within chambers Bl, B2 and B3 in trial 6 at the center of all trucks
seven days after sowing. These readings were taken above the leaf
canopy at a constant distance from the light barrier. As a check
on temperature and light consistencies, readings were taken on
June 1, 1977 for chamber B2, without any uniformity studies.

5.1.2 Studies on mature plants.

The experiment on mature plants was conducted in chamber
B8 from February 21 to May 21, 1976, at 22/18 temperature with

thirty-two 25.4cm diameter pots. One of two plants was chosen at
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Figure 5.1.1 Schematic diagram within a 'B' chamber showing the
truck arrangement and the column, row and truck identities.
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random from each pot at 20 days and measurements taken for five
variables similar to the juvenile studies. The remaining plant was
allowed to grow until seed and pod formation and the experiment
terminated at 90 days. The same measurements as in the 'A' chamber
maturity study were taken. Light readings within chamber B8 were

taken for all trucks seven days after sowing as described above.
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5.2 Results

5.2.1 Preliminary data analyses.

5.2.1.1 Mean, variance (within experiment), range and

coefficient of variation. The statistics mean, variance (within

experiment), range and coefficient of variation (c.v.) were computed
for each experiment in all variables and are summarized in Appendix
4. The results show that chamber B2 in trial 3 at the higher
temperature gave means (in original units) two to three times as
large as the averages of the experiments conducted at the lower
temperature. The within experiment es;imates of variance were not
significantly different for the two temperatures in two variables,
leaf area and petiole length and were approximately two times as
large for the higher temperature in the other variables. In

chamber B8 at the higher temperature, the means were about 25

percent higher than the average of the experiments at the lower
temperature but the within experiment estimates of variance were
similar. The means of the two experiments at the higher temperature
were different, with means in chamber B2 about two-thirds to two
times as large as the means in chamber BS. The ranges within
experiments show the largest plants about two to three times the

size of the smallest plants. Table 5.2.1 gives the means, variances
(within experiment) and coefficients of variation averaged over
twelve experiments in the 'B' chambers at the 22/18 temperature, by

variable.
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Table 5.2.1 Means, variances (within experiment) and coefficients
of variation (c.v.) averaged over 12 experiments in the 'B'
chambers at the 22/18 temperature, by variable.®:

Statistic
Variable Mean Variance c.v.
plant height, mm 119 717 22
leaf area, cm? 155 1,120 22
petiole length, mm 39 107 26
fresh weight, mgm 386 7,410 22
dry weight, mgm 54 119 21

Note: * Chamber B3 in trial 6 was excluded.

5.2.1.2 Correlations among variables. Simple correlations

among variables were computed for each experiment, with 126 degrees
of freedom. All correlations were positive. The correlation
coefficients were averaged for each pairwise combination of
variables over twelve experiments and the results shown in
Table 5.2.2.1

The results showed a similar pattern of correlatioms
among variables as in the 'A' chambers. The variables leaf area,
fresh weight and dry weight have very high correlations among each
other. Plant height and petiole length have lower correlations
with the other variables. Correlations in the experiment for
chamber B3 in trial 6 were much higher than correlations within
other experiments (correlations > 0.86) due in part to the higher

range of observed values in that experiment. Correlations within

1

Correlations for experiments conducted at the 26/22 temperature and
correlations in experiment B3 in trial 6 with a faulty temperature
control were excluded.
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Table 5.2.2 Within experiment correlations among variables in the
'B' chambers averaged over 12 experiments at 22/18 temperature.”®

Variables
leaf petiole fresh dry
Variables area length weight weight
plant height .59 .80 .63 .64
leaf area - .83 .95 .94
petiole length - - .83 .82
fresh weight - - - .95

Note: ¥ The two experiments at 26/22 temperature and experiment in

chamber B3 trial 6 with the faulty temperature control were excluded.

experiments at the higher temperature showed a wider range than
correlations within experiments at the lower temperature
(correlations of .34 to .96). However, the pattern of correlations
within experiment among variables was similar to that at the-lower

temperature.

5.2.2 Within experiment variation with 20 day old plants.

5.2.2.1 Position effects. The variation within experiments

was further investigated to determine whether there were any
systematic positional differences within experiments. Three within
chamber models were studied; models allowing for the column effects,
for the row effects or for the truck effects. The proportions of
the total within experiment sum of squares attributable to the
indicated effects averaged over all experiments are given in
Table 5.2.3.

The results (Table 5.2.3) showed that truck effects

accounted for 37 to 55 percent of the total within experiment



68

Table 5.2.3 Coefficients of determination in percent, averaged
over all experiments in the 'B' chambers for column, row and
truck within experiment models with ranges shown in parentheses.

Model
Variable Column(l5 d.f.) Row(7 d.f.) Truck(7 d.f.)
plant height 49.5 12.8 55.2

(33.9 - 64.1) (5.3 - 22.0) (44.0 - 72.9)

leaf area 41.8 8.2 37.9
(19.1 - 59.0) (4.0 - 13.7) (13.6 - 56.4)

petiole length 50.2 12.3 50.8
(21.1 - 67.4) (2.5 - 21.5)  (20.8 - 63.9)

fresh weight 43.9 8.5 39.8
(25.8 - 59.4) (4.9 - 14.5) (17.2 - 59.9)

dry weight 42,2 8.6 : 36.5
(24.0 - 55.6) (4.3 - 12.4) (18.2 - 55.6)

variation, the column effects for 42 to 50 percent and the row
effects for 8 to 13 percent. The coefficients of determination
for the experiment in chamber B3 in trial 6 took the lower values
of the ranges in Table 5.2.3 except for variable plant height. A
comparison of the truck, column and row models will be deferred

until section 5.2.2.6 pertaining to within experiment designs.

5.2.2.2 Characterization and description of pattern of growth.

Second to fifth degree response surface models were fitted to the
square root of all variables for each experiment. The coefficients
of determinationm, Rz, averaged over all experiments, by variables,
is given in Table 5.2.4. Examining the average R? values indicate

that there was little gain beyond fitting the fourth degree response
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Table 5.2.4 Coefficients of determination, R2, averaged over all
experiments in the 'B' chambers for the second to the fifth
degree response surface, by variable.

*
Variables
Degree of plant leaf petiole fresh dry
response surface height area length weight weight
2nd 54.8 42.1 56.6 44.1 42.2
3rd 60.0 _46.0 61.5 47.6 45.4
4th 70.3 51.9 68.5 53.4 51.2
5th 73.2 54.4 70.9 56.0 53.9

Note: * Square root transformation applied to all variables.
surface models in all variables.l

The within chamber growth patterns for each experiment
characterized by the variables plant height and dry weight are shown
in Figures 5.2.1 and 5.2.2, using the fourth degree response
surfaces.

The within experiment patterns for each chamber were very
similar over time (trials). A closer examination of the contours
for dry weight (Figure 5.2.2), page 73, will indicate similarities
in patterns for chambers Bl and B3 and for chambers B2 and B8, with
the within chamber patterns in one group like mirror images of the
patterns in the other group. It was noted in page 62 that the doors

were hinged on different positions for the two groups of chambers

1

Counts made on the additional regression terms from a lower to the
next higher degree response surface model which are significant at
probability less than .01 show percentages of terms over all
experiments and variables which were significant from the second to
the third, third to fourth and fourth to fifth were 9, 17 and 2
respectively.
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Figure 5.2.1 Contours of individual experiment, arranged by chambers,
of a fourth degree response surface -for square root of plant height.

Explanatory note: Trial identification is shown on the top left
corner in each diagram. Chambers B2 and B8 in trial 3 conducted
at 26/22 temperature are shown with an asterisk (*). Chamber B3
in trial 6 with a defective temperature control is shown with two
asterisk (**),

Alternate contour intervals of 0.5 unit on the
square root scale are designated by letters arranged in ascending
order as follows:

7.5 < E < 8.0

18.5 < P < 19.0

The bold-face letters P and V on each diagram show locations
of peaks and valleys in the contour surface.
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Figure 5.2.1 (continued).
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Figure 5.2.1 (continued).
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Figure 5.2.2 Contours of individual experiment, arranged by
chambers, of a fourth degree response surface for square root
of dry weight.

