
EFFECT OF HUMIDITY ON PLANT
WATER AND NUTRIENT BALANCE

Item Type text; Dissertation-Reproduction (electronic)

Authors Swalls, Arthur Alan, 1938-1970.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:03:09

Link to Item http://hdl.handle.net/10150/287554

http://hdl.handle.net/10150/287554


70-21+ ,939 

SWALLS, Arthur Alan, 1938-1970, 
EFFECT OF HUMIDITY ON PLANT WATER AND 
NUTRIENT BALANCE. 

University of Arizona, Ph.D., 1970 
Botany 

University Microfilms, A XEROX Company, Ann Arbor, Michigan 

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED 



EFFECT OF HUMIDITY ON 

PLANT WATER AND NUTRIENT BALANCE 

by 

Arthur Alan Swalls 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF BIOLOGICAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN BOTANY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 7 0 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Arthur Alan Swalls 

entitled EFFECT OF HUMIDITY ON 

PLANT WATER AND NUTRIENT BALANCE 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctor of Philosophy 

ertation Director Date 

After inspection of the final copy of the dissertation, the 

following members of the Final Examination Committee concur in 

its approval and recommend its acceptance:» 

•Pa.Hl fafT 'V/&/7* 

r— — TPR-— -r 7̂ — 

This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination* The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be" made available to borrowers under rules of 
the Library. 

Brief quotations from this dissertation are allow
able without special permission, provided that accurate 
acknowledgment of source is made. Requests for permission 
for extended quotation from or reproduction of this manu
script in whole or in part may be granted by the head of 
the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is 
in the interests of scholarship. In all other instances, 
however, permission must be obtained from ths author. 

SIGNED : LA * 



ACKNOWLEDGMENTS 

The author acknowledges his appreciation to Dr. 

James W. O'Leary for his advice, encouragement and guidance 

during the experimental work and preparation of this dis

sertation. 

The assistance and constructive criticism offered 

by Dr. Paul G. Bartels, Dr. Albert K. Dobrenz, Dr. Martin 

A. Massengale, and Dr. Robert S. Mellor have been sincerely 

appreciated. 

Facilities and equipment for the research were fur

nished by the Environmental Research Laboratory, The Uni

versity of Arizona. 

• * < 

111 



TABLE OF CONTENTS 

Page 

LIST OP TABLES vi 

LIST OF ILLUSTRATIONS viii 

ABSTRACT ix 

INTRODUCTION 1 

LITERATURE REVIEW 3 

OBJECTIVES 9 

METHODS AND MATERIAL 10 

Low Humidity Greenhouse 10 
Closed Environment Greenhouses 10 
Nutrient Solution and Culture Containers 11 
Determination of Stoma Numbers 11 
Leaf Resistance Measurements 13 
Mineral Analysis 13 
Humidity and Carbon Dioxide Experiments 14 
Humidity and Calcium Uptake Experiments 15 

RESULTS AND DISCUSSION 19 

Humidity and Carbon Dioxide 19 
Plant Weights 19 
Water Use 21 
Stoma Numbers and Leaf Resistance 24 
Total Salt Concentration 27 
Mineral Content of Plants 27 

Humidity Experiments 33 
Plant Weights 33 
Water Use 37 
Stoma Numbers and Leaf Resistance 40 
Uptake of Nutrient Solution and Ca 5 42 

SUMMARY AND CONCLUSIONS ' 45 

iv 



V 

TABLE OF CONTENTS—Continued 

Page 
* 

APPENDIX A: NUTRIENT SOLUTION 48 

APPENDIX B: METHODS OF MINERAL ANALYSIS 49 

LITERATURE CITED 66 

LV 



LIST OF TABLES 

Table Page 

1. Influence of humidity and carbon dioxide 
on plant weight 20 

2. Influence of humidity and carbon dioxide 
on distribution of dry weight 22 

3. Influence of humidity and carbon dioxide on 
total water use and water use efficiency . . 23 

4. Influence of humidity and carbon dioxide on 
stoma numbers and leaf resistance 25 

5. Influence of humidity and carbon dioxide on 
total salt concentration 28 

6. Mineral content of leaf blades under varying 
conditions of humidity and carbon dioxide . . 29 

7. Mineral content of stems and petioles under 
varying conditions of humidity and carbon 
dioxide 31 

8. Mineral content of roots under varying 
conditions of humidity and carbon 
dioxide 32 

9. Fresh weight of plants and plant parts 
under varying conditions of relative 
humidity . . 34 

10. Fresh weight distribution under varying 
conditions of relative humidity 35 

11. Dry weight of plants and plant parts under 
varying conditions of relative humidity ... 36 

12. Dry weight distribution under varying 
conditions of relative humidity 38 

vi 



vii 

LIST OF TABLES--Continued 

Table Page 

13. Total water use and water use efficiency 
under varying conditions of relative 
humidity 39 

14. Stoma numbers and leaf resistance values 
under varying conditions of relative 
humidity 41 

45 
15. Uptake of nutrient solution and Ca 

under varying conditions of relative 
humidity 43 

*N 



LIST OP ILLUSTRATIONS 

Figure Pago 

1. Carbon dioxido analysis and supply 12 

viii 



ABSTRACT 

Tomato plants (Iivcoporsicon onculontum Mill., cul-

tivar 'Mnnapnl') woro grown undor varied conditiono of 

humidity and carbon dioxide. In the first sorios of experi

ments the environmental conditions were (1) low relative 

humidity (conventional greenhouse) and 300 ppm (2) 

high relative humidity (90 to 100%) and 300 ppm COg, (3) 

high relative humidity and 900 ppm COj, and (4) high rela

tive humidity and 1500 ppm C02. Dry matter production in 

the high humidity and 300 ppm C02 was loss than in the low 

humidity environment. As the level of C02 increased there 

were significant increases in dry matter production that 

overcame the dry matter reduction induced by the high hu

midity at 300 ppm C02. This increased dry weight was main

ly in the stems and petioles of the plants. Compared to the 
* 

low humidity, total water use was reduced 60% in the high 

humidity 300 ppm C02 environment with 65 and 70% reductions 

in the 900 and 1500 ppm C02 environments, respectively. Wa

ter use efficiency was significantly increased with in

creased humidity and C02 enrichment with the most efficient 

use at 1500 ppm C02. Stoma numbers and leaf resistances 

indicated that the plants in high humidity and 300 ppm C02 

ix 
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havo larger stomatal nportures than at lower humidities. 

C02 enrichment of the high humidity environment cauaod sig

nificant reductions in stomatal aporturoo. 

Total salt concentrations of tho loaf bladoa and 

atoms and petioles wore significantly lowor undor C02 en

richment than in tho 300 ppm COg. Tlioro woro no signifi

cant difforencos in the Ca, Mg, N, P, and K contents of tho 

roots or atoms and potiolos except for tho high level of Ca 

in the roots of tho low humidity plants. However, the loaf 

blades had significantly lowor levels of N, P, and I< with 

C02 enrichment. Ca and Mg contents of tho loaf blades woro 

roducod as tho humidity and CC^ increased. 

Tho second series of experiments was conducted at 

three levels of relative humidity: (1) low - 35 to 45%, (2) 

medium - 80 to 90%, and (3) high - 95 to 100%. The fresh 

and dry weights of all parts increased as the humidity in

creased. The major portion of the weight increase of the 

high humidity plants was in the stems and petioles. Water 

use efficiency increased as humidity increased. The leaf 

resistances were greatly reduced on plants grown under high 

humidity but total water use by these plants, which were 

larger, was not significantly reduced. This indicated that 

a reduced diffusion gradient decreased transpiration. 

45 
The volume of nutrient solution and Ca uptake over 

a three hour period was reduced in plants transferred to a 



level of humidity that was higher than that in which they 

had previously been growing. Plants transferred to a lower 

humidity environment had significantly increased uptake of 

nutrient solution and Ca^^. In this case reduced transpi

ration reduced calcium uptake. 



INTRODUCTION 

Increase in the relative humidity of the atmosphere 

tends to increase stomatal apertures of plants which should 

facilitate increased transpiration. However, at the same 

time the increased relative humidity reduces the diffusion 

gradient between the substomatal cavity and the surrounding 

atmosphere. The net result of very high levels of relative 

humidity (95 to 100%) should be a reduction of transpiration. 

