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ALGAE, ULTRAVIOLET LIGHT, AND THE PRODUCTION
OF TRACE GASES

INTRODUCTION

One of the interesting discoveries in the early 70's was that the
oceans were a source of carbon monoxide (1). During the research on
this phenomenon, data was also obtained on the C - C4 hydrocarbons;
the origin and fate of these gases are of interest for several reasons,
but primarily in the identification of petrogenic and biogenic sources.

The literature contains numerous references to the production of
CO by microorganisms. Troxler and Dokos (2) found that CO and phyco-
bilins were formed in equimolar amounts by five blue-green and one red
algae. Loewus and Delwicke (3) reported that fresh tissues of algae
from the California coast evolved CO; further investigation revealed
that heat-treated tissues also evolved CO so long as 0, was available,
the interpretation being that CO formation was not the result of enzyme
activity. Gafford and Croft (4) studied the production of CO by
Anacystis and found that it was most pronounced during the stationary
phase of growth. Larger aquatic organisms have been known to produce
CO in substantial amounts; Pickwell et al (5) found concentrations as
high as 94% in individual floats of siphonophores, and Wittenberg (6)
reported CO to be a constituent in the floats of Physalia, Wilks (7)
was interested in the possible production of noxious gases from the
action of intense sunlight on materials within space capsules during
interplanetary flights and found that CO was evolved from any poly-
meric material tested whether of natural or synthetic types. Wilson
et al (8) demonstrated CO production by the dissolved organic carbon
from cell-free algal cultures which had been exposed to fluorescent
light,

The prime reason for the research described in this report was the
concern over the anticipated increase in ultraviolet intensity from
the sun, particularly in the 280 ~ 320 nm region known as UV-B, re-
sulting from the depletion of atmospheric ozone. Does UV-B promote
the production of CO, and perhaps other gases, by the algae which are
ubiquitous in natural waters? Nachtwey (9) showed that solar UV-B can
kill organisms, and in terms of sunlight the LD5o for algae was about
2 hours (10). Steeman-Nielsen (11) found an enhanced photosynthesis
rate in a natural algal population covered with a glass plate compared
to another culture without the plate; in both cases a black nylon net
was used to reduce the sunlight to an intensity favorable for photo-
synthesis., He attributed the increase in photosynthesis to a partial
absorption of the UV by the glass cover. Halldal (12) reviewed the
UV action spectrum for algae and concluded that the region between
310 and 390 nm affected them generally in the same manner as visible

Note: Manuscript submitted November 18, 1977.
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light, but that below 310 nm biological activity was retarded. Lesions
induced in deoxyribonucleic acid systems by far~UV have a damaging
effect after one or two cell divisions.

Contrary to popular belief, UV does penetrate significantly into
water as shown by-the family of curves in Figure 1., These were calcu-
. lated on the basis of sunlight at 90° incidence, with an ozone concen-
P tration of 0.32 atm. cm (13), and by means of absorption coefficients

obtained by Dawson and Hulburt (14). Although these coefficients were
derived over 40 years ago with equipment now considered antique, their
. validity is still recognized and the design of the experimentation
. devised for their measurement was praised in a recent publication (15).

The penetration of UV-B into water varies with the intensity, the
angle of incidence, the concentrations of organic compounds and phyto~-
E plankton, and perhaps other factors. Jerlov (16) calculated the
: absorption at 310 nm to be 14-20% per meter for oceanic waters and 93~
100% for coastal waters. Data from Figure 1 indicate that the absorp-
tion at 310 nm would be 41% per meter, and that 50% of the incident
intensity would reach 1.31 meters. In either assessment it can be
assumed that phytoplankton in surface waters are exposed to significant
UV intensities, and the premise that UV affects CO production merits
investigation. This UV effect is important in shallow areas which are
the nursery grounds for larval forms of sea life.

