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ABSTRACT
Lettuce (Lactuca sativa L. cv. Grand Rapids) plants
were grown in nutrient solution in controlled environment
plant growth chambers to characterize both quantitative and
qualitative responses to optimum levels of environmental
parameters.
Maximum yields were obtained at CC^ levels of 800
to 1200 ppm, light intensities ranging from 2500 to 4000
foot candles, and daytime temperatures of 24 or 29 C.

It

was revealed that significant first-order interactions come
into play on the total fresh weight of the marketable
lettuce top.

Response curves reflecting these interactions

of light by CC^, and light by temperature provide a guide
for selection of optimum levels of these variables for
growth maximization of lettuce.

Increased yields induced

by increased CC^ in the plant environment are identically
achieved by either continuous CC^ enrichment or enrichment
only during the daylight hours.

Further, it was found that

at previously determined optimum CC^ levels of 1200 ppm,
lettuce growth is decreased when relative humidity is
lowered to a level of 35-40%.

This growth reduction is

accompanied by a concurrent increase in transpiration
ratio.
x

xi

Qualitative studies showed increased plant material
produced under optimum growth conditions did not differ nu
tritionally from plants grown under normal levels.

No dif

ferences were found in chloroplast pigment content, mineral
content, protein content, or in carbohydrate content on a
weight basis.

Sequential harvests did reveal, however, that

there is an accumulation of carbohydrate under high CO^ con
ditions prior to a typical increased growth rate as the
plants reach maturity.

INTRODUCTION
Plant growth and development is greatly influenced
by environmental factors.

For this reason growth conditions

have long been specified for commercial crops.

The major

external variables influencing plant growth are light,
water, temperature, soil nutrients, and the composition of
the atmosphere, particularly carbon dioxide concentration.
Through experience and experimentation, recommendations re
garding the optimum levels of these factors for crop growth
are proposed.
The use of recommended cultural practices has led to
the successful production of crops under field conditions.
Although it may not be possible to directly control all of
the natural environmental variables in the field, it is pos
sible, in many cases, to control the influence of these
variables on a crop through recommended cultural procedures.
Water availability may be controlled through irrigation,
nutrients supplemented through fertilization, and external
variable influences such as temperature, light intensity,
and photoperiod may be regulated through selection of plant
ing date as well as by the geographical location selected
for the growth of the crop.

Field production of crops, how

ever, still remains a victim of the capriciousness of
nature.
1
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To circumvent the uncontrollable variables encoun
tered in the field, crops are increasingly being grown in
controlled environment structures.

During the past few

years the ability to control temperature, light intensity,
humidity, air movement, and carbon dioxide content of the
air in greenhouses has been achieved.

However, such con

trol brings with it increased production costs, thereby
making it mandatory to obtain high yields from the crops
grown in controlled environment greenhouses.

REVIEW OF LITERATURE
General
Revelle (1974, p. 1135) stated "The modernization of
agriculture depends on continuing agricultural research...,
and in the long run to increase the efficiency of photosynthetic conversion of solar energy to food energy, proteins,
and other nutrients that are acceptable components of human
diets."

Food supply still represents one of the basic

problems of the world, and the availability of calories is
one of the first limiting problems in world nutrition
(Johnson, 1972).
Plant growth and development is related directly to
photosynthesis.

In most plants, photosynthesis results in

the utilization of carbon dioxide and water and the produc
tion of carbohydrate and oxygen gas.

The overall equation

for photosynthesis (Calvin, 1962) may be expressed as:
Light
C09 + H90
1

z

(CH90)
1

Chlorophyll

n

+ 07
L

Light
Plants typically show a wide range of light inten
sities over which photosynthesis is linear and may also
differ as well in the light intensity at which
3
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photosynthesis becomes saturated.

Algae, including

Chlorella, Euglena, and Ochromonas become saturated at light
intensities of 100 foot-candles (ft-c) or less (Gaffron,
1960).

Milner and Hiesey (1964) showed a light saturation

point of 2500 ft-c for Mimulus cardinalis.

Moss, Musgrave,

and Lemon (1961), investigating the effects of light on
corn under field conditions, reported net absorption of CC^
was very highly correlated with the intensity of the solar
radiation and showed that light saturation had not been
achieved at the maximum reported intensity of 6000 ft-c.
Net photosynthesis of grass leaves (11 species) approached
light saturation at 10,000 ft-c, but the light saturation
point for legumes (9 species) was 4,000 to 5,000 ft-c
(Ludlow and Wilson, 1971a).

Helmuth (1971) has found light

curves for dwarf pea plants to follow the general pattern of
light curves, linear up to the saturation intensity and a
horizontal part at higher intensities.

Wittwer, Honma, and

Robb (1964) report light saturation levels for most varie
ties of lettuce grown under greenhouse environments to lie
between 1000 to 1200 ft-c.
Sugar cane exhibited both an increased photosynthetic rate and increased number of stomata per unit area with
increasing light (Irvine, 1971).

Knecht and O'Leary (1972)

found that leaf area of Phaseolus vulgaris L. was inversely
proportional to light intensity.

Despite this influence of

light on leaf area, the total stomate number per leaf

remained constant.

Reporting on the influence of light in

tensity on the growth of Chrysanthemum morifolium, Hughes
and Cockshull (1972) showed that final weight was increased
by light over the range of 125 to 375 J cm

-2

day

-1

while

leaf area was reduced by increasing light intensity.
Carbon Dioxide
It is generally suggested that CC>2 is considered to
be the limiting factor in photosynthesis (Meyer, Anderson,
and Bohning, 1960) and papers first appeared on the subject
in the early 1900's.

Farmer and Chandler (1902) reported

on the influence of excess CC>2 on the form and internal
structure of plants and stated that the internal tissue of
leaves was not materially altered, but leaf area was reduced
under high CO^.

Increased yields of several crops were

found when the plants were grown in a CC^ enriched environ
ment (Cummings and Jones, 1918) and work has continued in
the area of CC^ enrichment until the present.
Allen (1971) recorded variations in CC>2 concentra
tion over an agricultural field and reported diurnal differ
ences in concentration, during the summer months, in excess
of 100 ppm.

Using a soil-plant-atmosphere computer simula

tion model, Allen, Jensen, and Lemon (1971) concluded that
CC>2 enrichment under natural field conditions would be very
inefficient because of the loss of CC^ to the atmosphere.

6

Carbon dioxide enrichment in greenhouses, however,
has been studied and practiced for several years (ICretchman
and Howlett, 1970; Pallas, 1970).

Holly (1970) discussed

increased growth with chrysanthemum, rose, carnation, and
pointsettia.

Zieslin and Halevy (1972) reported that CC^

enrichment accelerated the rate of development of flowers of
'Baccara' roses.

The response of greenhouse vegetable crops

to CC>2 enrichment has been steadily reported during the past
decade.

Significant increases in yield and quality of

greenhouse tomatoes has been reported by Wittwer and Robb
(1963).

Wittwer and Robb (1964) also reported increased

yields with lettuce and cucumbers grown in CC^ enriched
greenhouses.

Increased growth and yield of lettuce and cu

cumbers was also reported by Enoch, Rylski, and Samish
(1970) as well as increased yields of sweet pepper when
grown in above ambient CC^ levels.

Continued work with

tomatoes (Hurd, 1968) indicated that CC^ enrichment did not
increase the number of tomato flower primordia, but hastened
flowering and fruiting by a few days.

Hand and Soffe

(1971), however, found that CC^ enrichment increased the
yield of marketable tomato fruit and Hand and Postlethwaite
(1971) reported that high CC>2 conditions promoted earlier
cropping and a shorter duration of harvest with single truss
tomatoes.

Additionally, both increased fruit number and

greater fruit weight has been found for tomato at CO^ levels
of 800 and 1200 ppm (Knecht and O'Leary, 1974).

7

Temperature
Extreme plant temperatures of either near freezing
or those which cause heat damage may inhibit growth (Edling
et al., 1971).

Since photosynthesis is a temperature de

pendent biochemical reaction, an optimum growth temperature
has been shown to exist for most plants (Gates, 1965).

How

ever, the temperature range over which plants can carry on
photosynthesis is not restricted.

Temperatures as high as

70 C do not inhibit photosynthesis in certain bacteria and
blue-green algae, nor do temperatures as low as -6 C appear
to cause cessation of photosynthesis in certain conifers
(Salisbury and Ross, 1969).

However, the optimum tempera

tures for photosynthetic activity of temperate plants
generally lies within the range of 20 to 30 C.
Drake, Raschke, and Salisbury (1970) investigated
the influence of air temperature on the diffusion resis
tances of Xanthium leaves and found that transpiration de
creased with increasing leaf temperature, and they suggested
that an important effect on net exchange of CO^ way result
from increased temperature.

Soybean plants grown in con

trolled environment chambers grew more rapidly under a mean
temperature of 25.0 C compared to 17.5 C, 16.3 C, or 14.5 C
(Ballantine and Forde, 1970).