Increase in carbon dioxide content of the air tends 

to reduce stomatal apertures. This reduction can reduce 

transpiration. What then would be the effect of increased 

relative humidity and increased carbon dioxide content .of 

the atmosphere? Both conditions tend to reduce transpira

tion# but the first tends to increase the stomatal aperture 

and the latter to decrease it. 

Factors that reduce transpiration may cause a re

duction in uptake of specific mineral elements by certain 

plants. Such reductions in minerals could have a signifi

cant effect on total dry matter production of the plant. 

What effects would high relative humidity have on the min

eral uptake and growth of plants? Increased levels of at

mospheric carbon dioxide can increase the total dry matter 

1 
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of growing plants. What would be the combined effects of 

high relative humidity and increasing levels of atmospheric 

carbon dioxide on mineral uptake and growth of plants? 



LITERATURE REVIEW 

The uptake and transport of mineral salts have been 

considered as both a passive process and an active process 

by various investigators. Early textbooks on plant physiol-

ogy stated that one of the main functions of transpiration 

was to carry mineral salts to the leaves {Jost, 1907; 
t 

Pfeffer, 1900; Sachs, 1887). The growth medium was consid

ered to be a very dilute solution of salts that was taken up 

in quantity and concentrated in the leaves through their 

transpirational action. Jost (1907) noted that there were 

conflicting opinions and warned against making generaliza

tions, "It would certainly be quite wrong for us to conclude 

that, because individual plants can get on without transpi

ration, therefore transpiration was not essential to any." 

He further stated that there can be no doubt that transpira

tion markedly aids in the uptake of essential salts in some 

plants (p. 43). 

Conversely, the idea that transpiration was not nec

essary for salt uptake and translocation to leaves received 

support in subsequent years. In 1922 Mueuscher investigated 

the effect of reduced transpiration on salt uptake. Trans

piration was decreased by increasing the concentration of 

3 
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the nutrient solution. Mueuscher concluded that transpira

tion rates and salt uptake were independent. According to 

Curtis (1935), it was demonstrated by Prat (1923), Hassel-

bring (1914), and Hoagland (1923) that there is no direct 

relation between water absorption and salt absorption. 

Wallace (1963) compared uptake of calcium and potassium in 

Phaseolus vulgaris L.at relative humidities of 60 and 90% 

and found no significant differences. Lazaroff and Pitman 

(1966) found that transpiration rate did not affect uptake 

of calcium by barley roots, but they did not investigate the 

effect of transpiration on translocation to the shoot. Wa

ter movement and the uptake and movement of salts were both 

considered as catenary processes by Crafts (1961). He stated 

that though the two processes at times and under some cir

cumstances seem interdependent, they are virtually indepen

dent. Christersson and Pettersson (1968), working with 

castor beans, determined that the rate of sulfate uptake was 

a function of root size and not rate of water uptake. 

From 1935 to 1965 there were numerous reports that 

transpiration and mineral uptake were related (Emmert, 1964; 
<4* 

-Ingelsten, 1966; Jensen, 1964; Kramer, 1957; Lopushinsky, 

1959, 1964; Radi and Petrov-Spiridonov, 1963; Wright, 1939; 

Wright and Barton, 1955). Hylmo (1953) presented evidence of 

significant connection between water uptake and calcium up

take. He found that the concentration of calcium in roots 

was dependent upon the calcium concentration in the medium, 
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but that the amount of calcium in the stems and leaves was 

related to the amount of water moved by transpiration. Prom 

this work he concluded that the transport of salts to the 

shoots of plants was a passive process that was dependent 

upon the water transpired. Alteration of the transpiration 

rate produced by varying the osmotic pressure of the medium, 

the illumination of the leaves and the relative humidity of 

the surrounding air indicated that the method used to reduce 

transpiration was of no importance. Studies of uptake and 

translocation under near freezing root medium temperatures 

and normal growing temperatures in the shoot showed a con

tinued uptake of salts. This indicated that the transpira

tion stream does more than merely shift ions that are first 

taken up actively. 

Brouwer (1965), in a general review of absorption 

and transport, noted conflicting views as to whether the re

lation between water uptake and ion uptake was the result of 

passive or active uptake of ions. He concluded that evidence 

best supports transpiration affecting salt uptake by indi

rectly affecting some active uptake process and concluded 

that the probability of a passive uptake system is quite low. 

The work of Bowling and Weatherly (1965) supported this idea. 

They found that uptake by roots was transpiration independent 

but that transport was transpiration dependent. This sug

gested that there is no continuous mass flow pathway from 

the medium to the shoots. 
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The concept of two systems of uptake has been widely 

accepted (Baker and Weatherly, 1969? Bowling, 1968; Epstein# 

1966; Greenway, 1965; Hiatt, 1968; Laties, 1969; Luttge and 

Laties, 1967; Pettersson, 1966; Sutcliffe, 1962); however, 

there has been no general agreement on the exact nature of 

the systems. Some investigators (Greenway# 1965; Hiatt, 

1968; Pettersson, 1966; Sutcliffe, 1962) indicate that there 

is an active system whereby ion movement is dependent upon 

the expenditure of metabolic energy and a passive system 

whereby ion movement is envisioned as transport en masse in 

the transpiration stream. The active system is dominant at 

low transpiration rates, and the passive component is domi

nant at high transpiration rates. Other investigators agree 

with Russell and Shorrocks (1959) that there are two systems 

that are dependent upon concentration of the medium (Baker 

and Weatherly, 1969; Bowling, 1968; Laties, 1969). Russell 

and Shorrocks (1959) found that transpiration had little ef

fect on uptake and transport of ions from dilute culture so

lutions. They found that there was an increased transpira-

tional effect as the concentration of the solution increased. 

At low culture solution concentrations the dominant system 

is an active system and transpiration independent, and at 

high concentrations the dominant system is a passive system 

and transpiration dependent. The above concepts do not con

flict but differ in the number of factors considered. The 

first group of researchers did not consider the effect of 
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culture solution concentration in addition to transpiration 

rates. The general point of agreement among researchers is 

that under some circumstances water movement can affect the 

uptake and transport of mineral ions. 

The problem now involves effects of any condition 

that alters transpiration and thus water movement through 

the plant. Plants react differently to various environmen

tal conditions and identical environmental conditions have 

dissimilar effects on different plants. Radi and Petrov-

Spiridonov (1963) found that mineral uptake in beans was 

more sensitive to high relative humidity than was uptake in 

tomatoes. The movement of individual ions did not show the 

same degree of sensitivity to changes in relative humidity 

and its effect on transpiration. They also found that- rthe 

movement of individual ions under conditions of high relative 

humidity was different with bean plants than with tomato 

plants. 

Measurements indicate that the size of stomatal ap-

pertures increases with increasing humidity (Otto and Daines, 

1969? Wilson, 1948). This increase in aperture has been at

tributed to the decreasing drying ability of the air with 

increasing relative humidity (Meidner and Mansfield, 1968). 

Increasing the carbon dioxide in the air causes 

stomata to close (Freudenberger, 1940; Heath, 1948, 1950? 

Heath and Russell, 1954; Pallas, 1965). Freudenberger (1940) 

tested the effect of various concentrations of carbon dioxide 
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on stomata. Concentration ranges near that of the atmosphere 

(0.03%) were tested and it was demonstrated that increases in 

concentration caused closure and decreases opening of stoma

ta. Similar results were obtained by Heath (1948# 1950) and 

Heath and Russell (1954). Pallas (1965) found that there 

was a difference in the effect of carbon dioxide, depending 

upon the type of plant. Complete stomatal closure did not 

occur in cotton, soybeans and tomatoes even at 0.4% carbon 

dioxide, although closure occurred with corn and sorghum 

stomata at 0.2 and 0.3% carbon dioxide, respectively. 

Increased photosynthetic rates and dry matter pro

duction have been obtained by increasing the carbon dioxide 

concentration of the air (Cooper and Brun, 1967; Gaastra, 

1959? Leopold, 1964; Miller, 1938; Wittwer and Robb, 1964). 

Prolonged exposure to high levels of carbon dioxide has been 

observed to cause yellowing and leaf necrosis with cucumber 

plants (Wittwer, 1965). Wittwer (1965) states that this 

yellowing has been attributed to calcium deficiency. Addi

tionally, boron deficiencies have been noted in some crops 

under high levels of carbon dioxide (Wittwer, 1965). 



OBJECTIVES 

The objectives of this study were to determine the 

effect of high relative humidity and various levels of car

bon dioxide on: 

1. Dry matter production, water use, and water use ef

ficiency of tomato plants. 