EXPERIMENTAL

Organisms and Culture Medium: Phaeodactylum tricornutum Bohlin was the
principal organism but Chaetoceros galvestonensis and Cyclotella nana
were also used in this study. For growth of the stock cultures the
f/2 medium of Guillard and Ryther (17) was used. Cells were centri-
fuged and washed with 3.5% NaCl solution before being made into a
slurry with this saline solution; following a chlorophyll analysis of
the slurry the desired amounts were added to a more dilute culture
medium (£/24) for the growth experiments. The inocula ranged from
0.009 to 0.039 mcg chlorophyll/ml depending on the purposes of the
experiment. The diluent in all cases was synthetic seawater prepared
from distilled water and C.P. reagents according to the formula of
Lyman and Fleming (18); the formula was modified slightly to include
an additional 0.144 gm NaHC03 per liter since collateral tests indi-
{ cated a deficiency of dissolved CO,.

Exposure Conditions: The experiments were of two types: a) Those in

which a dilute inoculum was allowed to grow for either one or two days
on the roof of the building while partially shielded from full sunlight
by appropriate screening, or b) Those in which cultures were grown to
high chlorophyll concentrations under fllorescent light and then trans-
) ferred to the roof to be exposed without shielding.
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The rooftop experiments were performed with the equipment shown in
Figure 2. The plastic tray contained water, 1.75 cm deep, maintained
at 23°C which was circulated from a thermostatted bath containing cool~-
ing and heating elements. Each flask or bottle contained a magnetic
stirring bar which was activated by a magnetic rotor in the unit be-
neath the tray.

To reduce the sunlight tg tolerable 1ntoglitiol for the cultures,
aluminum screen (324 mesh/in“, or 50 mesh/cm®) was used in 1- to 3~
thicknesses. To reduce the UV component, 0.005" mylar (0.0127 cm)
film was wrapped around the appropriate flasks. The transmission of
mylar as a function of wave-length is shown in Figure 3.

These experiments were carried out during the winter months, and
during some of the night time exposures a temperature probe in a con-
trol flask registered as low as 7°C., During the daylight hours the
temperature within the flask was approximately 20°C. A greater depth
of water in the tray would have minimized the temperature excursions
but the intent of this procedure was to exclude as much as possible
the UV absorption by the water.

One liter quartz and pyrex Erlenmeyer flasks, and 500 ml pyrex
bottles, were the test vessels. In all cases the vessels were filled
to overflowing before being stoppered in order to avoid any free gas
phase. For studies of this type quartz is the most suitable material
because of its UV transmission but only two quartz flasks were on
hand, hence the use of pyrex. While pyrex absofbs some of the UV it
still transmits a large fraction of the incident intensity.

Light Intensity Measurements: Periodic determinations of sunlight
intensity were made with a Lambda meter equipped with various sensors.
At the time of these experiments there was no UV-B meter available,
but subsequently a plot (Figure 4) of UV-B intensity vs. visible light
intensity was made on a clear day. Estimates of incident UV-B data
from this graph are discussed later. For the experiments conducted in
cloudy weather it would be invalid to attempt an estimate in this way.

Determination of Trace Gases: The hydrocarbon and CO measurements were
made by gas chromatography. In this technique, the dissolved gases

are first stripped from solution by purging with helium, and are then
concentrated in cold traps containing appropriate absorbents; they are
subsequently released by an increase in temperature and swept into the
gas chromatograph by a second stream of helium carrier gas. With this
method, sample size is not restricted, and very dilute solutions may be
analyzed.

Two cold traps at —77°C were used in series. In the first, acti-
vated alumina was used to trap all hydrocarbons except methane and CO;
in the second, a mixture of activated charcoal and molecular sieve was
used to trap methane and CO. When the stripping was complete, in
about 12 minutes, the traps were isolated by closure of appropriate
valves, and their temperature was raised to approximately 90°C. Helium
was then used to strip each absorbent, in turn, of the absorbed gases,
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and to carry these gases into the chromatograph for further separation
and analysis. A four-foot column containing activated alumina with 10%
Nujol was used to separate low-molecular-weight hydrocarbons other than
methane. Methane was separated from CO on a molecular sieve column,

A schematic diagram of the apparatus and results obtained with it are
presented elsewhere (19,20).