Kriedemann and Smart (1971)

reported a temperature optimum for photosynthesis of Vitis
vinifera L. leaves near 30 C with a steady decline in vine
leaf photosynthesis as leaf temperature rose above 33 C.

8

In a study of temperature effects on photosynthesis and
respiration of French beans, Austin and MacLean (1972) in
vestigated 3 temperature regimes, 12.5/15, 12.5/20, and
20/20 (night/day temperature, C) at a light intensity of
118 W m

- 2

warm white fluorescent supplemented with 28 W m

-2

incandescent light and found lower relative growth rates at
the 12.5/15 and 12.5/20 than at the 20/20 temperature re
gime.

They attributed this response to an impaired capacity

of the leaves for photosynthesis and to reduced incidence of
radiant energy due to a strong inclination of the leaves
from the horizontal under the lower temperatures addition
ally reducing photosynthesis.
Temperature is a most important uncontrolled vari
able for irrigated crops grown under conditions of nonlimiting light (Haun et al., 1972).

Temperature of field

crops may be controlled, however, by selecting the geograph
ical location for growing the crop and also by selecting
the planting date of the crop in order to best utilize the
natural temperature conditions.

Madariaga and Knott (1951)

were able to relate lettuce heading to temperature summa
tions based on planting dates in the Imperial and Salinas
Valleys of California.

Rappaport and

Wittwer (1956) were

later able to show night temperatures below 65 F promoted
vegetative growth of heads whereas night temperatures above
65 F promoted flowering.

Under regulated temperatures in

greenhouses the optimum conditions for growth of Grand

9

Rapids lettuce have been described as 50-55 F at night and
55-70 F during the day (Wittwer et al., 1964).
Relative Humidity
Went (1957) concluded that relative humidity does
not influence plant growth.

However, subsequent investiga

tions have sometimes proven contradictory to this concept.
Winnenberger (1958) found that plant growth was increased
at near saturation levels of humidity.

Krizelc, Bailey, and

Klueter (1971) also reported that increasing the humidity
from 45% to 65% caused an increase in both fresh and dry
weight of annuals but a humidity increase from 65% to 95%
was not accompanied by increases in plant growth.

No sig

nificant differences were found between pea cultivars grown
at 50% and 90% relative humidity (Nonnecke, Adedipe, and
Ormrod, 1971).

O'Leary and Knecht (1971) found that while

there was no significant effect on the growth and yield of
red kidney bean plants within the range of 35% to 100% rela
tive humidity, the transpiration ratio did decrease with
increasing humidity.

Gale and Hagen (1966) suggested that

the mineral balance of plants may be affected by large re
ductions in transpiration.

However, red kidney bean plants

grown at relative humidity levels of 35-40%, 70-75% or
95-100% showed no significant difference in either total
salt content or ^Ca content despite a significant reduction
in water consumption at the higher relative humidities

(O'Leary and Knecht, 1972).

O'Leary (1975, p. 274) con

cludes that "considering all of the beneficial and harmful
effects of high vs low atmospheric humidity, it seems clear
that the desirable situation for crop growth is to have a
reasonably high humidity."
Interactions
Gaastra (1959) said that the determination of the
absolute maximum photosynthetic rate required consideration
of the effects of light, temperature, and CO2 concentration.
Further (Gaastra, 1959), several factors are interrelated,
so that the influence of the factor under study may be ob
scured.

Wittwer and Robb (1964) recognized that several

factors in addition to CO^ may be limiting to photosynthesis
and may simultaneously and independently affect the rate of
CC>2 fixation.
Studies of the interrelationships between light
intensity and temperature have been reported (Bate and
Canvin, 1971; Ludlow and Wilson, 1971b; Rajan, Betteridge,
and Blaclcman, 1971; Hardh and Hardh, 1972).

Ludlow and

Wilson (1971b) working with tropical pasture plants showed
growth temperature influenced the slope of the light re
sponse curves.

Interactions of light intensity and CC^ con

centrations have also been reported (Hopen and Ries, 1962;
Brun and Cooper, 1967; Wuenscher and Kozlowski, 1970).
Hopen and Ries (1962) concluded that CC^ and light are

compensative factors in the growth of cucumbers.

It was

found that cucumber plants grown at 2150 ppm CC^ and 1000
ft-c radiant energy were as large as those grown with 500
ppm CO2 and 1400 ft-c of light.

With plants of two varie

ties of soybean, photosynthesis became saturated at higher
CO2 concentrations as the light intensity was increased
(Brun and Cooper, 1967).

Wuenscher and Kozlowski (1970)

reported possible limitations of CC^ uptake at low light
intensities by tree seedlings.
Early considerations of three-way interactions in
volving light, CC^, and temperature were made by Gaastra
(1959) under controlled conditions.

He found with single

leaves of tomato plants that as light intensity was in
creased, the influence of increased CC^ levels became much
greater, especially when the temperature was raised.

Hughes

(1972) found the same relationship for total dry weight of
chrysanthemum 'Bright Golden Anne'.

Significant interac

tions are reported for grasses and legumes (Ludlow and
Wilson, 1971a), chrysanthemum (Hughes and Cockshull, 1972),
and dwarf pea (Helmuth, 1971).
ered the

Moss et al. (1961) consid

effect of light, CC^, and temperature on corn un

der field conditions and reported a greater response to CC>2
enrighment at higher light intensities as well as small
increases in photosynthesis as the temperature was
increased.
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Computer models simulating plant growth under vary
ing light intensity, CC^, and temperature have been formu
lated for corn (Duncan and Barfield, 1970) and lettuce
(Soribe and Curry, 1973). Wittwer (1966) reported that the
carbon dioxide supply determines the optimal temperature
and that at ambient CO^ levels of 300 ppm and at light satu
ration, photosynthesis is almost independent of temperature,
but at higher CC^ levels photosynthesis becomes temperature
dependent.
Qualitative Studies
If one is to manipulate the environment to optimize
photosynthesis of plants consideration must also be given
to qualitative differences, whether favorable or unfavor
able.

Brown and Escombe (1902) reported increased starch

content in leaves of certain plant species when subjected to
above ambient CO2 levels.

With experiments of 45 minutes

duration, Smith (1944) found the starch content of sunflower
leaves to increase considerably in CO2 levels of 3 to 7%.
Madsen (1968) working with tomato leaves reported propor
tional increases in starch content with increases in CO^
concentration up to 0.22% beyond which further increase in
CO2 level did not raise the starch- level.

Both glucose and

sucrose levels of tomato leaves were also found to increase
with increases in the CO2 content of the surrounding air up
to 0.15%.

13

High temperature has been shown to reduce yields of
bush snap beans and additionally to induce low sugar and
starch content of the leaves (Mack and Singh, 1969).

They

further reported that the reduced sugar and starch levels
may have been sub-optimal for proper functioning of floral
parts thereby leading to reduced yields.

Shading, to reduce

the incident solar radiation on sugar-beet crops greatly
reduced photosynthate supplied to the roots, but did not
greatly change the sugar content percentage of dry matter
(Watson, Motomatsu, and Loach, 1972).

Reductions in total

soluble proteins in shaded leaves of barley were found,
however, by Blenlcinsop and Dale (1974).
If higher plants are grown in the dark, they fail
to develop chlorophyll and remain yellow or pale green in
color.

Koslci (1950) reported the requirement of light

exposure for the synthesis of chlorophyll in Zea mays.
Shading of barley leaves was shown to reduce not only the
rate of CC^ fixation but also the maximum chlorophyll con
tent of the leaves (Blenkinsop and Dale, 1974).

Photoinhi-

bition, which is a damaging effect, may be caused by
prolonged exposure to bright light.

This involves photo-

oxidations in which cell materials and the chlorophyll
pigment are destroyed (Kok, 1965).
Physiological disorders affecting the quality of
lettuce have been attributed to temperature and light in
tensity.

Air temperatures in excess of 30 C for two or

more consecutive days, 10 to 14 days prior to harvest, have
been shown to be responsible for russet spotting in head
lettuce (Lipton, 1963).

Tibbits and Rao (1968) related

tipburn of lettuce to high light intensities.

Lipton

(1971), however, suggests internal differences in net heat
gain per unit of time to be responsible for the expression
of tipburn in lettuce.

OBJECTIVES
This study was designed to determine the optimum
conditions for maximum growth of Lactuca sativa L. cv.
Grand Rapids lettuce.

This required the investigation of

those factors, both singly and in combination, which are
known to influence photosynthesis and growth of higher
plants, under precisely controlled and monitored conditions.
The experiments were conducted in controlled-environment
plant growth chambers which permitted control of carbon
dioxide concentration, light intensity and duration, air
temperature, and relative humidity.

It also was desired

to determine the qualitative nature of the growth increases
under optimal environmental conditions.