2. Stomatal number and relative aperture size. 

3. The uptake of total salts and macro elements (cal

cium, magnesium, nitrogen, phosphorus, and potassium). 

9 



METHODS AND MATERIAL 

Low Humidity Greenhouse 

A conventional greenhouse covered with one thickness 

of 12 mil polyethylene plastic (GER-PAK 601) provided the 

low or normal humidity and ambient (300 ppm) carbon dioxide 

environment. One end of the greenhouse consisted of aspen 

fiber evaporative cooler pads. Two exhaust fans were mounted 

in the opposite end of the greenhouse and were thermostati

cally controlled to provide cooling. Heat was provided by a 

gas heater with attached blower. 

Closed Environment Greenhouses 

The high humidity environments were provided by 

wooden quonset type greenhouses covered with 12 mil poly

ethylene plastic (GER-PAK 601). Each greenhouse had a 

packed column with a water spray. Fans forced air upward 

through the columns providing continuous circulation of 

humid air. The relative humidity approached saturation each 

night and ranged from 85% to saturation during the day. Air 

temperature was controlled by controlling the temperature of 

the water circulating through the columns. Carbon dioxide 

levels were maintained by automatic monitoring at three 

10 
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minute intervals with a Beckman Model 215 infrared gas ana

lyzer coupled with a Honeywell Drown Electronik Model 15 re

cording and metering system and cylinders of compressed 

carbon dioxide. The components of the carbon dioxide.system 

are shown in Figure 1. Because of the closed system used to 

maintain the high humidity, supplemental carbon dioxide was 

necessary to maintain the normal or ambient level (300 ppm) 

of carbon dioxide. 

Nutrient Solution and Culture Containers 

The nutrient solution used was the solution of Meyer, 

Anderson, and BBhnig (1960). Concentrations of the ions are 

found in Appendix A. The culture containers were Rubbermaid 

No. 2940 wastebaskets which were set into an enclosed wooden 

frame to reduce light and algal growth. Each container had 

a square plywood top with a slot to the center that facili

tated removal of the plants, a wooden support dowel and two 

access holes. The slot and the access holes were covered 

with a flap of butyl rubber. Aeration of the culture solu

tion was provided by aquarium type aeration stones connected 

with a central air pressure system. 

Determination of Stoma Numbers 

Leaf impressions were made using General Electric 

RTV-11 silicon rubber and Tenneco Nuodex-Nuocure 28 catalyst. 

A preliminary study indicated that stoma density per unit of 

area varied inversely with leaf size. Leaves of a similar 



1 2  

L -j 

ambient 

G.H. G.H. 

I I 

L.. IR-Gas-A CO R.& M. 

F.M. 

S. R 

Q^)-solenoid valve 

Figure 1. Carbon dioxide analysis and supply. 

G.H.t greenhouse; IR-Gas-A, Beckman Model 215 
infrared gas analizer; P.M., flow meter; R. & 
M., Honeywell Brown Model 15 recorder and 
meterer; S.P., suction pump; CO-, carbon dioxide 
supply. 
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aiao wore sampled midway along tho length of tho abaxial 

surface of the loaf blade. Tho silicon rubber impressions 

were coated with cellulose acetate (Cutox colorless finger

nail polish) and allowed to dry for at least 30 minutes. 

Tho acetate positive was separated from the silicon rubber 

and placed under a Bausch and Lomb binocular microscope for 

counting. The microscope had a lOx eyepiece and a 40x ob-

jective lens, giving 0.1734 mm field of vision. A Whipple 

disc was used to facilitate counting and all stomata touch

ing one-half of the perimeter of the field of vision were 

counted, and those touching the remainder of the perimeter 

were excluded. 

Leaf Resistance Measurements 

Leaf resistance measurements were made using a leaf 

resistance meter (Van Bavel, Nakayama and Ehler, 1965) mod

ified and calibrated according to Oliveira (1968). Calcu

lations of leaf resistance values were made using the 

procedures, charts and figures of Oliveira (1966). 

Mineral Analysis 

Plant material was dried at 80 C, ground in a Wiley 

Mill with a 40 mesh screen, and stored in disposable plastic 

beakers. Portions of the dry material were wet digested and 

re-dried to determine the total salt content. Additional 

dry material was wet digested and analyzed for specific ele

ments. Potassium, calcium, and magnesium content was 
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determined by UBing a Perkin-lUmer Model 303 Atomic Aboorp-

tion Spectrophotometer with DCR-1 concentration roadout and 

recording readout, Phosphorus determinations woro made us

ing a modification of tho Murphy and Riloy (1962) method and 

a Dausch and Lomb Spoctronic 20 for colorimotric readings. 

Tho micro-Kjoldahl technique# as given by tho Association of 

Official Agricultural Chemists (Allen, 1955) was used for 

nitrogen determinations. Details of all procedures are given 

in Appendix B. 

Humidity and Carbon Dioxide Experiments 

Tomato plants (Lycopersicon esculentum Mill., cul-

tivar 'Manapal') were used for all experiments. Seeds woro 

germinated in vermiculite supplied with nutrient solution. 

When primary leaves were approximately two cm long (10 to 12 

days) the seedlings were transferred to the culture con

tainers in the various environmental conditions. The envi

ronmental conditions were: (1) low humidity (conventional 

greenhouse) and ambient carbon dioxide, (2) high humidity 

and 300 ppm carbon dioxide, (3) high humidity and 900 ppm 

carbon dioxide, and (4) high humidity and 1500 ppm carbon 

dioxide. Each container was filled with 4350 milliters of 

aerated nutrient solution. The nutrient solution was re

turned to the original level in each container with nutrient 

solution each day and daily use recorded. The nutrient so

lution was replaced with fresh solution every three days. 
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Control containers without plants wore maintained to deter

mine the water use of the containers exclusive of the plants. 

During the 43rd day of the experiment silicon rubber 

leaf impressions and leaf resistance measurements were made. 

Plants were removed after 45 days, divided into: 

(1) roots, (2) stems and petioles, and (3) leaf blades, and 

fresh weights were determined. Placing stemB and petioles 

together gave a more homogeneous grouping than placing leaf 

blades and petioles in one group. The plant material was 

dried, ground', and analyzed for total: (1) salts, (2) ni

trogen, (3) phosphorus, (4) potassium, (5) calcium, and (6) 

magnesium. 

Humidity and Calcium Uptake Experiments 

Tomato seeds were germinated in rolled Kimtowel 

Disposable Shoptowels {Kimberly-Clark Corporation, Neenah, 

Wisconsin) according to the method of Prisco (1969). Nu

trient solution was supplied to the germinating seeds. When 

the primary leaves were approximately two centimeters long 

(7 to 9 days) the seedlings were transferred to 600 ml alu

minum foil wrapped beakers with aerated nutrient solution 

in a Controlled Environments, Inc. Model E-7 growth chamber. 

The light sources were four 25 watt extended service incan

descent bulbs and eight Sylvania Lifeline fluorescent tubes. 

The chamber was set for a 14 hour day and a 10 hour night 

cycle with daytime temperature of 24 C and night temperature 
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of 18 C. The nutrient solution in the pots was changed each 

day to maintain the concentration of the solution and to re

duce algal growth in the pots. After one week plants of 

uniform size were selected for transfer to three ISCO Model 

E-3 Plant Growth Environmental Chambers. The chambers were 

set for a 14 hour day and a 10 hour night cycle with daytime 

temperature of 21 C and night temperature of 18 C. The three 

relative humidity levels were 35 to 45 (low), 80 to 90 

(medium), and 95 to 100% (high). The light sources in the 

chambers were eight 100 watt incandescent bulbs and eight 

400 watt Sylvania Metal Arc lamps. Growth chamber shelf 

heights were adjusted to maintain an average of 5800 ft-c 

of light at the tops of the plants throughout the experiment. 

Ten containers with one plant each and two control 

containers without plants were placed in each chamber. The 

containers were one liter aluminum foil wrapped beakers 

containing one liter of nutrient solution. Each pot had a 

six inch square one-fourth inch plywood top with a slot to 

facilitate plant removal, a wooden support dowel# and a butyl 

rubber flap to cover the slot. Nutrient solution was aerated 

through a system of rubber tubing attached to a Neptune Dyna-

Pump Model 4K aquarium pump. Plastic aeration tubes for 

each pot were attached to a hypodermic needle that was in

serted into the rubber airline. 