For the light hydrocarbons, the absolute sensitivity of the method
is approximately 2 x lo'lznol. On the_gasil of l-liter water samples,
this sensitivity corresponds to 5 x 10 ml of dissolvea gas at standard
temperature and pressure (STP) per liter of seawater. At this lower
limit, the precision of the method, on the basis of replicate measure-
ments under laboratory conditions, is +1.0%. The chromatograph was
calibrated with a gas mixture containing known amounts of hydrocarbons
in question.

RESULTS

Gas Production with Reduced Light Intensity: Data in Table 1 summa~-
rizes the results of two experiments in which dilute Phaeodactylum

cultures partially shielded by aluminum screens were grown in the sun
for two days. During most of the exposure time the sunlight intensity
was extremely high but the air temperature was below freezing, there-
fore the temperature inside the flasks dropped to as low as 7°C at
night despite the 23°c temperature of the water bath. The effect of
mylar in each case was to increase growth and to reduce CO production
compared to the cultures in quartz flasks. Also the inhibitory effect
of higher light intensity on growth was apparent; in the second ex-
periment the final chlorophyll concentration in the quartz flask
exposed to a peak of 700 W/M2 was less than half that in the 350 w/M2
exposure (0.043 vs. .092 mcg/ml). The optingm light intensity for
growth of this organism is only about 20 W/M”.

There was clear evidence also that CO production increased with
light intensity despite the lower biomass present. Variations in CHyg
concentration were minimal but the other hydrocarbons increased with
light intensity in a fashion similar to CO.

The culture grown under 20 W/M2 light intensity in the laboratory
had the most biomass by far but its production of trace gases was
generally lower than those cultures grown in the sun.

Diurnal Effect on Gas Production by Cultures Grown Under Favorable
Light Intensities:

Only one screen was used to cover the flasks in this experiment
(Table 2) compared to the use of 1 and 3 screens previously, but the
light intensities encountered were low because the weather was ex-
tremely cloudy. Cultures were exposed in both quartz and pyrex, the
latter covered with mylar; analyses were made after 1 day of growth,
and after overnight darkness following the outdoor exposure.
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As before, there was more growth in the mylar covered pyrex flasks
than in the quartz but the disparity in the CO production was less pro-
nounced. With quartz the CO reading was 16 (units omitted) while with
the culture protected from UV-B the CO was only 11, both values being
considerably less than most of those from the preceding experiments
characterized by higher light intensities. The important point was
that each of the cultures lost nearly all the CO overnight indicating
that the algal cells had the property of removing CO.

Diurnal Effect on Gas Production by Dense Cultures Exposed to Strong
Sunlight:

The previous experiments were designed to show the trace gas pro-
duction by cultures actively growing in reduced sunlight for one or
two days. The purpose of this experiment (Table 3) was to explore the
effect of intense sunlight on gas production by dense cultures of
algae. Three organisms(Phaeodactylum tricornutum, Chaetoceros galves-
tonensis, and Cyclotella nana) were grown for 2 days under fluorescent
light in media fortified with higher concentrations of nutrients than
previously, including a doubling of NaHCO3 to ensure adequate COp supply
and to buffer the culture against abnormal pH values. They were then
placed on the roof, without shielding by either mylar or aluminum, and
exposed to bright sunlight. Gas fsnalyses were made after 8 hours in
the sun and then the next morning before sunrise.

Judging from the lack of fluorescence in all the cultures after 8
hours in the sun there probably was no chlorophyll remaining although
the biomass at the start of the experiment was very high, approximately
0.25 mcg chloro./ml.

A comparison between quartz and pyrex was made with the Phaeodacty-
lum cultures, and once again the CO production was higher with quartz
than with pyrex. Overnight darkness reduced the CO content of each
culture but only relatively slightly, probably because the algal cells
were damaged by such a high light intensity.