This included ef

fects on the relative amounts of carbohydrates, proteins,
pigments, and minerals.
Finally, surface response curves involving the in
fluence of environmental interactions on the growth of
marketable lettuce tops were proposed to allow the predic
tion of maximum growth attainable through the manipulation
of specific environmental parameters.
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MATERIALS AND METHODS
Plant Material
Lactuca sativa L. cv. Grand Rapids, a leaf lettuce,
was used for all experiments in this investigation.

Seed

were planted and germinated in flats containing vermiculite.
Germination generally occurred 3 days following seeding, and
seedlings were transplanted to 1 liter containers in the
growth chambers after 18 days.

At transplant, only uniform

seedlings with well developed cotyledons and first foliage
leaves were selected.

The flats were flooded with distilled

water to loosen and remove the seedlings from the planting
media with a minimum of root damage.
Controlled Environment Growth Chambers
The experiments were conducted in 3 ISCO Model E-3
plant growth chambers.

The chambers were programmable for

photoperiod, light intensity, temperature, relative humidi
ty, and CO2 concentration of the growth chamber air.
In all experiments photoperiod was set to provide
a cycle of a 12-hr day, 1-hr dusk, 10-hr night, and 1-hr
dawn at the desired light intensities.

The temperature was

also set specifically for these periods as was the relative
humidity level and CC^ concentration as prescribed by the
particular experiment.
16
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Desired light intensity was maintained at the
plant canopy and measured with a Weston Model 756 Illumina
tion Meter.

The light source in each chamber was composed

of 3200 watts of Sylvania Metal-arc lamps (Metal halide
vapor) and 800 watts of incandescent light.

Spectral quali

ty was measured with a spectroradiometer (ISCO Model SR) and
was the same in each chamber.
Control of dry bulb and wet bulb temperatures was by
an electronic control system allowing maintenance of desired
relative humidity levels.

Chamber air was humidified

through evaporation from a free water surface and addition
ally, when 100% relative humidity was employed, from a
Waltham Humidifier.

Dehumidification of the air was accom

plished by condensation on refrigerated coils.

Both wet

and dry bulb temperatures were monitored directly in the
middle of the plant zone, and control settings were made to
provide desired conditions within the crop itself.
Carbon dioxide level was independently maintained
in each chamber by a sequential monitor and injection sys
tem, designed and constructed by personnel of the Environ
mental Research Laboratory, The University of Arizona,
Tucson, and used a Beckman Model IR-215 infrared gas
analyzer.

The CC^ level in each chamber was continuously

recorded on a 12-point recorder (Honeywell Electronik 15).
Environmental grade compressed CC^ provided the source for
CC>2 enrichment of the chamber atmospheres.
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Air flow in the chambers was upward through the
plant zone at a velocity of 15-30 m min * as measured with
a hot wire anemometer (Hastings Air-Meter Model R).

Leaf

temperatures were determined with a Barnes Model PRT-4A
infrared thermometer.
2
The growing area within each chamber was 86 dm .
Each chamber contained 20 1-liter containers permanently
mounted in a movable tray.

The outside of each container

was painted black to inhibit the growth of algae within
them.

The chambers were sealed to the outside, during the

entire course of each experiment, by a clear plexiglass
panel mounted immediately inside the door.

Each plexiglass

panel contained 2 glove ports which provided access to the
plant growth area of the chambers.

Each plant container

within a chamber was fitted with an individual bottom drain
which connected to the outside by polyethylene tubing and
a terminal nylon valve.

Aeration tubes were also inserted

into the drain lines to provide continuous aeration from
the bottom of each container.

Containers were replenished

with nutrient solution through polyethylene supply lines,
connected to an external 50 1 reservoir.

Complete nutrient

drainage and replenishment of each container was therefore
accomplished without opening the chambers to the outside
environment.

Nutrient Solutions
All plants were grown in a one-half strength
Hoagland solution (Hoagland and Arnon, 1938) which was con
tinuously aerated and completely replenished daily.

This

allowed for minimal differences in nutrient supply to the
plants in each treatment and also permitted daily measure
ments of water consumption by each plant.
Plant Measurements
Plant Weight
Fresh weight (FW) of plant parts was measured im
mediately upon harvesting. The plant tops were removed from
the root systems so separate shoot and root measurements
might be made.

Dry weight (DW) determinations were made

after the plant material had been dried in a drying oven
at 80 C for a 24-hr period.
Transpiration Ratio
Transpiration ratios were calculated from the total
water consumption and g DW of each plant according to the
following equation:
Transpiration Ratio = g W^O/g DW of Plant Top

Chlorophyll Analysis
Quantitative analysis of chloroplast pigments was
made immediately after harvesting plants by the method

described by Robbelen (1957).

Weighed samples of 0.5-1.0 g

were homogenized in 100 ml of 85% acetone in a Waring Blen
der at full line voltage for 2 minutes.

The homogenate was

suction filtered through Whatman #1 filter paper in a
Buchner funnel and the filtrate restored to 100 ml volume
with 85% acetone.

Absorption was measured at 663, 664, and

452 nm with a Bausch and Lomb Spectronic 20 spectrophotome
ter.

The following equations were used for calculating

pigment concentrations.
Chlorophyll a mg/1 = 10.3 (OD^^) ~ 0.918 (OD^^)
Chlorophyll b mg/1 =19.7 (OD644) - 3.87 (OD663)
Total Chlorophyll mg/1 - Chi. a mg/1 + Chi. b mg/1
Carotenoid mg/1 = 4.75

" 0.226 (Tot. Chi. mg/1)

Pigment concentrations were then expressed on a FW basis
by the following:

Pigment

mg/g

-

x

0.1 1

Protein Analysis
Protein extraction was made from 5 g samples of
fresh plant tissue ground in a Waring Blender for 2 minutes
with 50 ml of cold 100% acetone.

The acetone was then

separated from the plant protein debris by filtration
through a Buchner funnel with suction on Whatman #1 filter
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paper and the plant protein debris was mixed in a 50 ml
centrifuge tube with 10 ml of 0.8 N NaOH for 15 minutes.
The mixture was then centrifuged at 10,000 rpm in a Sorval
RC2-B refrigerated centrifuge for 15 minutes.

The super

natant was poured off and saved, and the plant-protein pel
let was re-extracted 2 additional times in the same manner
with the supernatant again removed and saved.

The protein

solution was then brought to 30 ml volume and total protein
determinations made spectrophotometrically (Bausch and Lomb
Spectronic 20) using the Folin-C method (Lowry et al.,
1951).

One ml of protein solution was mixed with 6 ml alka

line copper tartrate (0.6 ml of 1% CuSO^-5 I^O, 0.6 ml of
2% Sodium-potassium tartrate, 60.0 ml of 2% NaCO^ in 0.1 N

NaOH) and 0.6 ml of phenol reagent.

Solutions were allowed

to stand 30 minutes, and then absorbance readings were made
at 660 nm.

Protein concentrations were read from standard

curves prepared with Bovine serum albumin.
Carbohydrate Analysis
Carbohydrates were extracted with a strong alkali
method (Hassid and Abraham, 1955).

One gram samples of

fresh plant tissue were ground with 8 ml of 30% KOH for 5
minutes in a mortar in an ice bath.

The homogenate was then

digested by heating in a boiling water bath and then cooled
and centrifuged (Sorval RC2-B) for 20 minutes at 10,000 rpm.
The supernatant (extract) was transferred to a 100 ml
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volumetric flask and the pellet re-extracted with 1% KOH,
and centrifuged 20 minutes at 10,000 rpm.

The supernatant

was added to the 100 ml flask and the volume made up to 100
ml with distilled

Carbohydrate content of the extract

was determined by the Anthrone method (Yemm, 1954).

Two ml

of extract were added to 4 ml of cooled anthrone reagent
(0.1 g anthrone + 50 ml of 951 f^SO^ + 5 ml f^O).

The solu

tion was then heated 5 minutes in a boiling water bath and
allowed to cool.

Absorbance of the solution was read at

652 nm (Bausch and Lomb Spectronic 20), and carbohydrate
concentrations were read from standard curves prepared with
glucose.
Mineral Analysis
Atomic absorption analysis of plant tissues were
used to determine the mineral content for K, Ca, Mg, Na,
Fe, Cu, Zn, and Mn.

The dry ash method of sample prepara

tion as described by Christensen, Beckman, and Bridsall
(1968) was employed.

Samples were first oven dried for 24

hr at 80 C and then ground in a Wiley Mill to pass a 40
mesh screen.

Ground tissue was then placed in tared cru

cibles and ashed at 500 C for 8 hr in a muffle oven.

The

ashed samples were then digested with 5 ml of 15% HNO^ con
taining a lithium carbonate buffer (0.04 g/ml).

Digested

samples were filtered and analyses made with a Jarrell-Ash

Model 82-720 Dial Atom Mark II atomic absorption spectro
photometer.
Quantitative Experiments
Carbon Dioxide, Temperature, Light
To investigate the interactions of CC^, temperature,
and light intensity on growth of Grand Rapids lettuce a
2X3X4 factorial experiment was designed involving the
following parameters:

400, 800, and 1200 ppm CC^; 24, 29 C

temperatures; 1000, 2500, 4000, and 5500 ft-c light inten
sities.