The solution remaining was measured each day and re

placed with fresh nutrient solution. Average water use by 
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the control containers was subtracted from the total use of 

the containers with plants. 

During the 20th day in the growth chambers leaf re

sistance measurements and silicon rubber leaf impressions 

were made. 

After 21 days a calcium-45 uptake experiment was 

performed. One-half of the plants in each chamber were left 

in the chamber in which they had been growing. The remain

ing plants were transferred as follows: (1) from high hu

midity to medium humidity, (2) from medium humidity to low 

humidity, and (3) from low humidity to medium humidity. The 

plants were allowed to equilibrate in the new humidity con

ditions for three hours to eliminate uptake patterns result

ing from short term water adjustments. Four hundred ml of 

an uptake solution of one-half strength nutrient solution 

45 
with one-tenth strength Ca(NC>3)2 and 0.05 uc Ca were sup

plied to each plant. After three hours in the uptake solu

tion the plants were harvested. The plants were divided 

into roots, stems and petioles, and leaf blades. Fresh 

weight measurements were taken on the different plant parts. 

Then the material was oven dried at 80 C and dry weight mea

surements were made. This was followed by wet digestion and 

45 45 
determination of total salts and Ca activity. Ca activ

ity was determined according to the methods of Hardcastle 

(1967) using a Packard Tri-Carb Model 3320 liquid 
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scintillation spectrometer. Detailed methods used in deter-

45 
mination of total salts and Ca are given in Appendix B. 



RESULTS AND DISCUSSION 

Humidity and Carbon Dioxide 

Plant Weights 

The fresh weight of tomato plant shoots was greater 

under conditions of high humidity than under low humidity 

(Table 1). As the level of carbon dioxide in the high hu

midity environment was increased there were increases in 

the fresh weight of the shoots. The increase in fresh 

weight from 300 ppm carbon dioxide to 900 ppm carbon dioxide 

was not significant at the 5% level (L.S.D.) but was a sig

nificant increase over fresh weight under conditions of low 

humidity and 300 ppm carbon dioxide. The fresh weight at 

the highest level of carbon dioxide (1500 ppm) was signif

icantly greater than under all other conditions investigated. 

Dry matter production was greater under low humidity 

and 300 ppm carbon dioxide than under high humidity and a 

similar level of carbon dioxide (Table 1). Enrichment of 

the air with carbon dioxide to 900 ppm and 1500 ppm gave in

creases in dry matter production with the greater production 

at the higher level of carbon dioxide. The decrease in dry 

matter production because of high humidity was more than 

offset by enrichment of the air with carbon dioxide. 

19 



Table 1. Influence of humidity and carbon dioxide on plant weight. 

Fresh Drv Weight (cr) Shoot 

Humidity-
CO- Cone 
(ppm) 

Weight 
Shoots (g) 

Leaf 
Blades 

Stems and 
Petioles Shoot Roots Total 

Root 
Ratio 

Low 300 1029a* 52.8a 65.4a 116.6ab 20.7a 137.3a 5.90a 

High 300 1063ab 42.2a 64.0a 106.2a 13.6b 119.8b 7.90b 

High 900 1117b 49. 8a 88.4b 138.2b 18.Oac 156.2c 7.98b 

High 1500 1284c 71.1b 97.7c 168.8c 16.9bc 185.7d 10.60c 

•Values within a column not followed by the same letter are significantly 
different at the 5% level ( L . S i D . ) .  



The increased dry matter production was in the shoot 

portion of the plants. The dry weights of the roots were 

less under the high humidity environments at all levels of 

carbon dioxide than under the low humidity. The shoot to 

root ratio (dry weight of the shoot divided by the dry 

weight of the root) showed an increase from 5.90 under low 

humidity to 10.60 under high humidity and 1500 ppm carbon 

dioxide (Table 1). A comparison of the percentage of dry 

matter in the different portions of the plants shows that 

there was a small but significant increase in the shoot 

portion in the high humidity environment (Table 2). This 

increased shoot percentage is attributable to the increased 

dry weight of the stems and petioles. 

Water Use 

The total water use by tomato plants in high humid

ity decreased by 60% as compared to the low humidity envi

ronment at the same levels of carbon dioxide (Table 3). The 

decrease in total water use was even greater as the level of 

carbon dioxide was increased in^the high humidity environ

ment to an approximate 70% decrease at 1500 ppm carbon 

dioxide. 

When comparing the water use efficiency (ml of water 

consumed per g of dry matter produced) under the different 

environmental conditions more dramatic reductions in water 

use are apparent than from total water use data (Table 3). 



Table 2. Influence of humidity and carbon dioxide on distribution 
of dry weight. 

% of Dry Weight 

Humidity 
CO- Cone 
(ppm) Leaf Blades 

Stems and 
Petioles Shoot Root 

Low 300 
* 

36.7a 48.4a 85.1a 14.9a 

High 300 35.1a 53.5b 88.6b 11.4b 

High 900 31.6b 57.0c 88.6b 11.4b 

High 1500 36.5c 54.7b 91.2c 8.8c 

•Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 



Table 3. Influence of humidity and carbon dioxide on total water 
use and water use efficiency. 

Total Water Use Water Use Efficiency 

Humidity 
C05 Cone 
(ppm) ml Plant 

^ % of 
Low Humidity ml H20 g-1 D 

% of 
.W. Low Humidity 

Low 300 19j ,422a* 100 155a 100 

High 300 8j ,261b 40 70b 45 

High 900 6, ,344c 34 48c 31 

High 1500 6, ,232c 29 33d 21 

*Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 
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The significant increases in dry matter and reduccd total 

water use under high humidity and carbon dioxide enrichment 

resulted in a reduction in the amount of water required to 

produce e| unit of dry matter under high humidity as compared 

to the lew humidity. As the carbon dioxide was increased to 

900 ppm qnd 1500 ppm the reduction in water required to pro-

it of dry matter was 69 and 79% respectively. The 

efficiency values under conditions of high humid

ity and 1500 ppm were the lowest of the environmental condi

tions tee ted.-

The shoot to root ratio and water use data indicate 

that size of roots is not strictly a function of plant size 

or water use. It is more likely that the root size is a 

function of several factors including size of shoot and 

transpirc.tional demand. 

Stoma Numbers and Leaf Resistance 

The number of stomata per unit of area was greater 

under hich humidity environments at all levels of carbon 

dioxide than under the low humidity and 300 ppm carbon di

oxide environment (Table 4). The highest stoma density was 

found on the plants grown in the high humidity and 900 ppm 

carbon dioxide environment. Prom the silicon rubber leaf 

impressions it was not possible to accurately count the 

number oi: epidermal cells per unit of area. Without the 

number oj: epidermal cells it is not possible to decide if 



Table 4. Influence of humidity and carbon dioxide on stoma numbers 
and leaf resistance. 

C0~ Cone Stoma Density Leaf Resistance 
Humidity (ppm) Sec caf^-

* 
Low 300 168a 9.2a 

High. 300 209b 0.8b 

High 900 300c 8.8a 

High 1500 243d 6.0b 

*Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 
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the variations in stoma numbers aro duo to roducod coll ox-

pansion or dovelopmont of more total stomata by the loaves. 

Leaf resistance measurements indicated that the 

Btomatal apertures were larger in the high humidity 300 ppm 

carbon dioxide environment than in the low humidity 300 ppm 

carbon dioxide environment, There waB a difference in stoma 

numbers but this was not enough to account for the differ

ence in leaf resistance values. The very low resistance in 

the high humidity indicates that the stomata were open and 

that the transpiration potential was high. The reduced 

transpiration in the high humidity environment then must be 

attributed to a reduction in the diffusion gradient between 

the substomatal cavities and the surrounding atmosphere. 

The increased stomatal resistance and numbers with carbon 

dioxide enrichment indicate that high levels of carbon diox

ide will cause at least partial closure of stomata even in 

high humidity environments. This does not conflict with the 

conclusions of Meidner and Mansfield (1968) who attribute 

increased aperture in high humidity to the decreased drying 

ability of the air and other workers (Heath, 1948, 1950; 

Pallas, 1965) that have shown that increased carbon dioxide 

causes closure of stomata. There is a decreased drying 

ability but the action of the carbon dioxide predominates 

to cause closure. 
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Total Salt Concentration 

Tho results of the total salt analysis (Tablo 5) 

show no consistent pattern for tho plant parts analyzed. 

The leaf blades and steins and potiolos had higher salt con

centrations under high humidity and 300 ppm carbon dioxido 
i 

than under low humidity. Tho reverse was true for tho roots 

but tho high variability made the difference non-significant. 