Explanatory note: Trial identification is shown on the lop left
corner in each diagram. Chambers B2 and B8 in trial 3 conducted
at 26/22 temperature are shown with an asterisk (*). Chamber B3
in trial 6 with a defective temperature control is shown with two
asterisk (**),

Alternate contour intervals of 0.2 unit on the
square root scale are designated by letters arranged in ascending
order as follows:

4.8 < A < 5.0

11.6 < R < 11.8

The bold-face letters of P and V on each diagram show
locations of peaks and valleys in the contour surface.
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Figure 5.2.2 (continued).



e

-

T

—

an
tone

Lon

annnnt
©0Co

oo
mmeE DON
[1.0Ld
mEemm

4444

B 2

LgeoLoNecsacs

EC
=tl!lllllll!lll!l!lll!llllll DDDO

PEPERSERFRARSESRFE  ERE
r-aﬂnﬂc 6G6GGG repEs  ER
GECeGGGGGE snm

$ Gece mEr
GoLoe <G sen
i
»

13
[
&

no
o6
RN

e
.
-
-
n
L)
[l
n
]

e
S 4 44
CESREECRER toce <<

mwM ANA CC
wrme ANN CO
AN CC

1157

NN
MAAAN CLCC
[-1- 3 L]

Ll

e L] ie 12 is lo
<

B8 QG
e GG
4
Lidd

HO0

nonng

AR ccecoce
PEBPS CCLCCCOCES
Ld 211~

se&ps  CCC NAMANN
FPPB  CUCC MAAAANANN
N

. ca pEp
B GCCGCCCAGQ AP GOC NN MM LLL

e e T

b b o b o & e $ e

CGGe nn 1

ne 1514
P Y
14
+
M
-
v

O

e~

L) 8 10 12 1s 16

0

14 ddddd L L
1 dedddddddd
1 S ddddd ddd
dudd ddddd
L1 dddd
RERKRRKK K
KREKKKRKKXK b
KKKKKK JJd

1 Jed
s NREKKK
44 KR

44 KKK

s KK

s KKK

dd KKK

<d KKK

Jd  KEKK

wu KRKKK KEXKKK JJ [1 + GGFEFER

ddd  KEKKKKKKKK ‘aaalilnhrgc FF;E

4d

11 re GG &
[I1 HemGG PE E( [}
cudddeddddd 111 MMR GG PP EE D
vedduddd 1 HRrNGGGE BF EE

dddd -
ddddddddddddddd

o

Fx Iorererer

noOLDOO OO

BOAOBGRONOAEOGO
anesh

oo
an
OROKOMOOOOOE

[
GGLGGG

& a 10 12 1e 16
<

Falal aiaedd
[ T d il
RErEERarERen @G L1 .45
LG

payoval
b 4
T
b g
o
anonaand
anannoe
»
-

ren GG F* EE OO0
hRr GGG FE EE
nRMn GG FF EE DG C

ree GG F EE OC C

L3 G P® E O

~
»

Q 12 14 16

Do

£

"

Bee

75

B8

1
. (441 cceeocose
ggecece CCLC08000 c
({44444 cgoce ceecoLe
({344 P cEEE 11-1-1 -4
CCCCCC CLCCES SESCEREZERESEESES ag. [1-44
({14 LLLs iﬁill (1133 3CCC (444
CCC _CLoc aEE 31113 SCC cce
(-1 l!lii FEEBPEEREFEE EEER cCCe  cCC
(L] ri3 P’lPIFﬁlFFF’F" sgE:  CCC [
CC Lo IEE FEESEP L it EEE CCO (3
CC QG SEE  FPFFE pps! €& 3t <
& cu e smr P FRme  ES8E GGGz C
C_CC &8 bl g2€E CLLC <
CC DO dE: FIPF' Lol seedé CCLC
CC Co LR BEERER EEE C3CC
C_ 3 EEE I'lPﬂPlIF!FlFFF [11] (1914
& CC CUOREEL FPPEFFEPFPEF Eg8 COoSCC
SACCCCCE  &EE EREE [-3:1-)
ERCCC CC_ =RES (13173 [3-111+4
83 ¢C £C EEESEECScECEEEETEE_ S0LC3 (€4
€8 CC CC CEQEEERRESEE 2cct {14
seccC CL CESEREREZE (113 (41344
q 2 a L] L] v 12 i ilo
<
B
3
- et 111 ddedd désdd e IILt
MenR{II1] Jidddvvenevedudd eI
GG ree LI uJoJ-q-JJiJJJ 111l
* GG we LIl duswsans 22231
GG wr 11X JJJJ.J‘JJJJJ-‘JJ frgerr 11
] Hhh 1581 JJdddd JeJ-JJJ et
it ddddd - 11111
hnhﬂ 111 J4ddd [3 1.8 (3 JJJJJJ 1110181L
re 131 Jedd RRKERRRRK K +ddd e
r1l1 deed KARRKKKORR KK ddmd (SRS
TLIL  dded DTG 060K I KK 111188
1111 ddd KRR KK 0K KR i 111118
111 ddd ETTTTI TG 1131948 Jéwd LILT
it bandd KKRKKRRRRKRRKRKK vwdd 11D PEm
1t dudd KKK AT KUK KK P 11 L]
13 ddd e LT IIIT (e 1 3 $11 rene
111 ddddd KNRKERKKK deuws LEL mmen
(381 dddd Jddd LIl mee G
11111 dddddd 1ddd  LIL eee GG
11111t denddd euwew [111 PPr GG
131133 ddddd dddd 11T
12932 ¢%9 NS} »RKK KK wawe 111 hmEm
Q 2 L a s 1Y) 12 1e 18
<
4
- £EE ,EEE (GGG CGGGGG  PRERSEREE
tglezgas BEPF GGGGG MHmHkm  GGGEG  AFFEREEES
LG uGG rrhhuhhrhhhn 3GG_ FRRREW
l L4 e GGG REEEER
3 l (i aaan—rn xxxxxxxxxxx nnnnucc. EPEER
eLEe £8 GG 1L mw GGG ERRE
!E! L4 Ge NP ll ddadd LI e GGG BEF
E!l Fl GGthﬂllllJanJ-d.dedd LIIree GG FBP
JF ddd 11 me GG B8

.

-—

e $ e e @ G b

FFF G‘ nﬂ
[l GGGthlll JJJ
PEE GG R (I Jdo
8 GG r 11 Jdd (3
EF GG Fe 1l J.J
. 66 rm 111

e
ddd EX ke
“s 113 FPGG&FPF
Jid 1L mm GG EE £
Jddd LTEPRPGE FF Ell
“dd idud LI mm G
anoJJJJJJ 1Ll e GG PF :E'
dewdd I11I mew GG FFE !EE
[1111 whm G5 PR
GS K& Q&
rEre GG BE ECEEE

rEx
GGG  FEESEE

KEKKK KK
KK

(134
GeGG nr
GGGG
G6GGGGGS
(3114
]

19 12 14 1o

FFE GGG
FPB GGGGE Mbnkn

Jddd
e dd
1 didddddddddd
1 -eJ-JJdJJJJJJ
1 ‘e i s
i JJdeJ ddddd
vunudoddd

|13 dddddd
I

1

b3

{

T bttt

2 . c

Figure 5.2.2 (continued).
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and this may be one of several factors causing the mirror images.
Although there were differences in pattern between chambers, an
overall pattern for the 'B' chambers can be described. This
pattern is most easily seen with a fourth degree response surface
model fitted to the square root of plant height and of dry weight
data, averaged over twelve experiments at the 22/18 temperature,
shown in Figure 5.2.3. The general appearance is that of a hill,
with the peak located near the center of the chamber but displaced
slightly toward the door. The plants near the side walls were
shorter and weighed less than those in the center. In the scale
of the original units (taking predicted values from Figure 5.2.3)
plants were 67 percent taller and 75 percent heavier at the center
of the chamber than plants at the sides.

The within chambér pattern in chamber B8 at the higher
temperature was similar to the lower temperature. In chamber B2,
the pattern was slightly different for dry weight, with a trough
located at the front left corner of the chamber. For chamber B3
in trial 6 where a defect in temperature control occurred, the
general pattern was similar but with the peak located near the
door.

5.2.2.3 Consistency of pattern over experiments. Visual

examination of the fitted contours within experiments showed a
consistency of the within experiment patterns for each chamber over
time (trial) and to a smaller degree, over chambers. The consistency
of pattern over experiments is further tested by the analysis of

variance combining twelve experiments at the 22/18 temperature in a
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Figure 5.2.3 Contours for 'B' chambers, averaged over twelve
experiments at the 22/18 temperature, of a fourth degree response
surface with the square root of (a) plant ‘height and the square
root of (b) dry weight.

Explanatory note: Alternate contour intervals of 0.5 unit for
plant height data and 0.2 unit for dry weight data on the
square root scale are designated by letters arranged in ascending
order as follows:

(a) plant height (b) dry weight
7.5 < E < 8.0 5.6 < C < 5.8
11.5 < I < 12.0 7.6 < H < 7.8

The bold-face letters of P and V on each diagram show
locations of peaks and valleys in the contour surface.
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split-plot design similar to model (4.2.1), page 33, for the 'A'
chambers.l The analysis of variance is given in Table 5.2.5. The
average position effects over all experiments, that is trucks, were
very large and highly significant, indicating a clearly identifiable
position effect common to all chambers and trials. Of the
interactions with trucks, the chamber by truck interaction was
largest, and significant (p < 0.05) in all cases, indicating a lack
of consistency of the position effects from chamber to chamber.

In no case was the trial by truck interaction significant.
Consequently, the test for consistency of the within experiment
pattern over trials in the same chamber is made by comparing the
trial x truck and chamber x trial x truck error mean squares, with
the within chamber-trial-truck residual mean square in approximate
F-test. The\F-ratios, although small were significant (p < 0.05)
indicating a lack of consistency of the position effects from trial
to trial within a given chamber. Thus, the growth pattern within
experiments was more consistent over trials than across chambers.

5.2.2.4 Light and temperature effects. A set of eight

temperature and light readings, one per truck, for chambers Bl, B2
and B3 and a set of eight light readings taken for chamber B8 is
used to determine whether the light and temperature within chambers
was associated with the pattern of plant growth within experiments.
Another set of temperature and light readings in chamber B2 was

taken at a later date to check the consistency of temperature and

1
The twelve experiments combined excluded the experiment from chamber
B3 in trial 6 with faulty temperature control.
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light over a two year period. These readings are summarized in
Table 5.2.6.

Table 5.2.6 Range of temperature and light readings within the 'B'

chambers, set at 22/18 temperature with the range for chamber B2
without uniformity studies in parentheses.