Since only 3 growth chambers were available, it

was necessary to conduct 4 successive runs of the groivth
chambers in order to encompass the 24 treatment combina
tions.

Three CC^ levels, 1 temperature, and 2 light inten

sities were studied per growth chamber run.

Two light

intensities were maintained in each chamber by shading onehalf of the plants in a chamber by placing nylon screen
between the plant tops and light source.

Eight plants per

treatment were grown for 25 days in the growth chambers for
a total of 192 plants.

Upon harvesting both FW and DW

determinations were made for plant tops and roots.
Carbon Dioxide Enrichment Period
Since CC^ levels were maintained constant in the
previous experiment a nested experiment was conducted to
ascertain whether differences might be found between plants
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subjected to CC>2 enrichment only during the daylight hours,
or only during the night periods, and those plants which
were grown under continuous high CC^ levels.

The growth

chambers were programmed for a light intensity of 4000 ft-c
with a 12 hour photoperiod.

The day/night temperatures for

the same periods were 24/21 C respectively, and relative
humidity was maintained at a constant 70-75%.

One chamber

received a constant CC^ level of 1200 ppm for the duration
of the experiment.

A second chamber was maintained at 1200

ppm CO2 for the 12 hr day period and 400 ppm during the al
ternate night period.

The third chamber was maintained at

400 ppm CO2 during the day periods and 1200 ppm CC^ during
the night periods.

Twenty plants per treatment comprised

the sample size and were harvested after 25 days of growth
in the growth chambers.

Measurements included FW and DW

of both the plant tops and roots and transpiration ratios.
Relative Humidity
In order to investigate humidity effects on growth,
plants were grown at 3 humidity levels.

The CO2 concentra

tion, light intensity, and temperature for this experiment
were the optimum levels determined from the previous experi
ments.

Three growth chambers were programmed for a constant

1200 ppm CC^, 1000/4000/1000 ft-c light intensity for a 1-hr
dawn/12-hr day/l-hr duslc/10-hr night photoperiod with re
spective temperatures of 21/24/21/18 C.

The 3 chambers were

maintained at 35-40% RH, 70-75% RH, or 95-100% RH therebyproviding 3 treatments.

Twenty plants were grown per treat

ment, and 2 harvests of 10 plants each were made from each
chamber after 21 and 25 days of growth in the growth cham
bers.

FW and DW determinations were made of both plant

tops and roots at harvest.

Additionally, mineral analyses

were conducted on the tops and roots of those plants har
vested after 21 days growth.
Qualitative Experiments
Carbon Dioxide-Terminal Harvest
Twenty lettuce plants were grown under 400, 800, or
1200 ppm CC>2 in 3 growth chambers set at 1000/4000/1000 ft-c
for a 1-hr dawn/12-hr day/l-hr dusk/10-hr night with accom
panying temperatures of 21/24/21/18 C and RH of 70-75%.
Harvests were made after 25 days of growth in the growth
chambers.

Ten plants from each chamber were used for FW

and DW determinations of both plant tops and roots and for
determination of transpiration ratios.

The remaining 10

from each growth chamber were utilized for chlorophyll,
carbohydrate, protein and mineral analyses.
A second experiment was conducted using CC^ levels
of 400, 1200, and 2000 ppm.

Day light intensities were 3000

ft-c with all other parameters as in the previous experi
ment.

Five plants per treatment were analyzed, after 25
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days of growth in the growth chambers, for FW, DW, protein,
chloroplast pigments, carbohydrate, and mineral status.
Carbon Dioxide-Sequential Harvests
Twenty plants were grown in each of two growth
chambers under a photoperiod of 1000/2500/1000 ft-c, 1-hr
dawn/12-hr day/l-hr dusk/10-hr night with respective tem
peratures of 21/24/21/18 C.
at a RH of 70-75%.

Both chambers were maintained

One chamber received 400 ppm CC^ and

the second chamber received 1200 ppm continuously.

Four

successive harvests of 5 plants per treatment were made
after 10, 15, 20 and 25 days in the growth chambers.

Fresh

weight and carbohydrate measurements were made for both the
plant tops and roots at the time of each harvest.
Statistical Analysis
All data were subjected to variance analysis, and
multiple comparisons, when appropriate, were made using
either Tukey's multiple comparison test or the Test of
Least Significant Difference (Steel and Torrie, 1960).

RESULTS AND DISCUSSION
Quantitative Experiments
Carbon Dioxide, Temperature, Light
Analysis of variance on the FW of lettuce tops re
vealed a significant growth response to CO^ level and light
intensity, as well as first-order interactions of CO2 by
light and light by temperature (Table 1).
second-order interaction.

There was no

Consideration of the significant

single effects of C0£ and light are precluded by the firstorder interactions involving these parameters.

The CO2 x

light interaction reveals the FW growth response to the 3
different CO2 levels varies with the 4 light intensities
under which the plants were grown (Table 2).

At 1000 ft-c

there is a significant increase in growth with each increase
in CO2 level.

At both the 2500 and 4000 ft-c light intensi

ties there is a significant growth increase as CO2 is raised
from 400 to 800 ppm, but no additional growth increase when
CO2 is further increased to 1200 ppm.

At the 5500 ft-c

light intensity there was no significant difference in
growth at 400, 800, or 1200 ppm

This interaction shows

further, that as light intensity is either decreased or in
creased, from the optimum intensity of 2500 ft-c at 400 ppm
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Table 1.

Analysis of variance for fresh weight of lettuce
tops grown under 3 CO2 levels, 4 light intensi
ties and 2 temperatures.

Source of
Variation
Total

Degree of
Freedom

Mean Square

F

191

Temperature

1

326.56

co 2

2

82670.08

T x C02

2

1499.14

Light

3

44122.21

13.18**

T x L

3

18715.50

5.59**

CO 2 x L

6

8099.95

T x CO2 x L

6

2593.56

168

3345.73

Error
A

Statistically significant at 5 % level.
*s%
Statistically significant at 1% level.

24.71**

2.42*
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Table 2.

Fresh weight of lettuce tops grown under 4 light
intensities and 3 CC^ levels.z

Light Intensity
(ft-c)

CO2 Level (ppm)
400

800

1200

g

g

g

1000

50.56a

107.87b

157.27de

2500

131.95cd

175.04e

178.29e

4000

71.44ab

149.79de

176.87e

5500

79.24ab

103.98b

zMean

98.46bc

separation by the test of Least Significant Difference
at the 5% level.
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CC^, maximum yields may be maintained by increasing the CC^
concentration.
The temperature x light interaction indicates that
plant growth response to the 4 light intensities is a func
tion of the temperature (Table 3).

This temperature x light

interaction is due to the difference in the magnitude of the
growth response.

At 24 C growth does not differ signifi

cantly at 1000, 2500, or 4000 ft-c but does drop off sig
nificantly at 5500 ft-c light intensity.

Additional

increases in light intensity to 4000 or 5500 ft-c results,
however, in a growth reduction which does not differ signif
icantly from growth at 1000 ft-c.

This is in agreement with

work of Helmuth (1971) which showed that light saturation
intensities of dwarf pea increased only up to the optimum
temperature for photosynthesis and decreased at still higher
temperatures.

Helmuth (1971) further reported that at leaf

temperatures above 30 C, increasing light intensity sup
pressed light respiration.

This might be expected to reduce

photorespiration thereby accounting for the growth increase
at 29 C of the lettuce plants in this experiment.

Leaf

temperature measurements of plants grown under the 4 light
intensities showed a 1-2 C leaf temperature increase between
the lower and higher light intensities at each air tempera
ture.

However, at the 5500 ft-c light intensity, leaf

temperatures were only 0.5 C above ambient.
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Table 3.

Fresh weight of lettuce tops grown under 4 light
intensities and 2 temperatures.2

Temperature
CCD

zMean

Light Intensity (ft-c)
1000

2500

4000

5500

24

121.46bc

149.93cd

146.94cd

70.05a

29

89.OOab

173.93d

118.42bc

117.77bc

separation by the test of Least Significant Difference
at the 5% level.
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Variance analysis of lettuce top DW (Table 4), root
FW (Table 5), and root DW (Table 6), failed to show a
second-order interaction but did indicate a significant tem
perature x light, first-order interaction for all 3 measure
ments.

Additionally, all 3 measurements showed a

significant response to CO^ level and to light as single
effects, while root FW and DW also showed a response to
temperature.

Consideration of the single effects of light

and temperature are inappropriate for discussion, hoxvever,
because of the significant first-order interaction of light
x temperature.
The CO2 level under which the plants were grown had
a similar effect on top DW, root FW and root DW (Table 7).
As the CC>2 level was increased from 400 to 800 ppm the plant
growth increased significantly.