Within the high humidity environments there was a tendoncy 

for a reduction in salt concentration as carbon dioxide lev

els were increased but again thoro was high variability. 

Mineral Content of Plants 

Leaf Blades. Tho nitrogen, phosphorus and potassium 

contents of the leaf blades were not significantly different 

in the low humidity and the high humidity 300 ppm carbon di

oxide environments (Table 6). The leaf blades from the car

bon dioxide enriched environments had lower concentrations 

of the three minerals with the lowest concentration of each 

at 1500 ppm. However, for all three minerals the concentra

tions in the leaf blades from the 1500 ppm carbon dioxide 

environment was not significantly less than from the 900 ppm 

carbon dioxide environment. 

Concentrations of calcium and magnesium showed a 

consistent and similar pattern (Table 6). The concentration 

of each mineral was less in the leaf blades from the high 

humidity 300 ppm carbon dioxide environment than in those 



Table 5. Influence of humidity and carbon dioxide on 
total salt concentration. 

Humidity 
C0_ Cone 
(ppm) 

% of Drv Weight 

Humidity 
C0_ Cone 
(ppm) Leaf Blades 

Stems and 
Petioles Roots 

Low 300 23.7ab* 25.4ab 30.4a 

High 300 25.8a 28.5a 26.4a 

High 900 18.4bc 21.4b 25-7a 

High 1500 14.0c 22.1c 21.5a 

•Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.) . 



Table 6. Mineral content of leaf blades under varying conditions 
of humidity and carbon dioxide. 

CO- Cone 
(ppm) 

% of Dry Weiaht 
Humidity 

CO- Cone 
(ppm) Calcium Magnesium Nitrogen Phosphorus Potassium 

Low 300 2.85a* .84a 3.76a 2.06a 2.08a 

High 300 2.14a .58b 3.80a 2-18a 2.43a 

High 900 1.47b .42c 2.47b 1.42b 1.77ab 

High 1500 1.08b .37d 2.44b 1.20b 1.53b 

Values, within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 
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from the low humidity. As the carbon dioxide concentration 

of the air was increased calcium and magnesium concentra

tions decreased. 

Stems and Petioles. There were no significant dif

ferences in the nitrogen, phosphorus, or potassium contents 

of the stems and petioles under any of the conditions tested 

(Table 7). There was a tendency for the stems and petioles 

from the 900 ppm and 1500 ppm carbon dioxide environments to 

have lower concentrations of the three minerals but because 

of high variability the differences were not significant. 

The calcium and magnesium content of the stems and 

petioles showed a similar pattern to that of the leaf 

blades. The stems and petioles with the lowest concentra

tions were from the 1500 ppm carbon dioxide environments. 

While the trend was not as clear as with the leaf blades, 

the differences were significant. 

Roots. The calcium contents of the roots from the 

low humidity environment were significantly greater than of 

those from any of the high humidity environments (Table 8). 

There were no significant differences in the magnesium, ni

trogen, phosphorus, or potassium concentrations of the roots 

from the various environments. 



Table 7. Mineral content of stems and petioles under varying 
conditions of humidity and carbon dioxide. 

CO- Cone 
(ppm) 

% of Dry Weight 

Humidity 
CO- Cone 
(ppm) Calcium Magnesium Nitrogen Phosphorus Potassium 

Low 300 1.39a* 0.54a 2.13a 2.22a 5.69a 

High 300 1.29a 0.49ab 2.09a 2.49a 5.52a 

High 900 1.08a 0.4Ibc 2.00a 2.06a 4.03a 

High 1500 0.92a 0.34c 1.90a 2.01a 4.59a 

* 
Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 



Table 8. Mineral content of roots under varying conditions of 
humidity and carbon dioxide. 

CO„Conc 
(ppm) 

% of Dry Weight 

Humidity 
CO„Conc 
(ppm) Calcium Magnesium Nitrogen Phosphorus Potassium 

Low 300 2.45a* 0.83a 3.61a 6.88a 3.12a 

High 300 1.15b 0.95ab 3.67a 5.78a 2.92a 

High 900 1.29b 1.05b 3.89a 5.45a 2.54a 

High 1500 1.31b 1.08b 3.81a 5.26a 2.26a 

* 
Values within a column not followed by the same letter are 
significantly different at the 5%-level (L.S.D.). 
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Humidity Experiments 

Plant Weights 

The fresh weight of the tomato plants increased as 

the relative humidity level increased (Table 9). All por

tions of the plants (leaf blades, stems and petioles, and 

roots) increased in weight with increasing humidity. A 

comparison of shoot to root fcatios indicated that the shoot 

portion of the plant increased significantly more than did 

the xoots of the plants as the humidity increased. 

Percentage comparisons of fresh weights of each 

portion of the plants showed no significant differences be

tween the plants from either the low or medium humidity"1 

chambers (Table 10). There were no significant differences, 

percentage wise, between the total fresh weights of shoots 

or roots under any of the three humidity conditions. How

ever, the percentages of fresh weight represented by the 

leaf blades and stems and petioles from the high humidity 

chamber did differ from those of the other two chambers. 

In the high humidity chamber the stems and petioles made up 

a greater portion and the leaf blades a lesser portion of 

the fresh weight than in the low and medium humidity cham

bers. This difference was cearly visible in the taller 

plants in the high humidity chamber. 

Dry weight measurements showed increases as the 

relative humidity level increased similar to the fresh 

weight data (Table 11). The dry weight increases for the 



Table 9. Fresh weight of plants and plant parts under varying 
conditions of relative humidity. 

Fresh Weicrht (a) Shoot 
Relative Leaf Stems and Root 
Humidity Blades Petioles Shoot ROOtS Total Ratio 

Low 52.6a* 61.8a 114.3a 34.6a 148.9a 3.3a 

Medium 71.2b 81.1b 152.3b 42.6b 195.0b 3.6a 

High 92.2c 158.8c 251.0c 60.1c 310.8c 4.2b 

* 
Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 



Table 10. Fresh weight distribution under varying conditions 
of relative humidity. 

Relative 
Humidity 

% of Total Fresh Weicrht 
Relative 
Humidity Leaf Blades 

Stems and 
Petioles Shoot Root 

Low 35.3a* 41.5a 76.8a 23.2a 

Medium 36.5a 41.6a 78.1a 21.9a 

High 29.7b 51.1b 80.7a 19.3a 

Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 



Table 11. Dry weight of plants and plant parts under varying 
conditions of relative humidity 

Relative 
Humidity" 

Drv Weiaht (cr) Shoot 
Root 
Ratio 

Total D.W/ 
Total F.W x 100 

Relative 
Humidity" 

Leaf 
Blades 

Stems and 
Petioles Shoots Roots Total 

Shoot 
Root 
Ratio 

Total D.W/ 
Total F.W x 100 

Low 
* 

8.00a 4.79a 12.79a 2.04a 14.82a 6.3a 9.9a 

Medium 9.25b 5.56a 14.81b 2.31a 17.12b 6.4a 8.8b 

High 10.20c 8.63b 18.83c 2.86b 21.70c 6.6a 7.0c 

Values within a column not followed by the same letter are significantly 
different at the 5% level (L.S.D.). 



37 

stems and petioles and roots were not significant between 

the low and medium humidity chambers. They did, however, 

fit the pattern of increasing dry weight with increasing 

relative humidity. Comparisons of the percentages of dry 

weight represented by each portion of the plants (Table 12) 

were similar to the same types of fresh weight comparisons. 

There was a percentage increase in stems and petioles por

tion and a corresponding decrease in the leaf blades. 

The dry weight shoot to root ratios were not sig

nificantly different (Table 11). The data on the dry weight 

indicated that the dry matter was a smaller portion of the 

fresh weight as the relative humidity of the environment in-, 

creased (Table 11). Thus, the increasing fresh weights from 

the higher humidity levels were the result of increased dry 

matter, especially of the stems and petioles, and increased 

succulence cf the shoots. 

Water Use 

The total water use per plant was less in the high 

humidity chamber than in the medium or low humidity cham

bers, but the differences were not significant due to the 

high variability among plants (Table 13). Water use effi

ciency figures did show significant increases in efficiency 

as the relative humidity level increased. A percentage com

parison showed that in the medium humidity only 81% as much 

water was required to produce a unit of dry material as in 



Table 12. Dry weight distribution under varying conditions 
of relative humidity. 