Temperature Light ( x 103 1lux)
Chamber degrees Celsius As measured As rated

Bl 23.8 - 26.8 36 - 41 39
B2 24.0 - 26.0 32 - 35 43

(25.5 - 30.5) (38 - 42) -
B3 23.5 - 26.8 37 - 40 43
B8 - 48 -~ 53 52

Correlations, by position, with 6 degrees of freedom,
between light intensity readings across chambers are significant,
showing a consistency in light intemsity pattern over chambers, with
correlations from .77 to .96.

A correlation of .87 with 6 degrees of freedom between
the light readings taken on two occasions in chamber B2 is significant,
indicating a consistency of light patterns over time. A correlation
of .43 between temperature readings taken on two occasions within the
same chamber is not significant. Correlations, by position, of
temperature readings across chambers are not significantly different
from zero, with values from -.30 to .51. Thus, from these correlations,
there was no evidence of a consistency of temperature over chambers.
Correlations of light and temperature readings within chambers were not
significantly different from zero, with values from .22 to .42.

Correlations by truck position were made between the

measured variables from each experiment and the corresponding
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temperature and light readings within chambers to determine the
proportion of the variation in plant growth attributable fo temperature
and light intensity within chambers. Only the truck to truck
variation could be studied as only one temperature and light reading
was taken per truck. These correlations, averaged over all experiments,
are given in Table 5.2.7.

Table 5.2.7 Correlations, r, and range in parentheses, of light and

temperagure readings with each variable, averaged over chambers and
trials.

Temperature Light
Variables readings readings
plant height .72 .76
’ (.52 - .86) (.63 - .90)
leaf area .62 .78
(.39 - .77) (.63 - .95)
petiole length .67 .79 )
(.38 - .81) (.66 - .92)
fresh weight .61 .79
(.42 - .77) (.53 - .92)
dry weight .64 81

(.45 - .78) (.65 - .93)

Note: * Each correlation is estimated with 6 degrees of freedom.
H:p =0 is rejected if |r|[ > .707 at 0.05 probability.

5.2.2.5 Use of prior information as a covariate. Data from the

first trial in each of the four chambers, trial 1 for chambers Bl, B2
and B8 and trial 3 for chamber B3, provided the prior information
that is used as a covariate to adjust for positional differences
within chambers at subsequent trials. The data were averaged by
position over the four experiments by variable, with the square root

transformation applied. Fourth degree response surfaces were fitted
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to these averages, the predicted wvalues ?H, ?A, ?P’ ?FW and ?DW
were obtained for each position in the five variables. Correlations
among the predicted values are very high (r > .94), suggesting that
any of the predicted values would serve nearly equally well as
covariates in controlling the within experiment variation in later
trials.

The effectiveness of the predicted values as covariates
is measured in each of the eleven other experiments in terms of the
proportion of the total within experiment variation attributable to
the covariate. On the average, any one of the predicted values is
equally effective, reducing the within experiment variation in plant
height and petiole length by about 53 percent and by about 34 percent
of the variation in the other variables. The covariate, ?H’ '
obtained from plant height data, is not more effective.as any other
covariate in controlling the within experiment variation in plant
height.

The covariate, ?DW’ is chosen to determine its
effectiveness in controlling the within experiment variation in the
presence of blocking within chambers, using trucks or columns and
rows as blocks. Five models for control of the within experiment
variation were compared: (a) a model using only the covariate, ?DW’
(b) a model using truck position effects, (c) a model using truck
position plus the covariate, §DW’ (d) a model using both the column
and row effects and (e) a model using column, row plus QDW' The

models were fitted to each of the eleven experiments (experiments in
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which data were not used in éomputing ?DW)’ and the proportion of the
total sum of squares accounted for by each model computed. The

average coefficients of determination for eleven experiments are given

in Table 5.2.8.
Table 5.2.8 Coefficients of determination in percent, for five models
of Y.,, truck, truck and YD , column and row, column, row and ?Dw

in the analyses of variance/covariance by experiment, averaged over
11 experiments.

Variables

plant leaf petiole fresh dry

Model height area length weight weight
- 55.5  32.7 50.8  35.1  35.3
Truck . 56.0 34.6  49.5 38.0 35.2
Truck and Ypu 69.1 42.6 62.3 46.2 43.8

Column and Row 63.9 46.5 60.2 49.7 49.1
Column, Row and YDW. 6?.3 49.0 65.3 51.8 51.2

The results showed that the covariate was about as
effective on the average as blocking by trucks. With blocking by
trucks the covariate accounted for an additional 13 percen£ of the
within experiment wvariation in plant height and petiole length and
8 percent in the other variables. With a two-way blocking within
chambers by columns and rows, the covariate accounted for an
additional 5 percent of the within experiment variation in plant
height and petiole length and 2 percent in the other variables.

The comparison between the truck effects and the column and row
effects models will be deferred until the next section pertaining to

within chamber designs.
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5.2.2.6 Within chamber designs. Treatments applied within

chambers may be arranged in several ways. The relative efficiencies
of three within chamber designs, the completely random, the randomized
block and the two-way blocking are compared using the uniformity trial
data from twelve experiments at 22/18 temperature. Three blocking
systems for the randomized block dééign are compared, with trucks as
blocks, rows as blocks and columns as blocks. The computations for
the ‘within chamber error mean square for each design followed that
giveﬁ in Table 4.2.10, page 42, for the 'A' chambers. 1In addition
to the full chamber in each experiment, estimates of the variance
within_four trucks per experiment were also computed. Three groups
of four trucks were compared:
(b) 4 trucks in the center of each chamber, corresponding to
trucks 2, 3, 6 and 7 in a 2 x 2 arrangement,
(¢) & trucks located on the left of each chamber, corresponding to
trucks -1, 2, 5 and 6 in a 2 x 2 arrangement, and
(d) 4 trucks located in the rear of each chamber, corresponding to

trucks 5, 6, 7 and 8 in a 1 x 4 arrangement.l

The results are given in Table 5.2.9.

The results showed that blocking by trucks or by columns
was about equally effective, with reductions of 36 to 54 percent of
the total within experiment variation in the full chambers.

Blocking by rows in the full chambers did not give a significant

1
For truck identity, refer to Figure 5.1.1, page 63.
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Table 5.2.9 Estimates of the within experiment variance from 12
experiments for the completely random (CRD), randomized block (RCB)
and two-way blocking (LS) designs with (a) the full chamber, (b) 4
trucks in center of chambers, (c) 4 trucks at the left of chambers
and (d) 4 trucks at the rear of chambers, at 22/18 temperature.

Variables*
Within chamber design plant leaf petiole fresh dry
height area length weight weight

(a) Full chamber (8 trucks)
CRD 1.41 1.99 0.67 4.69 0.56
RCB 1) trucks as blocks 0.65 1.24 0.32 2.83 0.36
2) columns as blocks 0.77 1.24 0.35 2.77 0.35
3) row as blocks 1.31 1.94 0.63 4.54 0.54
LS 0.61 1.13 0.29 2.47 0.31

(b) Center (4 trucks)
CRD 1.07 1.44 0.48 3.46 0.43
RCB 1) trucks as blocks 0.83 1.28 0.39 3.06 0.40
2) columns as blocks 1.07 1.39 0.47 3.31 0.42
3) rows as blocks 0.59 1.17 0.30 2.81 0.35
LS 0.52 1.08 0.26 2.54 0.33

(c) Left-side (4 trucks)
CRD 1.40 1.78 0.62 4.37 0.52
RCB 1) trucks as blocks 0.62 1.15 0.30 2.73 0.35
2) columns as blocks 0.75 1.17 0.34 2.76 0.35
3) rows as blocks 1.29 1.74 0.57 4,22 0.50
LS 0.53 1.03 0.24 2.36 0.30

(d) Rear (4 trucks)
CRD 1.28 1.76 0.59 4.29 0.50
RCB 1) trucks as blocks 0.67 1.19 0.35 2.77 0.34
2) columns as blocks 0.65 1.14 0.33 2.65 0.34
3) rows as blocks 1.22 1.68 0.55 4.06 0.47
LS 0.53 0.98 0.26 2.22 0.29

*
Note: Square root transformation applied to all variables.
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reduction in the total within experiment variationm. Similar
reductions in‘the within experiment error variance are obtained for
the four trucks at the rear and four trucks at the side with trucks
or columns as blocks. Blocking in rows in the center four trucks
accounted for 42 percent of the variation in plant height and
petiole length and 19 percent of the variation in the other
variables.

The two-way blocking by columns and by rows is best
compared to either blocking on trucks or columns, with an additional
gains of 6 to 26 percent over the randomized block design. The
plants within four trucks at the left-side have higher total
variability than plants at the rear and center. However, with a
two-way blocking, the residual error variances are similar in all

cases.

5.2.3 Between experiment variation with 20 day old plants.

5.2.3.1 Between chamber designs. Three between chamber

experimental designs (whole plot designs) are compared using uniformity

1 The three

data from twelve experiments, at the 22/18 temperature.
designs are the completely random design (CRD), the randomized block
design (RCB) with trials or chambers as blocks and the two-way
blocking designs by trials and chambers (LS). The error mean squares
for each design were computed following the procedures outlined in

Table 4.2.12, page 45, for the 'A' chambers. In addition to the full

chamber of eight trucks within each experiment, estimates were also

1
The two experiments at 26/22 temperature and the experiment with a
faulty temperature control were excluded.
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obtained for three groups of four trucks similarly positioned for
each experiment. These groups, referred to as the center four
trucks, left-side four trucks and rear four trucks, would be the
likely arrangements within chambers in experiments not occupying the
full chamber. The positions occupied by each group of four trucks
were given in the previous section, page 85. The results are given
in Table 5.2.10.