Further increase in CC^ to

1200 ppm did not, however, cause an additional growth in
crease.

This would indicate that photosynthesis becomes

saturated at 800 ppm CO2 and plant growth is not further en
hanced by additional increases in the level of CC^The temperature x light interaction influenced the
response of top DW, root FW and root DW.

The response to

light varies as the air temperature is changed (Table 8).
At 24 C, there is an increase in top DW and root FW with an
increase in light intensity up to 2500 to 4000 ft-c, but at
5500 ft-c both of these factors are significantly reduced.
At 29 C, top DW and root Fw increases with increased light
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Table 4.

Analysis of variance for dry weight of lettuce
tops grown under 3 CO2 levels, 4 light intensities
and 2 temperatures.

Source of
Variation
Total

Degree of
Freedom

Mean Square

191

Temperature

1

4.1

co 2

2

194.8

T x C02

2

1.1

Light

3

107.1

T x L

3

25.2

CO2 x L

6

1.2

T x CO2 x L

6

1.8

168

6.8

Error

F

A
Statistically significant at 5% level.
*A
Statistically significant at 1% level.

78.65**

15.75**
3.71*
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Table 5.

Analysis of variance for fresh weight of lettuce
roots grown under 3 CO2 levels, 4 light intensi
ties and 2 temperatures.

Source of
Variation
Total

Degree of
Freedom

Mean Square

F

191

Temperature

1

555.9

5.53*

c° 2

2

915.2

9.11**

T x C02

2

43.3

Light

3

1771.2

17.62**

T x L

3

465.2

4.63**

CO2 x L

6

39.3

T x CC>2 x L

6

36.7

168

100.5

Error

Statistically significant at 5% level.
Statistically significant at 1% level.
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Table 6.

Analysis of variance for dry weight of lettuce
roots grown under 3 CC>2 levels, 4 light intensi
ties and 2 temperatures.

Source of
Variation
Total

Degree of
Freedom

Mean Square

F

191

Temperature

1

0.57

co 2

2

1.92

T x C02

2

0.06

Light

3

5.17

23.80**

T x L

3

1.19

5.41**

CO2 x L

6

0.06

T x CO2 x L

6

0.04

168

0.22

Error

Statistically significant at the 1% level.

8.73**
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Table 7.

Top dry weight, root fresh weight and root dry
weight of lettuce plants grown under 400, 800, and
1200 ppm CC^.

CO2 Level (ppm)
Measurement

400

800

g

g

g

4.63a

7.15b

7.98b

Root FWZ

17.03a

22.58b

24.26b

Root DWZ

0.56a

0.80b

0.94b

Top DWZ

zMean

1200

separation, in rows, by the test of Least Significant
Difference at the 5% level.

Table 8.

Top dry weight, root fresh weight, and root dry weight of lettuce plants
grown under 4 light intensities and 2 temperatures.

Measurement

Temperature
C

Light Intensity (ft-c)
1000
g

Top DWZ

Root FWZ

Root DWZ

2

2500

4000

5500

g

O
o

g

24

5.03ab

7.63de

7.57de

5.57bc

29

3.97a

8.33e

6.93cde

6.73cd

24

15.OOab

26.86de

30.83e

19.17bc

29

10.20a

21.23cd

22.16cd

24.80cd

24

0.37a

1.13c

0.97bc

0.80b

29

0.20a

0.80b

0.73b

1.13c

Mean separation, within plant measurements, by the test of Least Significant Differ
ence at the 5% level.
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and does not drop off at 5500 ft-c, but remains signifi
cantly greater than the growth at 1000 ft-c light intensity.
In the case of root DW, increased light causes a signifi
cant increase betxveen 1000 ft-c and either 2500 or 4000 ft-c
light intensity followed by another significant increase as
the light is raised to 5500 ft-c at 29 C.

But, at 24 C

growth does not vary between 2500 and 4000 ft-c or between
4000 and 5500 ft-c light intensity.

These growth measure

ments, therefore, very closely followed the response of the
lettuce top FW and might be expected to be a result of the
same physiological factors.
Carbon Dioxide Enrichment Period
No significant differences were found between those
lettuce plants grown under continuous 1200 ppm CC^ condi
tions and those plants subjected to the 1200 ppm CC^ during
the day period only (Table 9).

They did not differ in FW

or DW of either tops or roots, nor did they differ in their
respective transpiration ratios.

Both of these treatments,

however, resulted in a significantly greater plant growth
compared to those plants grown under 1200 ppm CC^ during the
night and 400 ppm CO2 during the day period.

This differ

ence was consistent for FW and DW of both the plant tops and
roots.

Those plants grown under high night and low day CO2

levels also had a significantly greater transpiration ratio,
being more than twice as high as the transpiration ratio of
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Table 9.

Fresh weight, dry weight, and transpiration ratio
of lettuce plants after 25 days of growth at 3 COenrichment periods of 1200 ppm.

C02 Enrichment Period
Measurement21

24 hr

12 hr day

12 hr night

g

g

g

130.95a

129.43a

41.73b

21.87a

23.33a

10.16b

Top DW

6.57a

7.08a

2.33b

Root DW

0.79a

0.73a

0.23b

ratio

ratio

319.28a

778.34b

Top FW
Root FW

Transpiration
ratio
(g H20/g DW Top)

zMean

ratio
289.15a

separation, within rows, by Tukey's multiple compari
son test at the 1% level.
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plants from the other 2 treatments.

This would indicate

that the water use efficiency of lettuce plants is much
greater under high CO^ conditions, and plants are equally
efficient whether grown under continuous high CC^ levels or
C(>2 levels elevated only during the photosynthetically ac
tive day period.
Additional importance may be extracted from these
results along 2 different lines.

First, under experimental

conditions with CC^ control systems, it is easier to main
tain continuous CC>2 levels whether elevated or not.

Fluc

tuations in the CO^ level require "scrubbing" of the
experimental chamber air, to reduce CC>2 concentrations, in
strong alkali (KOH).
the converse is true.

Second, of a more applied nature,
If CC^ enrichment is to be considered

for greenhouse production it is only necessary to increase
the CO2 content of the greenhouse environment during the day
period, when the crop is photosynthesizing, to achieve maxi
mum yields.

This would prove to be of economic importance

since it reduces CC^ source costs.
Relative Humidity Effects at High CC^
Harvest 1.

After 21 days of growth under 1200 ppm

CC>2 and 35-401, 70-751 or 95-100% RH, it was found that
plant top and root FW was significantly greater with each
increase in RH (Table 10).

There was a significant stepwise

increase in FW of the lettuce plant tops from 27.9 g at
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Table 10.

Fresh weight, dry weight, and transpiration ratio
of lettuce plants after 21 days of growth in 1200
ppm CO2 at 3 relative humidity levels.

Relative Humidity
Measurement

35-40%
g

70-75%

95-100%

g

g

27.93a

62.34b

91.01c

Root FWZ

7.95a

16.50b

21.66c

Top DWZ

2.54a

5 .06b

5.66b

Root DWZ

0.22a

0.45a

0.77b

Transpiration
ratio^

ratio

ratio

ratio

(g H20/g DW Top)

406a

338b

247c

Top FWZ

zMean

separation, within rows, by Tukey's multiple comparison test at the 1% level

^Mean separation, within rows, by Tukey's multiple comparison test at the 5% level

35-40%, to 62.34 g at 70-75%, and to 91.01 g at 95-100% RH.
The root FWs were 7.75 g, 16.50 g, and 21.66 g, respective
ly, with all means for both tops or roots being significantly
different.

Differences were also revealed for the DW of

plant tops from the different humidity treatments.

While

there was no significant difference between the DW of plant
tops grown at 70-75% or 95-100% RH, the top DW of plants
grown at these humidity levels was significantly greater
than the DW of plant tops grown at the lowest RH of 35-40%.
No differences were found in root DW at 35-40% or 70-75% RH,
but the root DW of plants from the 95-100% RH treatment was
significantly greater than those grown at either 35-40% or
70-75% RH.

It was further found that the transpiration

ratio decreased significantly with each increase in RH
level, being highest for the 35-40% RH treatment and lowest
for the 95-100% RH treatment.

After 21 days of growth,

therefore, not only was plant growth significantly higher at
70-75% and 95-100% RH compared to 35-40% RH, under a con
tinuous 1200 ppm CC>2 level, but also, the water use effi
ciency, represented by the transpiration ratios, was
significantly greater under the higher RH levels.
Harvest 2.

At the terminal harvest, after 35 days

of growth at the 3 different humidity levels a similar trend
was found as at the first harvest (Table 11).

However,

there was no significant difference in FW of plant tops
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Table 11.

Fresh weight, dry weight, and transpiration ratio
of lettuce plants after 25 days of growth in 1200
ppm CC>2 at 3 relative humidity levels.