% of Drv Weiqht 
Relative 
Humidity Leaf Blades 

Stems and 
Petioles Shoot Root 

Low 54.0a* 32.3a 86.3a 13.7a 

Medium 54.0a 32.5a 86.5a 13.5a 

High 47.0b 39.8b 

! 
83.8a I 13.2a 

Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 



Table 13. Total water use and water use efficiency under varying 
conditions of relative humidity. 

Total Water Use Water Use Efficiency 
Relative 

*1 
% of — 1 % of 

Humidity ml Plant" Low Humidity ml H20 g D. W. Low Humidity 

Low 4, ,194a* 100 283a 100 

Medium 3, ,931a 94 230b 81 

High 3, ,529a 84 163c 57 

Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 
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the low humidity (Table 13). In the high humidity environ

ment this figure drops to 57% as compared to the low humid

ity chamber. Thus, the increased humidity in the chambers 

did not reduce the total water use but did increase the effi

ciency, measured in tferms of water used to produce a unit of 

dry matter, of production. 

Stoma Numbers and Leaf Resistance 
t 

Plants in the medium humidity chamber had greater 

numbers of stomata per unit area than those of the low humid

ity plants (Table 14). The values for the high humidity plants 

were intermediate to those of the medium and low humidity 

plants. 

Leaf resistance values for the low and medium humid

ity chambers were not significantly different (Table 14). 

The resistance values from the plants in the high humidity 

chamber were much less, in fact a negative average. The 

leaf resistance meter and the calibration method (Oliveira, 

1968) both emphasized the importance of leaf temperature in 

resistance measurements. Thus, the calibration technique and 

design are modifications of those of Van Bavel, Nakayama, 

and Ehler (1965) and could be the reason that negative val

ues were obtained. However, the important thing is that the 

leaf resistance was much less under high humidity conditions 

than under medium or low humidity conditions. The fact that 

the larger plants, both fresh and dry weight, in the high 



Table 14. Stoma numbers and leaf resistance values under varying 
conditions of relative humidity. 

Relative Stoma Density Leaf Resistance 
Humidity no. mm-2 sec cnT"l 

* * 
Low 149a 4.33a 

Medium 218b 6.25a 

High 171c -1.42b 

£ 
Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 
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humidity wore transpiring no moro than smaller plants in tho 

othor chambers must bo attributed to the reduced diffusion 

gradient between the substomatal cavities and the atmosphere. 

45 
Uptake of Nutrient Solution and Ca 

Nutrient solution uptake was greater for the plants 

grown in high humidity and transferred to the medium humidity 

environment than any other combination of environments for 

growth and uptake (Table 15). This was followed by the up

take of the plants transferred from the medium humidity cham

ber to the low humidity chamber. The plants transferred from 

the low humidity chamber to the medium humidity chamber for 

the three hour uptake period had a significantly reduced up

take of nutrient solution as compared to plants remaining in 

the chamber in which they had been growing. Thus, moving 

plants to environments with higher levels of humidity than 

that of their growth conditions resulted in decreased trans

piration. Those plants that were transferred to lower humid

ity conditions had increased uptake of nutrient solution. 

The plants transferred from the low humidity chamber 
t * 

to the medium humidity chamber during the three hour uptake 

45 
period had less Ca in all plant parts than did the plants 

that remained in the low humidity. The plants' transferred 

from the medium humidity chamber to the low humidity chamber 

45 
had more Ca in the stems and petioles and leaf blades than 

did those that were allowed to remain in the medium humidity 



45 
Table 15. Uptake of nutrient solution and Ca under varying 

conditions of relative humidity. 

Relative Humidity ml Nut. Sol. 
During During Uptake Plant"! 
Growth Uptake 3 Hours 

Calcium Content after 3 Hours 
com x 103 q-l D. W. 

Leaf Blades Stems and Petioles Roots 

Low Low 155 a 22.3a 514a 12,745a 

Low Medium 106b 5.2b 158b 10,343b 

Medium Low 170c 16.4c 1112c 11,482c 

Medium Medium 133a 5.9b 409d 11,766c 

High Medium 23 2d 7.4b 244e 8,902d 

High High 143 a 7.1b 147b 8,270d 

IF 
Values within a column not followed by the same letter are 
significantly different at the 5% level (L.S.D.). 
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chamber. There were no significant differences between the 

Ca45 contents of the roots. Stems and petioles of the plants 

grown in high humidity and transferred to the medium humidity 

45 
chamber showed greater concentrations of Ca than did those 

from plants that remained in the high humidity chamber dur

ing the three hour uptake period. There were no significant 

45 
differences between the Ca contents of the roots or leaf 

* 
45 

blades. Thus, analysis of the Ca content of the plant 

parts showed, in general, that plants transferred to humid-

45 
ities lower than the growth conditions contained more Ca 

in their tissues than did those that were allowed to remain 

in the relative humidity environments similar to that during 

their growth. Those plants that were transferred to higher 

45 
humidities had less Ca in their tissues. 



SUMMARY AND CONCLUSIONS 

The effect of high humidity on plant weight was not 

totally clear. The first series of experiments resulted in 

reduced dry matter production in high humidity as compared 

to low humidity environments. However, the second series of 

experiments resulted in increased dry matter production with 

increased humidity. In the case of the first series the 

plants were grown in greenhouses where it was not possible 

to control the temperature, and humidity as precisely as in 

the second series with controlled environment chambers. 

Since the second series of experiments was conducted in 

chambers with controlled temperature, light, and humidity 

the conclusion made was that with Manapal tomatoes grown un

der the conditions outlined in the methods and materials 

section increased levels of humidity caused increased dry 

matter production. 

Enrichment of the atmosphere with carbon dioxide un

der high humidity conditions resulted.in increased dry mat

ter production with the greatest production at 1500 ppm 

carbon dioxide. Increases in the stems and petioles under 

all high humidity conditions accounted for the major portion 

of the total increases in dry matter production. This same 

45 
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pattern was observed in the second series where the stems 
ti . 

and petioles showed the main increase in dry weight~under. 

the high humidity environment. There was an increase in to

tal production in the medium humidity as compared to the low 

humidity but the percentage distribution among the plant 

parts was not altered. 

Water use efficiency was increased with increasing 

humidity and increasing atmospheric carbon dioxide. Under 

conditions of high humidity the stomatal resistance is 

greatly reduced and stoma number is increased indicating 

that the reduction in transpiration is due to a reduced 

diffusion gradient. 

Increasing humidity did not affect the total salt, 

nitrogen, phosphorus or potassium concentration of tomato 

plants. Enrichment of the atmosphere with carbon dioxide 

decreased the total salt concentration of the plants. The 

calcium and magnesium contents of leaf blades were signifi

cantly reduced by increased humidity and increased atmos

pheric carbon dioxide. The nitrogen, phosphorus, and 

potassium contents of leaf blades were not reduced by high 

humidity but were reduced by carbon dioxide enrichment. The 

mineral concentrations of the roots and stems and petioles 

were little affected by increased humidity or increased car

bon dioxide. Plants that were grown in one humidity envi

ronment and transferred to a lower humidity environment had 

45 
increased uptake of Ca . This indicates that specifically 



calcium uptake is affected by transpiration but that total 

salt uptake is little affected. It is further evident that 

transport of calcium to the leaves is affected niore than the 

entry of calcium into the roots. 
• •* 

In conclusion it can be stated that increased rela.-

tive humidity and carbon dioxide increased water use effi

ciency and total dry matter production. The proportion of 

stems and petioles was increased and accounts for a major 

portion of the increase in dry matter. High humidity af

fected the uptake and transport of some minerals in tomato 

plants but generalizations about the uptake and transport 

of all minerals should not be made. 



APPENDIX A 

NUTRIENT SOLUTION 

Compound Molarity 

KN03 2.0 X 10"3 

KH2P°4 2.0 X 10"3 

MgS04 2.0 X 10-3 

Ca{N03)2 3.0 X 10""3 

H3BO3 4.042 X 10"5 

MnCl2 7.579 X 10"6 

CUC12 
2.933 X 10"7 

Mo03 3.473 X 10-7 

ZnSO^ 1.363 X 10"6 

Fe-EDTA 0.042 g l"1 

Ion Parts Per Million 

Ca 120.0 

N03 496.0 

K 156.4 

P04 190.0 

S04 192.1 

Mg 48.6 

Fe 5.0 

Ion Parts Per Million 

Bo3 2.390 

Mn 0.416 

Cl2 0.559 

Cu 0.019 

Mo 0.334 

Zn 0.089 

48 



APPENDIX B 

METHODS OP MINERAL ANALYSIS 
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DIGESTION OF PLANT MATERIAL FOR ATOMIC 

ABSORPTION AND PHOSPHORUS DETERMINATION 

1. Oven dry plant material at 80 C. 

2. Grind dried plant material using a Wiley Mill with a 40 

mesh screen. Some method of pregrinding may be neces

sary for stems and main roots. A Waring blender will 

break up the large pieces if they are not too tough. 