The results showed that blocking by trials gave reductions
of the experimental error variance for the plant growth
measurements of 63 to 87 percent in the full chambers. Blocking by
chambers was not effective. Tﬁis indicates that the plant to plant
variation across chambers was less homogeneous than the variation
within a chamber at different times. With the three groups of four
trucks taken from the same position within chambers the effectiveness
of blocking by trials was similar with gains of 56 to 94 percent over
the CRD.

The two-way blocking design for whole plots was most
efficient only for plant height, with gains of about 27 percent over
the RCB.

5.2.3.2 Relative sizes of the between to the within experiment

error variances. Estimates of the between and the within experiment

error variances were given in the preceeding two sections, and these
estimates differred depending on the within and between experiment
designs. Obviously, ranges of relative sizes exist with combinations

of any between and any within experiment designs. For the purpose
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Table 5.2.10 Estimates of the experimental error variance for

whole plots from 12 experiments in the completely random (CRD),

randomized block (RCB) and two-way blocking (LS) designs for the
full chamber and for 4 trucks from the center, left-side and rear
of the chamber, at 22/18 temperature.

Variables®
plant  leaf petiole fresh dry
Between chamber design height area length weight weight
(a) Full chamber (8 trucks)
CRD 153.68 204.31 45.62 525.80 43.33
RCB 1) trials as blocks 57.18 34.09 15.75 68.80 10.96
2) chambers as blocks 157.73 256.42 56.20 671.37 54.37
LS 20.20 34.81 16.94 68.90 7.33
(b) Center (4 trucks)
CRD 95.38 100.51 27.63 295.61 23.23
RCB 1) trials as blocks 39.61 18.86 9.22 49.61 7.53
2) chambers as blocks 89.68 121.27 32.19 366.91 28.49
LS 11.27 18.27 6.90 47.26 6.20
(¢) Left-side (4 trucks)
CRD 80.33 102.57 26.21 259.83 19.50
RCB 1) trials as blocks 32.03 16.83 10.12 16.22 3.90
2) chambers as blocks 83.76 129.70 31.19 343.69 26.38
LS 12.75 15.18 9.47 16.77 3.02
(d) Rear (4 trucks)
CRD 76.52 105.95 23.59 266.76 21.68
RCB 1) trials as blocks 33.99 23.72 11.08 47.17 6.01
2) chambers as blocks 71.62 130.49 27.76 334.34 26.78
LS 11.94 21.60 9.99 40.05 3.54

Note: * Square root transformation applied to

all variables.

of this section, the between experiment design with blocking by trials

is chosen as it is more convenient to carry out than blocking by

chambers.

Two within experiment designs are selected, the randomized

block design with trucks as blocks (RCB) and the completely random
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design (CRD), to give a comparison. The relative sizes of the

between to the within experiment error mean squares show by what

factors the two error variances differ,

The results (Table 5.2.11) showed that a within
experiment error mean square erroneously used for testing the between
chamber treatment factors would be an underestimate by factors of 15
to 88 in the full chambers.

Table 5.2.11 Relative sizes of the between to the within experiment
error mean squares assuming the randomized block between experiment
design with trials as blocks and two within experiment designs, the
completely random (CRD) and randomized block (RCB) with trucks as

blocks for the full chambers and groups of 4 trucks located at the
center, left-side and rear of each chamber.

Variables*
plant leaf petiole fresh dry
Within chamber design height area length weight weight

(a) Full chamber (8 trucks)

CRD 40.6 17.1 23.5 14.7 19.6

RCB 88.0 27.5 49.2 24.3 30.4
(b) Center (4 trucks)

CRD 37.0 13.1 19.2 14.3 17.5

RCB 47.7 14.7 23.6 16.2 18.8
(¢) Left-side (4 trucks)

CRD 22.9 9.5 16.3 3.7 7.5

RCB 51.7 14.6 33.7 5.9 11.1

(d) Rear (4 trucks)
CRD 26.
RCB 50.

18.8 11.0 12.0
21.7 17.0 17.7

13.
19.

-~ O
© un

* .
Note: = Square root transformation applied to all variables.

As the relative size of the two error terms is dependent

on the number of pots within experiments, the relative size for four
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trucks will be approximately one-half that for the full chambers. The

relative sizes for groups of four trucks were from 4 to 52.

5.2.4 Experiment with mature plants.

5.2.4.1 Within chamber variation. The experiment in chamber B8

with mature plants had thirty-~two pots of 25.4cm with the chamber
selected at random from chambers B1l, B2, B3 and BS. This experiment
was conducted at the 22/18 temperature. Two sets of measurements
were taken, one at 20 days and the other at 90 days with different
plants and the mean, variance (among plants), range and coefficient

of variation for these measurements are shown in Table 5.2.12.

Table 5.2.12 Means, variances (among plants), ranges and coefficients

of variation (c.v.) for measurements taken with 20 and 90 day old
plants in the same experiment in chamber B8 at 22/18 temperature.

Variables Mean Variance Range C.V.

20 day old plants

plant height gmm) 111 462 75— 172~ 19
leaf area (cm?) 148 1,066 96 - 224 22
petiole length (mm) 34 112 18 - 59 31
fresh weight (mgm) 353 8,911 218 - 577 27
dry weight (mgm) 54 166 35 - 82 24
90 day old plants

pod number 35 126 12 - 53 32
seed weight (gm) 12 29 3.5 - 26.7 44
shoot weight (gm) 23 53 8.8 - 38.9 31
root weight (gm) 4.5 3.5 1.8 - 9.7 41
whole plant weight (gm) 46 120 24 - 69 24

The means, variances, range and coefficient of wvariation
with '20 day' variables are similar to those for the juvenile studies
(Table 5.2.1, page 66). Coefficients of variation with '90 day'

variables ranged from 24 to 44 percent.
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5.2.4.2 Correlations between measurements at two growth stages.

Correlations, by position (or pot), between variables taken at the two
growth stages are shown in Table 5.2.13. All '20 day' variables
showed significant positive correlations with the grain yield
variables, pod number and seed weight, from .37 to .69. Of the
remaining correlations with vegetative yield, only one reached
significance level, petiole length with whole plant weight.
Table 5.2.13 Correlations, by position, with 30 degrees of freedom,
between variables taken with 20 day old plants and variables taken

with 90 day old plants in the same experiment in chamber B8 at
22/18 temperature.

Variables (20 day old plants)
Variables plant leaf petiole fresh dry
(90 day old plants) height area length weight weight

pod number .573 .370 .595 .397 .398
seed weight - .669 452 .688 .475 .482
shoot weight -.256 -.134 -.113 -.143 -.198
root weight -.156 -.142 -.085 -.089 -.152
whole plant weight .228 .174 .355 .192 . 146

Note: |r| > .34 1is significant at the 0.05 probability level.

Fourth degree response surfaces models with 12 degrees of
freedom were fitted to square root of plant height, of dry weight and

1 Contours of the response surfaces show the

of seed weight data.
pattern of variation characterized by these variables at the 20 and
90 day stage (Figure 5.2.4). The peaks for all variables were

located near the center of the chamber with a slight displacement

1
The quartic term in rows (R4) and interaction CR3 were excluded from
the 'full' model as there are only four rows.
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Figure 5.2.4 Contours for chamber B8 in the maturity study of a
partial fourth degree response surface, with square root of
(a) plant height at 20 days (b) dry weight at 20 days and
(¢) dry weight of seed.

Explanatory note: Alternate contour intervals of 0.5, 0.2 and
0.2 for plant height, dry weight and dry weight of seed data,
respectively, in the square root scale are designated by
letters arranged in ascending order as follows:

(a) plant height (b) dry weight (c) dry weight of seed
8.5 <F < 9.0 6.0 < D < 6.2 1.8 <B < 2.0
11.5 < I < 12.0 8.4 < J < 8.6 4.6 < I < 4.8

The bold-face letters P and V on each diagram show locations of
peaks and valleys in each contour surface.
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toward the right side of the chamber for dry weight and a slight
displacement toward the rear of the chamber for seed weight. A
valley for dry Qeight and plant height was located in the rear left
corner of the chamber. Otherwise the general appearance in all
variables was similar.

5.2.4.3 Correlations between variables in maturity study with

variables in juvenile studies in chamber BS. The experiment in

chamber B8 with plants taken to maturity was conducted seven months
after the experiments with juvenile plants were completed. During
that time chamber B8 was used by other research workers, imposing
different temperatures, day length and other conditiomns. Correlations
between the variables for the two uniformity studies would indicate
whether the pattern of variation within chamber B8 had changed.

Thé data from twelve experiments from the juvenile
studies in the 'B' chambers were used.l A fourth degree response
surface model using row and column positions within experiment as the
independent variables, was fitted to data in all five variables
averaged over twelve experiments. Adjacent sets of four predicted
values are averaged so that there is a 1 : 1 correspondence, by

position, with data from the maturity study. The predicted values

1

The experiments were conducted at the 22/18 temperature and
excluded was the experiment with the faulty temperature control. It
was decided that data from all twelve experiments be used rather than
data from only chamber B8 so that the results would have a wider
inference.
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for plant height, leaf area, petiole length, fresh weight and dry
weight, referred to as QH’ QA’ §P’ QFW and QDW are correlated
by position, with variables in the maturity study. Correlations,

~

with 30 degrees of freedom, of §H’ YA’ QP’ §FW and QDW from
the juvenile studies and all '20 day' variables were significant,
with values from .51 to .79. Correlations of the same predicted
values with variables seed weight and pod weight were also
significant, with values from .56 to .70. Correlations with the
remaining variables shoot weight, root weight and whole plant
weight were not significant, with values from -.33 to .18.