Relative Humidity
Measurement

35-40%

70-75%

95-100%

g

g

g

44.59a

116.73b

144.90b

Root FWZ

8.68a

20.15b

27.35b

Top DWZ

4.22a

8.78b

9.38b

Root DWZ

0.43a

0.86b

1.13b

Transpiration
ratio^

ratio

ratio

ratio

(g H20/g DW Top)

330a

234b

222b

Top FWZ

zMean

separation, within rows, by Tukey's multiple comparison test at the 1% level.

^Mean separation, within rows, by Tukey's multiple comparison test at the 5% level.
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or roots, DW of plant tops or roots, or in the transpiration
ratios of those plants grown at either 70-75% or 95-1001 RH.
But, the plants from the 35-40% RH treatment did show sig
nificantly lower plant growth with a concurrent increase in
transpiration ratio when compared to those plants grown at
the 2 higher RH levels.
It would first appear that increases in RH are re
sponsible for increased growth of the lettuce plants, which
would agree with some reports (Winnenberger, 1958; Krizek
et al., 1971).

However, it is more likely that it is the

influence of reduced RH that is responsible for the differ
ences in plant growth found in the experiment since 1200 ppm
CC>2 was previously determined to be optimum for growth at
70-75% RH.

If one therefore considers plant growth of

lettuce at 70-75% RH and 1200 ppm

to represent the maxi

mum growth, any variance from this at either 35-40% or 95100% RH may be considered to be either increased or
suppressed growth.

The reduced growth with decreased RH is

not in direct disagreement, however, with reports that RH
does not influence plant growth (Went, 1957; Nonnecke et
al., 1971; O'Leary and ICnecht, 1971) since these studies
were conducted at ambient CC^ levels.

O'Leary (1975), re

viewing the influence of humidity on crop production con
cluded that under conditions of water stress, a reduced
stomatal aperture to maintain a high leaf water potential
also produces increased diffusion resistance to CO2 uptake
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by the leaf and therefore reduced photosynthesis.

Further,

it is suggested (O'Leary, 1975) that limited yields under
low RH conditions may be a result of reduced CC^ uptake
rather than plant water stress.

The increased transpira

tion ratio at 35-401 RH would indicate the possibility of a
water stressed condition of the lettuce leaves.

This might

be expected to cause a reduction in stomatal aperture which,
in turn, would cause a decline in CC>2 uptake.

A reduction

in CO2 uptake could be expected to suppress the growth of
those plants even at 1200 ppm CO^

when

compared to plants

at 70-75% or 95-100% RH and an identical CO2 concentration.
Mineral Analysis.

Tissue analysis of lettuce plant

tops revealed significant differences in K, Zn, and Mn con
tent between treatments (Table 12).

The I( content was

significantly greater in tops of plants grown at 95-100% RH
than those grown at 35-40%.

However, plants grown at 70-75%

did not differ in K content from those at either the higher
or lower RH levels.

In the case of both Zn and Mn, there

was no significant difference in the content of plant tops
at 35-40% or 70-75% RH.

However, again, those plant tops

grown at 95-100% RH had a significantly greater content of
those elements.

Although differences were found in the con

tent of K, Mn, and Zn in plant tops grown at the 3 differ
ent humidity levels, the content was above that considered

Table 12.

Humidity
(%)

Mineral content of lettuce tops after 21 days of growth in 1200 ppm CO2
at 3 relative humidity levels.

%

ppm

KZ

cay

Mgy

35-40

3.67a

0.44

0.16

70-75

5.09ab

0.47

95-100

6.30b

0.64

Fe^

cuy

Znz

Mnz

0.028

72.3

13.2

19.6a

80.2a

0.17

0.030

73.1

13.7

21.0a

104.3a

0.21

0.033

82.6

10.9

32.3b

142.0b

Nay

2
Mean separation, within columns, by Tukey's multiple comparison test at the 5%
level.
^No significant differences at the 5% level.
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necessary for growth of most higher plants (Salisbury and
Ross, 1969).
Differences in mineral content of plant roots were
also found between treatments (Table 13).

While the con

tent of K and Mn was greater at 95-1001 than at 35-401 RH,
the 70-75% RH plant roots did not differ from either the
higher or lower treatments.

Significant differences were

also found for Na, Cu, and Zn.

Na content was lowest in

those roots grown under 95-100% RH but did not differ from
the content of roots from the 35-40% RH, nor did the Na
content of roots differ between the 35-40% and 70-75% treat
ments.

Cu content of roots from the 35-40% RH chamber was

significantly higher than at either the 70-75% or 95-100%
RH chambers which did not differ from one another.

Finally,

Zn content was significantly greater in the 70-75% RH plant
roots than roots from either the higher or lower RH treat
ments.

As in the case with differences in the mineral sta

tus of the plant tops, the mineral content in the plant
roots was above the limit required for normal plant growth.
Despite the reduction in apparent transpiration as
indicated by reduced transpiration ratios at the higher
levels of RH there was no adverse affect on the mineral
status of the plant tops as suggested by Gale and Hagen
(1966).

Contrary to that, there was, in fact, an increase in

K, Zn, and Mn content of the leaves of plants grown at the
highest RH and therefore the lowest transpiration ratio.

Table 13.

Humidity
(%)

Mineral content of lettuce roots after 21 days of growth in 1200 ppm CO2
at 3 relative humidity levels.

ppm

%

Kz

cay

Mgy

35-40

5.89a

0.26

0.12

70-75

7.18ab

0.27

95-100

7.74b

0.29

Fey

Cuz

Znz

Mnz

0.112ab

7965

48.8a

96.4a

74.3a

0.14

0.132b

6636

36.7b

117.7b

0.14

0.80a

6012

30.0b

99.0a

Naz

zMean

115.2ab
137.6b

separation, within columns, by Tukey's multiple comparison test at the 5%
level.

^No significant differences at the 5% level.
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O'Leary and Knecht (1972) had reported no influence of
saturated RH levels of the plant environment on the total
salt content or ^Ca uptake of bean plants. These results
further indicate that lettuce plants can tolerate reduced
transpiration rates at high CO2 levels without adversely
affecting the mineral balance of the plants.
Qualitative Experiments
Carbon Dioxide-Terminal Harvest
Plants were grown at CC^ levels of 400, 800 and 1200
ppm, and quantitative measurements of growth were made as in
previous experiments.

Both FW and DW of plant tops and

roots were significantly greater for plants grown at 800 or
1200 ppm CO2 than for plants grown at 400 ppm CC^ (Table
14).

The transpiration ratios, similarly, were significant

ly lower for plants grown at the higher CC^ levels than
those grown at the 400 ppm CC>2 level.
In addition to these quantitative measurements of
growth, some qualitative measurements also were made for
the plants grown under the different treatments.

Statisti

cal analysis of the chlorophyll content of leaves of lettuce
plants grown in the 3 CC^ levels revealed no significant
differences in chlorophyll a, chlorophyll b or in total
chlorophyll content (Table 15).

Neither were differences

found in either protein content (Table 16) expressed on both
FW and DW basis, nor in carbohydrate content (Table 17) of
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Table 14.

Fresh weight, dry weight and transpiration ratio
of lettuce plants after 25 days of growth at 3
CO2 levels.

C02 Level Cppm)
Measurement

400

800

1200

g

g

g

Top FWZ

24.9a

69.2b

61.7b

Root FWZ

9.la

16.5b

15.3b

Top DWZ

2.0a

5.0b

5.0b

Root DWZ

0.3a

0.6b

0.6b

ratio

ratio

ratio

687.4a

286.1b

222.4b

Transpiration
ratio
(g H?0/g DW Top)7

2
Mean separation, within rows, by Tukey's multiple compari
son test at the 1% level.
^Mean separation, within rows, by Tukey's multiple compari
son test at the 5% level.
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Table 15.

Chlorophyll content of lettuce leaves after 25
days of growth at 3 CO2 levels.

CO2 Level (ppm)
Measurement

400

800

1200

Chi. a mg/g FW*

0.3183

0.3237

0.2988

Chi. b mg/g FW*

0.1059

0.0954

0.0874

Total Chi. mg/g FW*

0.4242

0.4191

0.3862

*

No significant differences at the 5% level.

Table 16.

Protein content of lettuce plants after 25 days
of growth at 3 CO2 levels.

CO2 Level (ppm)
Protein Content

400

800

20.27

22.90

22.07

4.31

3.98

4.14

Top mg/g DW*

267.09

291.48

260,79

Root mg/g DW*

128.64

127.21

130.07

Top mg/g FW*
Root mg/g FW*

A
No significant differences at the 5 % level.

1200
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Table 17.

Carbohydrate content of lettuce plants after 25
days of growth at 3 CC^ levels.

c o 2 Level (ppm)

Carbohydrate
Content

400

800

1200

Top mg/g FW*

28 .97

19.04

22 .15

2 .99

3.33

2 .66

Root mg/g FW*
ft

No significant differences at the 5 % level.
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either plant tops or roots grown at 400, 800 or 1200 ppm
CO2•

Mineral analysis of harvested tissue revealed signifi

cant differences only in the Mg content of the leaves (Table
18) and Mn content of the roots (Table 19).