Grind into disposable plastic beakers for large amounts 

of tissue or coin envelopes for small amounts. 

3. Weigh 0.25 g of well mixed plant material in a tared 

100 ml beaker. 

4. Place the beaker in an exhaust hood and add 5 ml conc 

HNO^. Heat just to boiling and remove from heat. Allow 

to digest for a minimum of 4 hours with a cover glass 

over the beaker. 

5. Add 2.5 ml 70% HCIO^ and allow to digest for 30 minutes. 

6. Add 10 ml distilled water and heat gently until solution 

clears. 

Caution; If the solution begins to darken remove from 

heat immediately and add 10 ml of distilled water. Al

low to cool and then add 5 ml conc HNOg and allow an 

additional two hours of digestion. Resume heating un-

t i l  s o l u t i o n  c l e a r s .  T h e  d a r k e n i n g  o f  t h e  s o l u t i o n .  

dicates the presence of undigested organic material^ 

— —  i — , i  .  ^ . v ?  j , " i "  ^  ^  •  . . .  J , • •  . ,  i  

« - _ y  



which may be oxidized so rapidly by hot HCIO^ that it 

explodes. 

7. After the solution clears increase the heat to evaporate 

the excess liquid. Move the watch glass partially to 

one side to allow vapors to escape. Continue heating 

until 3 to 4 ml of liquid remains. Do not heat until 

dry or cloudy or the phosphate may be complexed into a 

form that is not detectable by the Murphy and Riley 

method. 

8. Add 3 ml conc HNOg and distilled water to 50 ml final 

volume. 

« 



DETERMINATXO 7 OF TOTAL SALTS 

Oven dry plant material 

If the sample is 5 g or 

with a 40 mesh screen. 

Weigh sample in a tared 

Add 20 ml cone HN03 g"1 

Heat just to boiling an 

-1 

digest for 4 hours. 

Add 10 ml 70% HC104 g 

digest for 30 minutes, 

Add 10 ml water g~* dry 

until solution clears. 

Caution: If the soluti 

52 
^ . 

at 80 C. 

more grind using a Wiley Mill 

Samples of less than 5 g may 

be used without grinding if no other determinations 

are necessary. 

beaker and record the weight, 

dry weight of sample. 

J remove from heat. Allow to 

dry weight of sample. Allow to 

weight of sample and heat gently 

on begins to darken remove from 

£1 10 ml of water. Allow to cool 

BNO.J g"^" of sample and allow an 

digestion. Resume heating until 

heat immediately and adfi 

and then add 5 ml conc 

additional two hours of 

solution clears. The darkening of the solution indi-

ndigested organic material which 

dly by hot HClO^ that it explodes 

liquid has evaporated. Be very 

since the sample will tend to 

o strongly. If the sample turns 

water and slowly reheat and 

cates the presence of u 

may be oxidized so rapi 

Continue heating until 

cautious while heating 

turn black if heated to 

black add conc HNO^ anc 
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rn ^ eyrap or a t e^y/ayn th^^liguid ,r^ As-' the ,rl i^quid^ is nearly 

evaporated the solution tends to spatter causing a"loss\ 

of salts. Turn heat down and slowly dry until all acid 

droplets are evaporated from the sides of the beaker. 

9. Weigh dried Bait residue and tared beaker. 
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MURPHY AND RILEY PHOSPHORUS DETERMINATION 

O o rn n fVj n — ^ 
Phosphate Reagent A " - -

•- n _ 
- n  O O  r i  

a. 12 g ammonium molybdate in 250 ml distillod waterr 

b. 0.2908 g antimony potassium tartrate in 100 ml dis

tillod water. 

c. 148 ml conc H2S04 in 1 1 distilled water. 

d. Combine solutions from steps a-c and make to final 

volume of 2 1 with washings from the three solution 

containers. 

Phosphate Reagent B 

a. 1.056 g ascorbic acid (vit C) in 200 ml final volume 

of Phosphate Reagent A. 

b. Make Phosphate Reagent B fresh just before adding 

to sample to be tested. 

Standard Phosphate Solution 

a. Dissolve 0.4393 g of oven dried Kl^PO^ in 200 ml 

distilled water. 

b. Add dissolved KHgPO^ to 1 1 volumetric flask using 

washings from the beaker until 1 1 volume is reached 

The solution contains 100 ug of P rol~* or 100 ppm. 

Using 0.1433 g of KHjPO^ will give 100 ppm of 

PO^ ml~*. 

Dilute to the following concentrationss 

,^1-ppm, 5 ppm, 10 ppm, 15 ppm, and 20 ppm. 
A'" "w V.* • w ^ u 

N* w ~ —  - 0_ u  — " 



For oach standard solution combine 1 ml of standard 

solution, 4 ml of Phosphate Reagent B, and 20 ml of 

distillod_water. Mix thoroughly and allow to stand 

for 30 minutes. Propare ono sample without addition 

of standard solution using 21 ml of distilled wator. 

Road at 750 mu in a spectrophotometer using tho sample 

without a standard solution as tho blank. 

Prepare a standard curve from the readings of the 

standard samples. 
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PHOSPHORUS ANALYSIS OF PLANT MATERIAL 

1. Use tlio solution mado from 0.25 g dried matorial and 

suspended in 50 ml volume. See instructions for Diges

tion of Plant Matorial for Atomic Absorption and Phos

phorus Determination. 

2. Add 0.2 ml of sample solution above to 25 ml volumetric 

flask. Add 4 ml of Phosphate Reagent B and fill to line 

with distilled water. Invert four or five times to mix. 

Notet The Phosphate Reagent D should be prepared fresh 

after the solution samples have been added to the vol

umetric flasks. A blank for Spectronic 20 must be pre

pared from the fresh Phosphate Reagent B at the same 

time as the Reagent B is added to the samples. See 

general instructions for Murphy and Riley Phosphorus 

Determination. 

3. Allow to set for 30 minutes to develop color. Turn on 

Spectronic 20 at least 15 minutes before using. 

4. Invert volumetric flasks 4 or 5 times and pour a portion 

into clean Spectronic 20 cuvette. Wipe outside of the 

cuvette with soft towel to remove all finger prints. 

5. Read the Spectronic 20 at 750 mu using the percent 

transmittance scale. Read to the nearest 0.5%. 

6. Compare percent transmittance with standard curve and 

record the ppm of P04. 

W ' - " ' ' -



Convert to percent PO^ by multiplying by 0.1. 

Conversion factor: 

1 v ppm PO„ (from standard curve) x 50 x 1 K 100 -
. 2 1 1000 250 1 

% PO4 

a. 1 Standard curvo based on 1 ml sample and direct 
. 2  

reading of ppm PO^. We used only 0.2 ml. 

k* 50 1 ppm equals 1 mg l""1, therefore this factor 
1000 

converts from ppm to total mg in the 50 ml 

suspended sample. 

c. 1 Used 0.25 g of plant material or 250 mg, thus 
250 

this factor converts nig to fractional portion 

of PO^ in the sample. 

100 Converts fraction to percent. 
1 
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KJELDAHL NITROGEN DETERMINATION I I 

1. Oven dry plant material at 80 C. 

. ^ 2. Grind dried plant material using a Wiley Mill with a 

40 mesh screen. Pre-grinding with Waring Blender may 

be necessary for stems and petioles and main roots. 

Grind into disposable plastic beakers for large amounts 

of tissue or coin envelopes for small amounts. 

3. Weigh approximately 0.025 g of well mixed plant material 

onto a tared cigarette paper. Do not try to get exactly 

0.025 g, a known amount close to 0.025 g is sufficient. 

Record sample weight to the nearest 0.0001 g. 

4. Add 0.008 t 0.001 g of catalyst to the sample. 

5. Roll sample, catalyst and cigarette paper into a small 

ball. There is less chance of loss of sample and cat

alyst if the material was initially weighed out near 

one end of the cigarette paper. Then it is possible to 

have two or three thicknesses of the paper surrounding 

the sample after rolling it into a small ball. Store 

samples and catalyst in numbered coin envelopes. 