These results indicate that the within chamber growth

pattern was consistent in the two studies for the variables

mentioned above.
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5.3 Discussion and Conclusions

Plant to plant variation within the 'B' chambers with
20 day old soybeans at 22/18 temperature was sizeable with
coefficients of variation on an individuél plant basis of 21 to 26
percent. The variation was clearly patterned, showing a high
degree of consistency over all chambers and trials. Plants were
taller at the center of each chamber with the plants in the center
generally about 67 percent taller and 75 percent heavier than those
at the sides. The general pattern of growth within a chamber could
be described as a hill, with a peak located near the center of the
chamber but displaced slightly towards the door. General predicted
fourth degree response surfaces with data averaged over twelve
experiments for the five measured variables were very similar, with
correlations among predicted values greater than .95. In the two
experiments at the higher temperature (26/22) the within chamber
growth patterns were similar to those at the lower temperature.

There appeared to be some indication from the
experiments at the higher temperature that the means (of experiments)
for all variables in the same trial did not increase by a similar
proportion as the temperature was raised. These increases were
about 30 percent for experiment in chamber B8 and 150 percent for
experiment in chamber B2. This seem to indicate that the chamber
to chamber variation might be higher at the 26/22 temperature than

generally observed at the 22/18 temperature.
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The gains in efficiency by blocking within chambers was
very clear. Blocking within chambers by colummns, with éight plants
per block and by trucks, with sixteen plants per block was about
equal in efficiency, accounting for about 45 percent of the within
experiment variationm. Two-way blocking by rows plus columns
compared to blocking by columns alone gave an additional improvement
of about 18 percent for plant height and petiole length and about
10 percent for the other variables.

In experiments occupying one-half of the chamber, a two-
way blocking design is appropriate for trucks positioned at the
sides, center or rear and would account for about 25 to 49 percent
of the variation among plants within four trucks.

Both temperature and light readings within chambers were
associated with all plant growth measurements accounting for 43 and
62 percent of the truck to truck variation in growth measurements,
respectively. The pattern of light readings within chambers was
consistent over chambers. Temperature patterns within chambers
were not consistent over chambers and over time. It is useful to
monitor the light and temperature readings within all 'B' chambers
over a period of time and under a range of operating conditions.
Patterns for light readings over time and across chambers can be
tested for comnsistency. If consistent, a common within chamber
light pattern for the 'B' chambers may be useful as a covariate.

The use of temperature readings within chambers can similarly be

explored.
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An experimenter should be made aware the the temperature
monitored for a chamber is made under a shielded aspirated housing
at one corner of the chamber. Temperature readings taken at
several positions within a chamber are higher than the nominal
temperatures set for that chamber. The light readings as rated for
a chamber is taken at the center of each chamber. Subsequent light
readings measured at different positions within a chamber are lower
than what is rated.

The use of prior information of plant growth data as a
covariate would reduce the total within experiment variation by
one-half for variables plant height and petiole length and by
one~third for the other variables. An additional 8 to 13 percent
would be gained in the randomized blocg design model with a
covariate, Prior information should be regularly updéted to
account for the periodic changes of temperature, light and other
factors within chambers. It would also be desirable to use other
plant species for confirmation of the within chamber growth pattern.

With respect to designing experiments where treatments
are such that chambers must be used as experimental units, several
options are available to the experimenter. One is that he will be
given one chamber for a sufficiently long period to compare several
treatments. A chamber will be his experimental unit and the period
of time long enough to run all treatments, is the block.
Alternatively, several chambers may be allocated, each for a short
period, where he assigns his treatments to each chamber. Here,

blocking will be done across chambers at a given period. In both
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situations, it is assumed that the experimenter will replicate his
treatments in chambers and over time. The results of the uniformity
studies with soybeans showed that the between trials (or runs)
component of variance was more important than the between chambers
component so that blocking on trials would be more effective in
reducing the between chamber variance. Thus, a between chamber
experimental design with trials (time) as blocks is more efficient
than one with chambers as blocks. In experiments occupying one-half
of a chamber with trucks similarly positioned in all chambers, the
relative efficiencies of the two blocking systems are about the same
as for the full chambers.

A two-way blpcking design using trials and chambers as
blocks was found to be most efficient for variables plant height and
dry weight. However, this would mean that the experimenter uses
the same chambers in all trials, with re-randomization of his
chamber factors with similarities to a latin square design. This
may not be flexible and will provide fewer degrees of freedom for
the error than would the randomized block design.

Any within experiment estimate of error used in place of
a proper between chamber estimate to test between chamber factors is
much too small. The relative sizes of the two error variances show
that for experiments occupying the full chamber, this factor varies
from 15 to 88.

In the experiment in one 'B' chamber where the plants
were allowed to develop to maturity, correlations between measurements

at 20 days with seed yield and pod number were significantly different
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from zero, with values from .37 to .48 for variables leaf area, fresh
weight and dry weight with seed yield and pod number and from .57 to
.69 for plant height and petiole length with seed yield and pod
number. It is emphasized that these correlations were between
different plants from nearly the same position in a pot, measured at
different times and on different v;;iables. Consequently, the only
contributing factor making these correlations different from zero is
the ‘common environment the two plants shared. There is no plant
developmental correlation included as there would be if the
variables, say, pod number and plant height were measured on the same
plant. Thus, while the correlations were not unduly large, in the
absolute sense there is a clear indication of a persistent position
effect from juvenile to mature stage.

Correlations between '20 day' variables and shoot weight
and root weight were not significantly different from zero. The
explanation may be that at 90 days almost all of the synthesized food
is directed to grain and fruit development and thus the vegetative
production, i.e. shoot and root production would not be reflective
of earlier vegetative growth at 20 days. The within chamber patterns
for seed weight and pod number were consistent with the pattern seen
in the juvenile studies.

The within experiment variation in plant height and dry
weight for the maturity study was about similar to the variation in
these two variables for the juvenile study. Thus the difference in
pot size used for the two studies does not affect the within

experiment variation in these variables.
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There is some evidence that the within chamber patterns in
the 'B' chambers (as well as the 'A' chambers) can be divided into
two groups, one group being a mirror image of the other. This
difference in pattern may be due in part to the way the chamber is
constructed, like for example, the position of the hinges on the
door. It is useful to accumulate data of the 'conformity' of the
chambers with regard to plant response so that appropriate
experimental designs can be planned to take into account this
difference. A random choice of chambers of ome group of similar
conformity as a 'block' in a randomized block design will be better

than a random choice of chambers from both groups in a block.
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6. STUDIES IN THE REACH-IN 'C' CHAMBERS

6.1 Materials and Methods

Five chambers, C3, C8, C9, Cl2 and Cl5 out of a possible
twenty were available for this study. All five chambers were
studied in each of four trials for a total of twenty experiments.
Two day/night temperature levels were used, a high temperature of
26/22 degrees Celsius and low temperature of 22/18 degrees Celsius.
For the whole study, each chamber was used twice at each temperature
level. Table 6.1.1 shows the randomization of temperature levels
for each chamber in the four trials, with dates of trials.

Table 6.1.1 Chamber and trial combination at two temperature levels,
the 26/22 and 22/18 for study in the 'C' chambers.

Dates Trial Temperature. degrees Celsius
26/22 22/18

May 31 to June 20, 1975 1 c3, C8 c9, C12, C15

June 21 to July 11, 1975 2 ¢9, C12, Cc15 cC3, C8

July 12 to August 1, 1975 3 €3, Cl2 c8, C9, Cl15

August 12 to August 22, 1975 4 c8, €9, Cl15 C3, Cl12
All experiments were terminated after 20 days, with measurements taken
on the same five variables as in the 'A' and 'B’' juvenile studies.

The arrangement of plants within each chamber is shown in

Figure 6.1.1, with the rack, column and row identities. The maximum
number of plants within each chamber is 60 if the four-plant racks

are used. Although it is possible to have more plants without the

use of racks, they greatly facilitate handling of the potted plants.
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Row
1.22m Identity
6
RACK RACK RACK RACK RACK
11 12 13 14 15
5
EMPTY SPACE
4
A RACK RACK RACK RACK RACK
6 7 8 9 10
3
EMPTY SPACE
2
RACK RACK RACK RACK RACK
1 2 3 4 5
é————DgOR — 1
1 2 3 4 5 6 7 9 10

Column Identity

A = Aspirator

Figure 6.1.1 Schematic diagram within a 'C' chamber showing the

rack arrangement and the column, row and rack identities.
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As a result, there was a gap of about llcm between rows 2 and 3 and
between rows 4 and 5 and a gap of l7cm between the plants and the
left side wall where the aspirator was located. The door is located
between columns 3 and 7.

In trial 3, defective temperature controls were reported
on July 16, in chambers C8, Cl2 and Cl15. The defect was due to a
delay of up to fifteen minutes before the temperature changed from
the high temperature to the low temperature. The plants remained
in the respective chambers until the fault was checked and corrected
in three days.l

In trial 4, chamber Cl1l5 had a similar defect on August 20,
and the plants were moved to chamber Cl4, with the same temperature
setting. The fault was corrected after one day and the plants
returned to C15.

Light readings were taken above the leaf canopy seven days
after sowing for all chambers in trial 4. One reading was taken in
the center of each of nine racks, labeled 1, 3, 5, 6, 8, 10, 11, 13

and 15.