The Mg content

was significantly lower in leaves grown under 1200 ppm CO2
than in leaves from either the 400 ppm or 800 ppm CC^ treat
ments.

However, the Mn content of roots from 800 ppm and

1200 ppm treatments was significantly greater than that
found in roots of plants grown under 400 ppm CC^.

These

differences were all above the limits for mineral deficiency
of the plants, however.
In a second experiment, CO^ levels of 400, 1200 and
2000 ppmwere employed and similar results were obtained
(Table 20).

The FW of plant tops was significantly greater

at the 2000 ppm CO2 level than at the 400 ppm CC^ level.
The intermediate CC^ concentration of 1200 ppm produced top
FW that did not differ from either the 400 or 2000 ppm CC^
treatments.

No difference was found in root FW measurements

between the 3 treatments.

However, for both top and root DW

measurements, it was shown that significant differences
existed between all treatments with DW being significantly
greater with each increase in the CC^ content of the growth
chamber air.
Chloroplast pigment content was again calculated and
expressed, additionally, on a DW, as well as, FW basis
(Table 21).

There were, however, no significant differences

Table 18.

Mineral content of lettuce tops after 25 days of growth at 3 CC>2 levels.

ppm

%

CO? Level
Ca^

(ppm)

Mgz

Na^

Fey

Cu^

zny

Mn^

400

5.76

0.86

0.26a

0.037

79.3

13.1

105.7

119.9

800

6.13

0.98

0.25a

0.038

100.7

10.7

154.8

126.5

1200

5.95

0.75

0.20b

0.032

70.5

12.0

88.0

102.4

zMean

separation, within columns, by. Tukey's multiple comparison test at the 1%
level.

^No significant differences at the 5% level.

Table 19.

Mineral content of lettuce roots after 25 days of growth at 3 CC>2 levels.

ppm

%

CO2 Level
(ppm)

Na^

Fe^

cuy

Zn^

Mnz

4232

29.2

97.1

45.9a

400

5.54

0.24

H1
O

Mg^
O

Cay

0.074

800

6.50

0.27

O.ll

0.068

5970

20.2

108.8

74.7b

1200

6.18

0.27

0.12

0.063

5889

31.4

106.3

79.9b

2
Mean separation, within columns, by Tukey's multiple comparison test at the 5%
level.
^No significant differences at the 5% level.

cn
cn
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Table 20.

Fresh weight and dry weight of lettuce plants
after 25 days of growth at 400, 800, and 1200
ppm CO2•

CO2 Level (ppm)
Measurement

400
g

Top FWZ

96.06a

Root FW^

14.58

1200
g

2000
g

161.52ab

242.88b

15.52

23.22

Top DWZ

4.08a

7.92b

13.20c

Root DIVZ

0.34a

0.52b

1.32c

zMean

separation, within rows, by Tukey's multiple comparison
test at the 51 level.

^No significant differences at the 5 % level.
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Table 21.

Chloroplast pigment content of lettuce leaves
after 25 days of growth at 400, 1200, and 2000
ppm CO2*

CO2 Level (ppm)
Pigment Content

400

1200

2000

mg/g FW
Chlorophyll a*

0.3094

0.3095

0.3086

Chlorophyll b*

0.2258

0.2443

0.2195

Total Chlorophyll*

0.5352

0.5538

0.5281

Carotenoids*

0.1254

0.1420

0.1450

Chlorophyll a*

4.0024

4.0903

3.9843

Chlorophyll b*

2.9304

3.2073

2.7703

Total Chlorophyll*

6.9328

7.2976

6.7546

Carotenoids*

1.3823

1.8549

1.8479

mg/g DW

ft
No significant differences at the 51 level.
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on either FW or DW content of chlorophyll a, chlorophyll b,
or total chlorophyll between CC^ treatments.

Also, carot-

enoid content was measured since beta-carotene is a precur
sor in the synthesis of vitamin A in mammals (ICarlson,
1967).

Carotenoid content did not, however, vary signifi

cantly between treatments.

Again, neither was protein

content of the plants significantly influenced (Table 22)
nor was carbohydrate content of the plants influenced (Table
23) by the 3 different CC^ concentrations.
case for both the lettuce tops and roots.

This was the
Mineral analysis

of the leaf tissue revealed that some differences were pres
ent in the content of Ca, Na, and Mg, but not to the extent
of being adverse for normal plant growth (Table 24).
While plant growth was increased with increased CC^
content of the plant environment it was again shown that
increased growth was accompanied by significant reductions
in transpiration ratios.

Despite the reduction in Efl

UP~

take per g DW of tissue produced, no deleterious reduction
in mineral content occurred.

Additionally, there was no

difference in chlorophyll, carotenoid, protein or carbohy
drate content of the harvested plants.

This indicates that

increased plant material produced under CC^ enrichment is
not adversely affected nutritionally.
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Table 22.

Protein content of lettuce plants after 25 days
of growth at 400, 1200, and 2000 ppm CC^.

CC>2 Level (ppm)
Protein Content
Top mg/g FW*
Root mg/g FW*
Top mg/g DW*
Root mg/g DW*

400

1200

2000

19.30

20.72

16.37

2.22

2.49

2.74

225.28

242.05

203.33

61.13

69.53

60.53

*

No significant differences at the 5% level.

Table 23.

Carbohydrate content of lettuce plants after 25
days of growth at 400, 1200, and 2000 ppm CC^.

Carbohydrate
Content
Top mg/g FW*
Root mg/g FW*
Total Plant
mg/g FW*

CO2 Level (ppm)
1200

2000

11.258

15.314

11.140

3.002

2.884

3.203

14.260

18.198

14.343

400

*

No significant differences at the 5% level.

Table 24.

Mineral content of lettuce tops after 25 days of growth at 400, 1200, and
2000 ppm CO2.

ppm

%

CO? Level
tppm)

Caz

Mgy

Naz

Fey

cuy

zny

Mnz

400

7.28

1.18b

0 .284

0.048b

61.2

5.1

293.4

141.1c

1200

6.34

0.61a

0 .206

0.034a

40.3

3.4

164.3

76.4a

2000

6.84

0.81ab

0 .254

0.032a

49.0

4.1

221.0

114.3b

zMean

separation, within columns, by Tukey's multiple comparison test at the 5%
level.

^No significant differences at the 5% level.
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Carbon Dioxide-Sequential Harvests
Four sequential harvests of lettuce plants were
made, to compare growth rates and concurrent carbohydrate
contents, after periods of 10, 15, 20, and 25 days of growth
at 400 and 1200 ppm CC^.

Fresh weight measurements of the

lettuce tops showed no differences in growth at the 10, 15,
or 20 day harvests (Table 25).

However, those plants grown

at 1200 ppm CO^ showed a marked increase in growth rate at
the 25 day harvest and were significantly larger than plants
grown at 400 ppm CC^.

Measurements of the root FW did not

reveal significant differences between the 2 treatments at
any of the 4 harvests (Table 26).
Carbohydrate measurements at the 4 harvests showed
that there was a significant accumulation of carbohydrate
in those plant tops at 1200 ppm CO^ prior to the final
accelerated growth increase (Table 27).

A reduction in

plant top carbohydrate content then accompanied the growth
increase during the 5 days preceding the final harvest.

The

carbohydrate content of the lettuce roots from the 2 treat
ments was the same for the 10, 15, and 20 day harvests but
was significantly higher at 25 days for plants grown at 1200
ppm CC>2 (Table 28).
A direct relationship between growth rate of lettuce
tops and carbohydrate content of the tops may be seen (Figure
1).

The growth rate of plants from both CC>2 treatments show

an acceleration during the last 5 days of growth, with those
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Table 25.

CC>2 Level
(ppm)

Fresh weight of lettuce tops after 10, 15, 20,
and 25 days of growth at 2 CC^ levels.

Growth Period
10 days^

15 days^

20 days^

g

g

g

24 days2
g

400

1.35

7.99

24.46

75.00a

1200

1.89

8.98

19.20

119.28b

zMean

separation, within columns, by Student's t-test at the

5% level.

^No significant differences at the 51 level.

Table 26.

CO? Level
(ppm)

Fresh weight of lettuce roots after 10, 15, 20,
and 25 days of growth at 2 CC>2 levels.

Growth Period
10 days*

15 days*

20 days*

25 days*

g

g

g

g

400

0.58

2.69

5.80

21.04

1200

0.98

2.78

3.52

24.40

*

No significant differences at the 5% level
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Table 27.

CO2 Level
(ppm)

*7

Carbohydrate content of lettuce tops after 10,
15, 20, and 25 days of growth at 2 CC^ levels.

Growth Period
10 days?"

15 days2

20 days2

25 days^

mg/g FW

mg/g FW

mg/g FW

mg/g FW

400

28.45

27.20a

38.79a

15.26

1200

47.15

91.64b

60.20b

24.52

Mean separation, within columns, by Student's t-test at the
5% level

^No significant differences at the 5% level.
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Table 28.