6. Add 1 ml conc H2SO^ and two or three boiling chips to 

digestion flask* Add cigarette paper containing sample 

and catalyst; Label digestion flask with marking pen 

^• near the mouth of the flask. or ;he.at will rjpmpse labilv 
•  •  •  "  "  •  - • " '  

"
Vw u 
7. Pltecie^digestion flask on stand and boil mixture very 

gently for about 5 mitt." Then, turn jup heat, but-still 
^ . O 

(gl 
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boil gently until rthe, solution turns a light straw 

"color (disappearance of all dark color). 

8. Cool and then add 3 ml of distilled water. 

9. Steam out distillation apparatus for 20 minutes being 

sure the condenser water is on and the funnel stopcock 

open. 

10. Place 8 ml of 2% boric acid and 3 drops of indicator in 

a 50 ml Erlenmeyer flask. 

11. Transfer the digested sample to the distillation flask 

and wash the digestion flask with two 2-3 ml portions 

of distilled water. 

12. Place the boric acid-indicator solution under the con

denser so the steam wafts across the surface of the 

acid. 

13. Close the funnel stopcock and place 10 ml of 30% NaOH 

in the funnel. 

14. Place the distillation flask on the apparatus. 

15. Slowly add the 10 ml of 30% NaOH from the funnel and 

then close the stopcock. , . 

16. Continue distillation until the indicator'turns green 

and a total volume of 35 ml has coll^teid in the Erlen

meyer flask. 

17. Rembve the Erlenmeyer;flask from distillation apparatus 

and back-titrate the indicator with 0.01 N HC1. 

^ "v-> © 

# • 
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Every fifth sample should be a digested blank consisting 

of cigarette paper and catalyst. 

Catalyst ^ . n -

3 parts powdered selenium (Henger's Selenium) 
5 parts CuS0^-Na2S0^ mixture 

3 parts CuSO-
1 part Na2SO^ 

or 

1.0 part NagSO-
2.4 parts pewdered selenium 
3.0 parts CuSO^ 

Combine mixing very well. 

Modified Methyl Red indicator 

0.125 g methyl red 
0.0825 g methylene blue 

Mix each separately in 50 ml of ethyl alcohol and 

then combine 

Hydrochloric acid 

0.01 N Standardize against NH^Cl solution 

(4.0 mg 5 ml~^). 

Calculation of standardization value: 

weight used of standard = N of HC1 
meq wt-Standard x vol HC1 

(ml of HGl^ for sample - ml of HC1 for blank) x N HC1 x 
Sample Weight 

meg?wt .nitrogen x 100 = % nitrogen of sample 
1- _ ' 

meq wt of nitrogen = 0.014 
*  *  ~  "  c -  ^  

V  s "  t  ^  ^  ,  

O ii J  ̂ ' U 

 ̂ (,' ̂  

GO 
o o . ® 

a 
© 
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PREPARATION OF PLANT MATERIAL FOR 

' r, Ca45 LIQUID SCINTILLATION COUNTING 

... "C) 

Oven dry plant material at 80 C. 

Weigh' dried plant material to obtain total dry weights. 

If there is more than.., about three grams of dry material 

per sample, grind the dried plant materialO 

Caution; You are working with radioactive~material and 

must take appropriate precautions. Grinding with a 

blender or mill will contaminate the blender or mill. 

Plant material should be ground with motor and pestle 

in a hood. 

Weigh out approximately 2.0 g of dry material. Record 

the amount actually used, or total weight of the sample 

if the whole sample is used, accurate to at least 0.01 g 

Place the sample in a tared beaker if total salts are 

to be detenni'ned. 

Add 10 ml conc HNO^ per g D.W. of sample. 

Place the beaker with sample and acid on a hot heating 

unit and heat just to boiling. Remove immediately be^ 
u a 

fore it foams over. - 0 

If the sample has been ground,^* allow to set f&r 30 min-•. •. • O  ̂ O o 

utes; for ̂ yhore^material allow to set fc^r two hours. 

This s^p helps to reduce foaming when heating is re

sumed. 

© 
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9. Return the beaker to heating unit and heat until just 

below boiling. If sample reaches the boiling point, it 

will tend to spatter when volume is reduced. This will 

result in a loss of part of the sample and a potential 

radiation hazard. Maintain at just below boiling until 

sample is nearlyQlry but still in the liquid stage. It 

is easy to go too far at this, point. If the sample 

turns dark, add some conc HNO^ and continue heating un

til again nearly dry. 

10. Remove from heat and add 5 ml conc HC1 per g D.W. 

Note: Do not use HCIO^ at any time during digestion. 

45 
It will combine with the Ca in a form that will be 

insoluble in the scintillation system. 

: 11. Return to heat and continue to heat until dry. This is 

the most difficult and critical step. Observe the same 

precautions as in step 9. As sample approaches dryness, 

^ reduce heat and watch very carefully. If.the sample 
o  ^  I 

Q u 
begins^>to-turn dark, remove from heat and add a few 

drops of concentrated HC1 to dark spot. If the sample 

has turned black, add 3-4*ml of conc HNOg and 3-4 ml of 

conc HCl and return to heat. Ideally, the samples should 

be a light yellow color when dry. It is difficult to get 

leaf samples to come out with this color without.slight 

darkening in some spots. 

12. Dry in an oven or on a hot plate at 50 to 60 C over*; 

night. Carefully check the sides of the beaker for 
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drops of acid. If the sides are not completely dry, re

turn to hot plate or oven. Total dryness is not neces

sary if total salts are not measured. If samples turn 

dark, repeat steps 10 and 11. 

13. Weigh and record weight for total salts. 

14. Add 20 ml diluted HC1 per g D.W. of sample. This must 
o 

he done accurately. Add HC1 from a pipette or buret 

accurate to at least 0.1 ml. 

15. Cover beaker with parafilm and allow to set overnight. 

16. Swirl beaker to loosen any remaining salts. Allow to 
o 

set for at least one hour. 

17. Swirl beaker to injure even distribution of dissolved 

salts. 

Note; There will be some material that will not be dis-

45 solved. This material will not contain the Ca and 

its presence will not affect the counting efficiency. 

18. Pipette a 2.0 ml aliquot into scintillation vial. This 

2.0 ml aliquot represents 0.1 g D.W. of sample. 

19. Place scintillation vials in an oven or on hot plate at 

50 to 60 C until dry. 

Caution: Do not exceed 60 C or sample may blacken and 

solubility will be reduced. * 

20. Add 15 ml of scintillation system to each vial. Tighten 

cap firmly. 

21. Place vials on shaker for 12 to 24 hours. 

Notes There will be some residue in the bottom of the 



o 

scintillation vials that has not dissolved. This does 

45 
not contain Ca Cl2 and has little effect on counting 

efficiency. 

22. Place samples in scintillation counter for 60 to 90 min

utes to equilibrate vial temperatures. Be sure to in-
tT. 

elude at least two vials with 15 ml of scintillation 

mixture to serve as background counts. 

23. Count samples. See procedures for operation of scin

tillation counter. 

24. Reuseable counting vials must be cleaned and checked 

for contamination before reuse. Vials may be checked in 

groups of five with the scintillation mixture being 

poured from one group to the next. 

o 
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SCINTILLATION SYSTEM FOR Csl3 ASSAY 
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1. Weigh out the following: 

PT 2.5 g 

PPO 5.0 g 

NPO 0.5 g 

2. Measure the following volumes: 

250 ml DBP - dibutylphosphate 

750 ml toluene 

Note: Measure the DBP first and then use the same grad

uated cylinder for the toluene. The toluene will help 

remove the more viscose DBP from the cylinder. 

3. Combine the materials from steps 1 and 2 above and place 

on a stirrer for at least 30 minutes. 

4. Add 15 ml of the scintillation system to each scintil

lation vial. 

Materials for the scintillation system may be obtained from 

the following sources.: 

Packard Instrument Company, Inc. 
2200 Warrenville Road 
Downers Grove, Illinois 60515 

PPO - 2.5-diphenyloxazole 
a-NPO - a-napthylphenyloxazole 

o 
Eastman Kodak Company 
Eastman Organic Chemicals 
Rochester, New York 

PT - p-terphenyl (do not order technical grades) 
DBP - dibutyl phosphate - technical grade (55% 
dibutyl, 45% monobutyl) • 
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