1

The reason for not moving the plants out of the defective chambers
was that no other chamber was available.
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6.2 Results

6.2.1 Preliminary data analyses

6.2.1.1 Mean, variance (within experiment), range and coefficient

of variation. The means, variances (within experiment), ranges and

coefficients of variation for each chamber-trial combination are
summarized by teﬁperature in Appendix 5. The ranges, on the average,
showed that the differences in plant size of the 1argest.plant within
experiments were as large as three times the size of the smallest
plant at the high temperature-level and about twice as large as the
smallest plant at the low temperature level. The means, variances
(within experiment) and coefficients of variation averaged over ten
experiments for each temperature level are shown in Table 6.2.1.

Table 6.2.1 Means, variances (within experiment) and coefficients of

variation (c.v.) averaged over 10 experiments in the 'C' chambers
for each temperature level, by variable.

Temperature Variable mean variance c.v.
High plant height (mm) 295 1,636 14
leaf area (cm?) 257 992 12

petiole length (mm) 76 69 11

fresh weight (mgm) 565 5,467 13

dry weight (mgm) 75 96 13

Low plant height émm) 99 283 17
leaf area (cm*<) 110 515 20

petiole length (mm) 24 21 19

fresh weight (mgm) 254 2,155 18

dry weight (mgm) 37 38 17

The results show that the means at the high temperature
level for variables plant height and petiole length are about three

times those at the low temperature level. For the remaining
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variables, the multiples are about two. There is about a six-fold
difference ' in the within experiment error variance between the two
temperature levels for plant height and a two to three~fold difference
in variance for the remaining variables.

The coefficients of variation were lower for the high
temperature level than the low temperature in all variables. This
showed that a three-fold increase in the mean plant height between the
two temperature levels resulted in less than a three-fold increase in
the within experiment error variance.

6.2.1.2 Correlations among variables. Correlations among

variables within each experiment averaged over ten experiments for
each temperature level are shown in Table 6.2.2. These correlations
are smaller at the higher temperature level than the lower temperature
level but are 31m11ar regarding the pattern of relationship among
variables. Grouping of variables from their correlations would place
the variables leaf area, fresh weight and dry weight in one set with
plant height and petiole length in different sets. The correlation
pattern is similar to that for the 'A' and 'B' chambers.
Table 6.2.2 Within experiment correlations among variables in the

'C' chambers, averaged over 10 experiments for the two temperature

levels.™

Variables Variables

plant leaf petiole fresh dry
height area length weight weight

plant height - .46 42 .36 .32
leaf area .51 - 47 .81 .74
petiole length .69 .75 - .55 44
fresh weight .55 .93 .74 - .86
dry weight .50 .94 .71 .94 -

Note: * The upper and lower triangular matrices refer to the
correlations at the high and the low temperatures respectively.
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6.2.2 Within experiment variation with 20 day old plants

6.2.2.1 Position effects. The variation within experiment was

further investigated to determine whether there were any systematic
positional differences within experiments. Three within chamber
models were studied; models allowing for the column effects, for the
row effects and for the truck effects. The proportion of the total
within experiment variation attributable to each of the effects
averaged over all experiments is shown in Table 6.2.3.1

Table 6.2.3 Coefficients of determination averaged over 20

experiments, by variable, for the column, row and rack within
experiment models, with the ranges in parentheses.

Variables Model
Columm(9 d.f.) Row(5 d.f.) Rack(4 d.£.)

plant height 36.8 16.8 52.8
(15.6 - £3.6) (5.7 - 41.3) (33.2 - 74.2)

leaf area 34.7 11.9 48.1
(14.1 - 57.9) (4.1 - 24.4) (27.6 - 69.3)

petiole length 34.7 12.9 51.8
( 9.4 - 54.1) (3.7 - 39.0) (31.0 - 72.8)

fresh weight 28.0 15.2 46.6
(11.6 = 47.7) (3.3 - 32.0) (23.5 - 68.4)

dry weight 27.2 13.1 41.6
( 9.5 - 50.0) (3.4 - 27.2) (27.8 - 61.9)

The results showed that the within experiment variation
attributable to each of the effects is 27 to 37 percent for the

column effects, 12 to 17 percent for the row effects and 42 to 53

1

The coefficients of determination, Rz, are not different for the
two temperature levels. Consequently, the Rz(s) are shown here
averaged over all experiments.
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percent for the rack effects. A comparison of these three models
will be differred until section 6.2.2.6 pertaining to within chamber
designs.

6.2.2.2 Characterization and description of pattern of growth.

Response surface models from the second to the fifth degree with

columns and rows as independent variables are fitted to the square

root of data for all variables, by experiment.l The proportion of

the total within experiment variation attributable to each model,

the coefficient of determination, averaged over all experiments, by
variable, are shown in Table 6.2.4.

Table 6.2.4 Coefficients of determination averaged over all experiments

in the 'C' chambers for the second to the fifth degree response
surface, by variable.

Degree of Variables®
response surface plant leaf petiole fresh dry
height area length weight weight

2nd 43.8 32.4 36.4 29.2 25.6
3rd 55.7 37.6  43.7 34.7 30.7
4th 64.3 48.3 52.7 45.7 41.8
5th 68.7 57.0 60.5 54.8 51.1

* . . X
Note: Square root transformation applied to all variables.

The results show differences in the additional contribution

to the sum of squares for the various models for variable plant height

1

Rows were assigned values from 1 to 8, to take into account the two
gaps between rows 2 and 3 and rows 4 and 5, which could be occupied
with a row of plants at each gap.
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and the remaining variables. With plant height, there was a gain of
11.9 percent from the second to the third degree, a gain of 8.6
percent from the third to fourth degree and a gain of 4.4 percent from
the fourth to the fifth degree, showing a continued decline at every
stage. In the other variables, the gain in information from the
second to the third degree was about 5.8 percent, the gain from the
third to the fourth degree was about 10.5 percent and the gain from the
fourth to the fifth degree was about 8.7 percent. This would indicate
that a fourth degree response surface model may be sufficient in the
case of plant height data while a fifth degree response surface model
may be better than a fourth for the remaining variables. As there
were only six rows in each experiment, a fifth degree model would
give complete accountability of the row effects. Thus, fourth degree
response surface models are used to characterize the within exéeriment
patterns in the 'C' chambers to avoid fitting models giving complete
accountability of the row effects.l Variables plant height and dry
weight are chosen to illustrate the within experiment growth patterns
in the 'C' chambers (Figures 6.2.1 and 6.2.2 respectively).

The fitted contours within each of the figures are
arranged by temperature and chambers for ease of comparison across
chambers and temperatures. Although there seems to be a lack of

any consistent pattern in all experiments, a closer examination of

1

Counts were also made on the additional terms in the regression model
from a lower to the next higher degree response surface model over all
variables and experiments which were significantly different from zero
at probability less than .05. The percentage of terms which were
significant from the second to the third, the third to the fourth and
the fourth to the fifth were 13, 14 and 7 respectively.



Figure 6.2.1 Contours of individual experiment, arranged by
temperature and chamber, of a fourth degree response surface with
the square root of plant height.

Explanatory note: Trial identification is shown on the top left
corner in each diagram. Alternate contour intervals of 0.5
unit on the square root scale, are designated by letters arranged
in ascending order as follows:

3.5 < A < 4.0

19.5 < Q < 20.0

The bold-face letters P and V on each diagram show locations
of peaks and valleys in the contour surface.
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Figure 6.2.1 (continued).
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Figure 6.2.2 Contours of individual experiment, arranged by
temperature and chamber, of a fourth degree response surface with
the square root of dry weight.

Explanatory note: Trial identification is shown on the top left
corner in each diagram. Alternate contour intervals of 0.2 unit
on the square root scale, are designated by letters arranged in
ascending order as follows: :

4.8 < A < 5.0

10.0 < N < 10.2

The bold-face letters P and V on each diagram show locations
of peaks and valleys in the contour surface.
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Figure 6.2.2 (continued).
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the diagrams in Figure 6.2.1 shows a clear and fairly strong tendency
for the spread of the taller plants towards and across the rear of the
chamber in most experiments with the low spot usually near the door or
across the right hand corner near the door. For dry weight (Figure
6.2.2), the pattern of consistency was not as clear as for plant height.
However, the low spots tend to be near the right side of the door.

The location of the peaks within chambers varied but seems to be at the
left side of the chamber and towards the rear. With some exceptions
in C9 in trial 2, C8 in trial 3 and C3 in trials 1 and 4, there was
some recognizable consistency between the two variables.

There was some concern that the response surface models may
be overly refined, with only sixty observations from each experiment,
with the peaks (or valleys) in the fitted surfaces being determined,
at least in some cases, by a few plants. Plots of the observations
for the two variables show recognizable consistencies between the
observed and fitted data. Thus, the response surface models are not
overly refined.

6.2.2.3 Consistency of pattern of growth. In the preceeding

section the growth patterns for experiments in the 'C' chambers with
plant height data from illustrations, show a fair degree of consistency
over all experiments at the two temperature levels. In this section
the consistency of pattern is further examined, firstly, by computing
correlations by position over all possible pairwise combinations of
experiments by variable and, secondly, by the analyses of variance to
test the average position effects, as determined by racks, and the

interaction effects of racks by experiment. The correlations are
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divided into groups between experiments within each temperature
levels (two groups) and between experiments in different temperature
levels. The results show that for all three groups, only the
correlations for plant height are consistently positive and significant
in most cases. Table 6.2.5 summarizes the range of correlations for
plant height and for the other variables, as a group, over all pairwise
combinations of trials and all pairwise combinations of chambers.
With the exception of the correlations of experiments in chamber C15
in trials 1 and 3, experiments in chamber Cl2 in trial 1 and
experiments in chamber C3 in trials 1 and 2, the positive correlations
varied from .11 to .74, most are significantly different from zero,
indicating some similarity in growth pattern for plant height over all
experiments.