Carbohydrate content of lettuce roots after 10,
15, 20, and 25 days of growth at 2 CO2 levels.

Growth Period

CO2 Level

(ppm)

10 daysY

15 daysX

20 days^

25 daysz

mg/g FW

mg/g FW

mg/g FW

mg/g FW

400

2.63

3.81

3.37

3.23

1200

2.57

4.75

4.16

5.28

zMean separation
., within columns, by Student's t- test at the
5% level.
^No significant differences at the 5% level.
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Fresh weight and carbohydrate content of lettuce
at 4 sequential harvests.
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plants grown under 1200 ppm CC^ increasing in FW signifi
cantly more than those at 400 ppm CC^.

This increase in

growth rate is in agreement with growth rate curves of head
lettuce reported by Zinlc and Kimble (1960).

It is also seen

that there is a significant accumulation of carbohydrate in
lettuce plants at 1200 ppm CC^ prior to the final accelera
tion in growth rate and a subsequent reduction in carbohy
drate accompanied the growth increase during the 5 days
prior to harvest.
Carbohydrate accumulation as well as increase in
plant growth represents an increase in photosynthetic activ
ity of the plants.

However, carbohydrates also represent

both food reserves and structural components of plant cells,
and metabolism of carbohydrates is important in cellular
metabolism necessary for plant growth and development.

In

creased cellular metabolism might therefore be expected to
mediate the reduction in plant carbohydrate content which
accompanies the increased growth rate of the lettuce tops.
The increased carbohydrate content of the plant
roots under 1200 ppm CO^, at the time of the final harvest,
indicates selective translocation from the source leaves.
Since the roots can represent an important storage sink and
have been shown with radish to exhibit increased growth
under high CC^ conditions (Knecht, 1975), it is likely that
photosynthate from the increased plant top is translocated
downward as the plants reach maturity.

SUMMARY AND CONCLUSIONS
Optimum levels of environmental parameters were de
termined for maximum growth and yield of Grand Rapids let
tuce.

However, the level of a single parameter must be

considered in relation to other parameters of the plant
environment.

Considering growth of the marketable lettuce

top under environmentally controlled conditions, as in a
growth chamber or greenhouse, one must recognize that there
are significant interactions occurring between the CO^ con
centration of the air, the light intensity intercepted by
the plant, the temperature of the surrounding air and also,
the level of relative humidity bounding the plants.

How

ever, through control and proper manipulation of these fac
tors, maximum yields should be attainable.
It has been shown that CO^ concentration interacts
with light intensity in its influence on plant growth.

That

is, the plant response, in terms of increased growth, to
different CO2 levels varies with the light intensity to
which the plants are subjected.

Using the data from the CO2

by temperature by light experiment, one may construct a
planar presentation of the response surface for the 2-factor
interaction involving C0£ and light (Figure 2).

CO2 concen

tration is plotted on the ordinate and light intensity on
the abscissa.

Iso-yield lines are plotted from
67
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Figure 2.

Response surface of the fresh weight of lettuce
tops grown at varied CC^ concentrations and light
intensities.
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extrapolation of the data representing this interaction in
Table 2.

From this response surface one can determine the

optimum levels of CC^ at different light intensities for
maximum yields.

For example, at 6000 ft-c light intensity,

a CO2 level of 880 ppm would provide the maximum yield.
Or, at a light intensity of 1000 ft-c, 1200 ppm CC^ should
prove to be optimum for growth.

One may determine the op

timum light intensity at a set CO2 level.

For example, at

400 ppm CO2J the maximum yield is attained at the intercep
tion of the 2600 ft-c light intensity.

However, if the CO2

level was elevated to 1000 ppm maximum growth would be
realized at 3100 ft-c light intensity.

This also agrees

with the conclusions of Wittwer and Robb (1964) that reduced
plant growth as a result of decreased light intensity may
be compensated for by CO2 enrichment of the plant environ
ment.
A planar response surface may also be constructed,
similarly, for the influence of the temperature by light
interaction on lettuce growth (Figure 3).

Extrapolated

iso-yield lines may be drawn from data in Table 3 and either
optimum light intensities may be selected on the basis of
a set temperature or temperature may be selected on the
basis of a given light intensity for maximum lettuce yields.
It can be seen that at 29 C maximum yields are reached with
2500 ft-c light intensity while at 22 C 3200 ft-c of light
provides the maximum yield.

If plants were subjected to a
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Response surface of the fresh weight of lettuce
tops grown at varied light intensities and
temperatures.

5000 ft-c light intensity growth would be greatest (100 g)
at 24 C.

However, if the plants were shaded to provide a

light intensity of 3000 ft-c at the same temperature of 24 C
the maximum yield would be increased to 160 g/plant which
would represent a 60% increase in yield.
These types of growth models, considering the in
fluence of environmental interactions on yield could pro
vide the commercial grower with a guide for maximization of
yields through manipulation of those factors under his con
trol in the greenhouse.
It was further shown, under optimum light and tem
perature regimes, that a CC^ enrichment period which coin
cides with the day period of the crop will provide crop
growth comparable to growth under continuous CC^ enrichment
of the air. This would be of economic importance if one
were to consider the cost factor involved in providing CO^
in a controlled environment greenhouse on a 24 hr basis
compared to only 12 or 14 hr per day.

Additional research

is indicated along this line to determine whether further
reductions in the length of the enrichment period might
still produce significant increases in yield.

It would, for

example, enhance the feasibility of large scale CC^ enrich
ment if a positive response could be realized by raising the
CO

level only during the first few hours of the day.

The

importance of this would lie in the fact that greenhouses
are generally ventilated, to the outside, sometime during the
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day to facilitate temperature control, and thereby preclud
ing continued CC^ enrichment throughout the entire day.
Relative humidity was found to have a significant
influence on lettuce growth under optimum light and tempera
ture and high (1200 ppm) CC^.

Under these conditions plant

growth was significantly reduced when RH was lowered to
35-40%.

This effect is most likely due to a water stressed

condition of the plant resulting in partial closure of the
stomates.

Resistance to the diffusion of CC^ into the

leaves, as a result of partial stomatal closure, would re
duce photosynthesis from its maximum and therefore cause a
reduction in the growth of the plants.

Relative humidity

did not have any deleterious effect of the mineral balance
of the plants.

This is of particular importance since the

transpiration ratio was significantly reduced with increas
ing relative humidity.

The reduced transpiration ratio

indicates a much greater efficiency in water use when grow
ing lettuce plants at the higher humidity levels.
Qualitative experiments further substantiated the
response of plants to increasing levels of CC^s ranging
from 400-2000 ppm, under optimum light, temperature, and
relative humidity levels. It was also shown that the water
use efficiency of the plants was greatly increased at
higher CC^ levels on the basis of comparisons of transpira
tion ratios.
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The greatly increased plant growth, as a result of
high CC^, did not, however, differ qualitatively from plants
grown at low CO^ levels.

Measurement of chlorophyll a,

chlorophyll b, carotenoids, protein, and carbohydrate re
vealed no difference in plants grown at the different CO^
levels.

Additionally, mineral analyses showed no difference

in mineral status of plants from the different CO^ treat
ments.
Special significance may be related to the chloroplast pigment content being equal between treatments.

This

would suggest that at high CO2 levels the increased plant
growth is a result of a greater activity of the photosynthetic apparatus of the plants and not an increase in the
photosynthetic pigment content on a weight basis.
In terms of protein and carbohydrate content of the
additional plant material, produced under optimum growth
conditions, it is nutritionally equal to that produced under
natural conditions.

One may, however, extrapolate the data

from these experiments (Tables 22, 23, and 24) and calculate
protein and carbohydrate levels on a per plant basis (Table
29).

It is then seen that although no difference exists in

protein or carbohydrate content on a weight basis there is,
however, a very large increase on a per plant basis with
increased CO2 in the plant environment.
Sequential harvest measurements of both plant FW and
carbohydrate content of lettuce revealed that the
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Table 29.

Total protein and total carbohydrate content of
lettuce plant tops grown 25 days at 3 C02 levels.

CC>2 Level (ppm)
Measurement

400

1200

2000

Protein
mg/Plant top FW

1947

3698

5360

Carbohydrate
mg/Plant top FW

1081

2473

2705
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carbohydrate content of lettuce tops do differ, between
plants grown at 400 or 1200 ppm CO^, during the early stages
of growth but not at maturity.

There is an accumulation of

carbohydrate in plants grown at 1200 ppm CC>2 prior to a
rapid acceleration of the growth rate during the final week
of growth.

With the acceleration of growth, the accumulated

carbohydrate is reduced providing both an energy source and
required structural components for the rapidly growing
plants.

As plants under high CC^ reach maturity, carbohy

drates are then selectively translocated from the large
photosynthesizing plant tops to the roots which provide a
storage sink for the photosynthate.
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