Comparisons of the diagonal elements (intrachamber
correlations) with the off-diagonal elements (interchamber correlationms)
-4n Table 6.2.5 show that the correlations between trials within
chambers for variable plant height are similar to the correlations
between trials across chambers in the same variable, indicating that
the interchamber correlations are approximately of the same degree as
the intrachamber correlationms. For the remaining variables, the lower
ranges of correlations are almost always negative, although the average
correlations are positive. These positive average correlations may
suggest some consistency in the within experiment patterns for these
remaining variables over all experiments but of a lower degree of

consistency than for plant height.
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The combined analyses of variance assume a split plot
design, with experiments in the main plot and racks (positions)
within experiments in the sub plot. With the main plot factors of
chambers, trials and temperatures treated as cross classified factors,
the data are uﬁbalanced. Partial sum of squares are computed such
that the main effects are adjusted for other main effects, the
two~factor interactions are adjusted for all main effects plus other
two-factor interactions and ;he three-factor interactions are adjusted
for all effects in the model. The results of the analyses for each
variable are shown in Table 6.2.6.

For the analyses of variance, the significance of
positions within chambers, as measured by the rack effects, and the
consistency of position.effects, as measured by the various
interactions with racks, are of interest. The approximate F-test
of the average rack effects is made by synthesis, with the rack mean
squares plus the chamber x trial x rack mean squares as the numerator
and the chamber x rack mean squares plus trial x rack mean squares as
the denominator in the F-test. Rack effects were significant in all
variables, with an F-ratio of 10.4 for plant height and F-ratios of
4.3 to 5.6 for the other variables, indicating a significant within
experiment consistency for plant height over all experiments and to
a smaller degree, a significant within experiment consistency for

the other variables over all experiments.
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6.2.2.4 Light effects. Preliminary data on light taken at

trial 4 for all chambers are used to determine whether there was an
association of light with plant growth within chambers. Table 6.2.7
gives the minimum and maximum light readings taken within chambers

and the light, as rated, for each chamber.
Table 6.2.7 Ranges of light readings by chamber and readings as rated.

Light( x 103 1lux )
Chamber As measured As rated

C3 24 - 29 31
C8 23 - 31 30
c9 27 - 32 31
C12 27 - 33 29
Cl5 23 - 29 31

Correlations, by position (rack), of light readings across
chambers show high correlagions among four chambers C3, C8, Cl2 and
Cl15, with r > .92, and correlations of chamber C9 and the other
chambers from .45 to .69. These results indicate a consistency of
light patterns within chambers over four chambers.

Correlations by position (rack) between light readings and
the five variables over all trials in each chamber show most
correlations not significantly different from zero, with values from
~.78 to .68. A count over all variables and experiments show 77 out
of the 100 negétive, with all correlations (20) of light and plant
height, negative. These results indicate a negative association of

light with plant height and possibly, negative association of light
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with the other variables. However, this is not to be interpreted
as a 'cause-and-effect' relationship between light and the other
variables.

6.2.2.5 Use of prior information as a covariate. Prior

information on plant performance within experiment can be used as a
covariate for subsequent experiments. The usefulness of prior
information will depend on whether the position effects persist over
time. To test this, data from ten experiments in trials 1 and 2 are
used. The square root of each variable is pooled over the ten
experiments by position and fourth degree response surfaces are fitted.
The predicted values for plant height, leaf area, petiole length,

fresh weight and dry weight data are referred to as covariates YH’

YA, YP’ YFW’ and YDw respectively. Corre;ations are high among
YA’ YFW and YDW’ with correlations greater than .90. The
remaining correlations are from .37 to .84. This seem to suggest
that two covariates, combining any of these three ?A, QFW and QDW

with either Y or Y

P g may be more effective than a single covariate

for control of the within experiment wvariation in later trials.
Coefficients of determination computed from data in trials

3 and 4 using the covariates show that QA is best among all covariates

with an average of 22.7 percent accountability in the within experiment

error variance in all measured variables and over all experiments. The

covariate, §H’ is the most effective covariate for plant height data,

with a 34.2 percent accountability of the within experiment variation

~

in plant height. However, YP was a better predictor than §H over
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all measured variables and experiments, with an average coefficient

of determination of 23 percent. The two predictors, QA plus QP

jointly account for an average of 29.6 percent of the within experiment
variation in all variables over all experiments.

Thus, the use of two covariates in a within experiment
design with blocking is explored to determine the efficacy of these
covariates (singly or jointly) for control of the within experiment
error variance. Five models were compared: (a) a model using rack

(c) a

position effects, (b) a model using rack position plus ?P,
model using both column and row effects, (d) the latter plus ?P and

(e) a model using column and row effect plus §A and fP’ The

coefficients of determination, averaged over ten experiments are

shown in Table 6.2.8.

Table 6.2.8 Coefficients of determination, averaged over 10
experiments in trials 3 and 4, by variable, for within experiment
designs with blocking and the use of covariates.

Model Df Variables
Blocking Covariates”™ plant leaf petiole fresh  dry
height area length weight weight

by racks none 14  58.9 53.2 53.9 51.4 44.4
by racks YP 15 62.4 55.7 56.3 53.4 46.7
by columns

and rows none 14 55.5 53.3 53.1 50.3 45.9
by columns .

and rows YP- 15 63.9 56.2 56.3 54.2 49.3
by columns

and rows T, + ?P 16 65.7 57.2 57.0 55.0 50.0

Note: * Covariates ?A and Yp are predicted values computed from
trials 1 and 2.
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The largest gain in information of 8.4 percent from the use
of prior information in conjunction with blocking occurs when QP is
used in the columﬁs and rows model for plant height data. In all
other cases, marginal gains in information of less than 3 percent are
obtained from the use of prior information with blocking. A
comparison between blocking by racks and by columns and/or rows is

deferred until the next section.

6.2.2.6 Within chamber designs. Several within experiment designs

with blocking are compared to the completely random design to determine
the efficacy of blocking within experiments. Comparisons are also made
between the use of square blocks of four plants using rack effects
model and the use of rectangular blocks of ten plants using the row
effects model or blocks of six plants using the column effects model.
It was shown in ;ection 6.2.1.1, page 106, that the within experiment
error variances in original units of measurements were different for
the two temperature levels. However, the within experiment error
variances for the two temperature levels with the square root
transformation are similar in four variables except for plant height,
where the within experiment error variances between the two temperature
levels differred by a factor of two. Thus, the within experiment

error variances for the different models are made using the square

root transformation on all variables, by pooling over the two
temperature levels. The computations follow those given in

Table 4.2.10, page 42, for the 'A' chambers with 'racks' in place of

'trucks'. The results (Table 6.2.9) showed that compact blocks within
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experiments are as effective as blocking by columns plus rows.
Blocking by rows alone is not as effective as blocking by columms.
Blocking by racks show a reduction of 24 to 47 percent of the within
experiment error variances in all variables over all experiments.
Table 6.2.9 Estimates of the within experiment error variance from

20 experiments for the completely random design (CRD), the
randomized block design (RCB) and the two-way blocking design (LS).

' Variables™
plant leaf petiole fresh dry
Within chamber design height area length weight weight

CRD 1.09 1.12 .22 2.35 .29
RCB 1) racks as blocks .58 .74 .13 1.65 .22
2) columns as blocks .82 .85 .17 2.01 .25
3) rows as blocks .97 1.08 .21 2.13 .27

LS .64 .76 .15 171 .23

* X . .
Note: Square root transformation applied to all variables.

6.2.3 Between experiment variation with 20 day old plants.

6.2.3.1 Between chamber designs. Variation among the 20

experiments form the basis of this study comparing three between
chamber designs (the whole plot designs), the completely random (CRD),
the randomized block(RCB) and the design employing a two-way blocking
by trials and chambers (LS). Table 6.2.10 shows the computational
procedures used in estimating the error mean squares for the three
designs from the experiments in the 'C' chambers with two temperature

levels.
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Table 6.2.10 Computational procedures for the between experiment
error variance in the completely random design, randomized block
design and the two-way blocking design from experiments in the.
'C' chambers with two temperature levels.

Design Between experiment error variance
CRD experiments within temperatures
RCB 1) trials as blocks chambers in trials in temperatures
2) chambers as blocks trials in chambers in temperatures
LS chambers x trials interaction

(adjusted for average trial and
chamber effects in temperatures)

Note: An experiment refers to a chamber-trial combination.

The results (Table 6.2.11) show fhat the between
experiment estimates of error variance with a design using chambers
as blocks are not different from the estimates of error variance in
the CRD. Hence, the variation from trial ,to trial for a given
chamber is as great as the variation over both chambers and trials.
Blocking by trials, however, show gains in information in all
variables over the CRD of 60 percent in the error variances for leaf
area and fresh weight and about 22 percent for the other variables.

The estimates of experimental error for the two-way
blocking (LS) show gains in information from 88 to 96 percent over
the CRD for leaf area, petiole length, fresh weight and dry weight
data and a gain of 30 percent in information over the CRD for plant
height data. Accepting these estimates at face value, they clearly
indicate a strong advantage in the two-way blocking by both trials

and chambers. However, because of the limited degrees of freedom
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Table 6.2.11 Estimates of the between experiment error variance for
whole plots from 20 experiments in the completely random design(CRD),
the randomized block design (RCB) and the two-way blocking design(LS).

Design Variables*
plant leaf petiole fresh ' dry
height area length weight weight

CRD 33.16 33.13 14.23 96.54 9.62
RCB 1) trials as blocks 27.86 14.98 10.56 31.90 7.36

2) chambers as blocks 37.46  41.46 12.76 134.26 9.76
LS 23.06 1.56 1.71 3.74 0.97

Note: *A11 variables transformed by taking the square root prior to
analyses.

for the estimation of the experimental error variances, the results
should be viewed with some reservatiomns. It is likely that the
two~way blocking is not as efficient as the estimates may suggest.

6.2.3.2 Relative sizes of the between to the within experiment

error mean squares. The relative size of the between to the within

experiment error mean squares from this uniformity study would provide
some indication on the magnitude of bias in the 'C' chambers

resulting from the erroneous use of any within experiment error mean
square in place of the proper between experiment error mean square.

As a comparison, two between chamber designs, the completely random
design (CRD) and the two-way blocking design (LS) for the whole plot
are selected. These are combined with two within chamber designs,
the completely random design and the randomized block design with
racks as blocks. The relative sizes of the between to the within

experiment error mean squares (Table 6.2.12) are from 30 to 65 times
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Table 6.2.12 Relative sizes of the between to the within experiment
error mean squares, assuming a completely random (CRD) and a two-way
blocking by trials and by chambers (LS) chamber designs and two
within chamber designs, the completely random design and the
randomized block design (with racks as blocks).

Design Variables*
Between  Within plant leaf petiole fresh dry
chamber  chamber height area length weight weight

CRD CRD 30.5 29.7 64.9 41.3 32.7
CRD RCB 48.1 44,6 81.5 59.4 43.6
LS CRD 21.1 1.4 7.8 1.6 3.3
LS RCB 39.8 2.1 13.2 2.3 4.4

%
Note: Square root transformation applied to all variables.

with a completely random between chamber design. Estimates of the
relative size of the two error terms are smaller than those above-
using the between chamber design, LS. ﬁowever, this result is to
be taken with caution for the same reason as given in the preceeding

section.



132

6.3 Discussion and Conclusions

The variation within experiments in the 'C' chambers was
patterned, with some consistency for variable plant height, over all
chambers, trials and temperature levels. Plants were generally
taller on the left-side of the chamber near the aspirator, the height
decreasing as the plants were further away from the left-side.

Plants nearer the door were shorter. For the remaining variables,

the pattern was less consistent than for plant height, but there was
generally better growth on the left-side of the chamber with poorer

growth near the door.

A significant proportion of the within experiment error
variances can be controlled by blocking, with compact blocks.
Blocking by racks of four plants reduced the within experiment
variation by about one-half. The use of prior information as a
covariate in a model containing the rack effects is no better than
a model containing the rack effects only. |

Preliminary data on light within chambers indicate a
possible negative association of light with all variables particularly
with plant height.

A between chamber experimental design with blocking by
trial gave reductions of the experimental error variance in all
variables from 20 to 60 percent over the CRD. A design with
blocking over chambers did not give a significant gain in information
over the CRD. A two-way blocking design by trials and by chambers

appeared to be particularly efficient in its accountability of the
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between experiment error variances. While the estimates of the
reduction of the experimental error variance exceeded 88 percent for
four variables, these estimates should be taken with some reservations
as they are estimated with only four degrees of freedom. However,
the use of a two-way blocking design in the 'C' chambers is not to be
ruled out. i

Relative sizes of two experimental errors for whole plots
and sub plots may be as high as 80. Hence any within experiment error
variance used in place of a between experiment error variance will be
an underestimate.

Correlations among variables within experiments in the
'A', 'B' and 'C' chambers show a common pattern of relationship among
the variables. Leaf area, fresh weight and dry weight have higher
correlations with each other while plant height and petiole length
have lower correlations with the latter.

The means for four variables leaf area, petiole length,
fresh weight and dry weight (22/18 temperature) of experiments for
each chamber type were lower in the 'C' chambers than the means for
the same variables in the 'A' and the 'B' chambers. The means for
these four variables in the 'C' chambers were 16 percent lower than
the means in the 'A' chambers and 33 percent lower than the means in
the 'B' chambers. The mean for plant height in the 'C' chambers
was 28 percent higher than the mean for plant height in the 'A’

chambers and 20 percent lower than the mean in the 'B' chambers.
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The pooled within chamber error variances in the 'C'

chambers in variables leaf area, petiole length, fresh weight and dry
weight, in the original units of measurements was 10 to 50 percent
lower than the 'A' studies and was from 50 to 80 percent lower than
the 'B' studies, at 22/18 temperature. The pooled within chamber
error variance for plant height in the 'C' chambers was 80 percent
higher than the 'A' chambers and 40 percent lower than the 'B'
chambers. As the chamber size increases from C to A, it is
expected that variability among plants within chambers would also
increase. Excepting plant height, the pooled within chamber
estimates of error variance in the other variables for the square
root transformation show that the error variances are similar for
the 'A' and 'C' chambers and béth are lower than the 'B' chambers.
Thus, for experiments where it is considered necessary to combine
data from different chamber types for a wider inference, this
non-homogeneity of the within chamber variances across chamber types,

even with the square root transformation, should not be overlooked.
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7 GENERAL CONSIDERATIONS FOR EXPERIMENTS IN PHYTOTRONS

Uniformity studies at the North Carolina State University
Phytotron in several chamber types and repeated over time and chambers
(experiments) have clearly shown that there.was considerable variation
in the within chamber growth of soybeans at 20 days. Further, this
variation in plant growth within chambers was highly patterned (that
is, it is not random) and there was a reasonably high degree of
consistency of this pattern for a given chamber type over all
experiments. This variation can be controlled to a significant degree
by the use of appropriate within chamber experimental designs. The
use of compact blocks in a within chamber design using blocks was
worthwhile in all classes of chambers studied. A convenient unit of
block for the 'A' and 'B' walk;in chambers is a truck, which will take
sixteen pots (experimental units) of 1ll.4cm diameter. In the 'C'
reach~in chambers, a rack is a suitable unit of block which will take
four pots of 1l.4cm diameter. The experimental design within chambers
with blocking was more efficient than a completely random design.
The value of blocking within chambers in the control of the within
experiment error variances with 20 day old soybeans is obvious and does
suggest that blocking within chambers would likely be of wvalue for
other plant species.

The tendency for the pattern of variation within experiments
to show consistency over chambers and trials raises the possibility of

obtaining some control of the within experiment variation using prior
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information to adjust for the position effects within chambers. In
these studies, this idea was tested by using information from the early
trials to develop predictors of plant response for the later trials.
The use of these predictors as covariates to adjust for the position
effects was effective in most cases, particularly in the absence of
blocking within chambers and thus warrants further consideration.

Data should be accumulated on the nature of response pattern in each
chamber, the degree to which they continue to persist over time and
over chambers and the extent to which these patterns can be generalized
to different species and stages of plant growth.

In the studies with the walk-in chambers, there was some
indication from preliminary data that temperature and/or light readings
within chambers was associated with the within chamber growth pattern.
It would be advantageous for temperature and light measurements to be
taken in each study for use as covariates within chambers. Also,
consistencies in the light and temperature patterns within experiments
can be checked periodically and any deviation from a 'common' pattern
over time can be used to detect faulty controls.

Leaving aisles along the side wall or treating plants at
the edges of the chamber as guard plants has been cited, due to poorer
plant growth and/or higher variability at the edges compared to other
positions within chambers. The results with the 'A' chambers of
nine square meters growing area showed that variation in growth among
plants within four trucks located at the two sides of the chambers

was small than variation within four trucks located approximately at
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the center of the chambers. Thus, it is not necessary to leave the
space along the side walls empty and the whole chamber can be used
for experiments. Maximum use of space will bring down the cost of
experimentation per unit area.

The idea of rotating trucks systemmatically over several
positions within chambers in the course of an experiment to minimize
the within chamber experimental error has been suggested. While
such an idea is worth considering, the management of such experiments
is certainly less practical and more complex than would an experiment
without rotation. Absolute uniformity of experimental material is
unnecessary so long as the experimental design and/or other statistical
controls are effective (which is so from these uniformity studies)
in controlling the experimental error.

In experiments where treatment factors require a chamber
and treatment effects are of interest, replication of treatments over
time and/or space (that is, in other chambers) is necessary to
provide a valid estimate of the experimental error. The use of any
within chamber estimate of the experimental error is not only
erroneous but will underestimate the valid experimental error by as
much as 300 times.

Among the many proposals for experimental designs on whole
chamber treatments are the use of response surface type designs and
factorial replication to reduce the number of combinations of
treatments combined factorially. However, the use of such designs

will still require a large proportion of the total chambers in any
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phytotron. Lang (1963) proposed that one method of increasing the
'capacity' of a phytotron was by moving plants between a number of
chambers set to provide certain standard conditions. Although no
data were provided, he reported that experiments in Australia and
California showed no differences in behaviour of plants kept
stationary and those moved daily to different chambers set under
identical conditions. The uniformity studies at N.C.S.U. in all
chamber types show a very significant chamber by trial effects.

Hence, a few chambers set to provide standard conditions and
repeatedly used without change in all replications (that is, with no
rerandomization) yields an experiment in which the chamber and
treatment effects are completely confounded. Estimates of the
experimental error would be biased.

Experimental designs for whole chamber treétments employing
blocking over time was generally more effective in reducing the
experimental error variance among whole plots than blocking by
chambers. There is also some indication that a two-way blocking with
trials (time) and chambers would give an additional control of the

experimental error.
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