Increases in CHy and other hydrocarbons were noted in all cultures
also, but there was no appreciable change between these components
from the late afternoon of one day and the early morning of the next.

Investigation of Effect of Light Intensity on Dense Culture of Bac-
teria-Free Cyclotella:

In all previous experiments the cultures were prepared with normal
care but not under sterile conditions. The purpose of this experiment
was to determine whether sterile cultures would give results similar
to those in which bacteria might be present. All flusks were auto-
claved, then filled with the test culture (Cyclotella nana) under

aseptic conditions, and samples were taken for bacterial study when

the flasks were opened for gas analyses. The culture medium was the
dilute £/24 solution, the same as in all other experiments except the
one just prior to this. The cultures were allowed to grow for 2 days




under fluorescent light to build up a high biomass before being moved
into the sun. The reason for the choice of Cyclotella nana was that

in the previous experiment there had been an indication of large butene
production by this organism and one of the purposes of this experiment
was to check the reproducibility of this symptom. In light of the
results obtained it appears that the previously high butene production
was an artifact.

Sufficient flasks were used to permit the study of diurnal effects
and also the effects of two light intensities (2 screens vs 0 screens),.
Once again the sunlight was unusually high throughout the whole day nf
exposure. Data in Table 4 shows that CO production was fostered by
high light intensity. With 950 w/M2 the CO reading was 347 whereas
with 475 W/M2 it was only 208, Furthermore it can be seen that the
high light intensity, even with the screening of UV-B by mylar, caused
almost as much CO production as that taking place in the absence of
mylar. There was a notable difference, however, in the diurnal effect;
the cells shielded by mylar contained less CO after a night of dark-
ness than did the others, indicating that some vestige of metabolic
activity remained whereas those receiving the full solar intensity
showed no diminution of CO overnight.

Monitoring of the cultures for bacterial growth indicated that, in
fact, the cultures were sterile. Furthermore comparisons with the
results of the previous experiments indicated that the sterile con-
ditions had not caused any notable changes, indicating that bacteria
probably had not been significant in these experiments.

DISCUSSION

When cultures containing low concentrations of algae were exposed
to low intensity sunlight their production of trace gases was minimal,.
In experiments summarized in Tables 1 and 2 the highest CO concentration
found was 50 (units omitted in this discussion) while the combination
of high light intensity and high biomass gave CO concentrations over
300 (Table 4). Shielding of cultures by mylar resulted in increased
algal growth but lower CO production so long as the light intensity
was not at a maximum., It is difficult to quantify these statements
because of the limited number of experiments conducted thus far and
also because of the unpredictability of the sunlight on any given day.

In view of the burgeoning interest in the effects of UV-B on bio-
logical systems, a plot is shown in Figure 4 of light intensity vs
Sunburn Units as determined by a Sunburn Ultraviolet Meter (Solar
Light Co., Philadelphia). This meter was not available during the
course of these experiments but it was used subsequently to construct
the plot shown on a day when there were practically no clouds. Except
for the experiment summarized in Table 2, when clouds completely domi=-
nated the sky, the curve can be used to make an estmate of the Sunburn
Units experienced by each culture in this study.




It is interesting to consider the effects of the extreme con-
ditions imposed on the cultures. With only 55 w/lz, which represents
an extremely low UV intensity, there still was a discernible difference
between the cells exposed in quartz and those protected bg mylar at
least insofar as CO production was concerned, At 950 W/M* (Table 4)
there was no significant difference between the CO production of cul~-
tures protected by mylar and those that were not. When the intensity
was 475 W/M? the mylar covered culture produced only 43% of the CO in
the flask without this protection. All these flasks were pyrex.

Mention should be made of two factors in this study concerning
light intensity. First, it is impossible to characterize the solar
conditions by a single number representing the peak light intensity,
therefore it is gratifying to see that trends in the relationship
between gas production and light intensity were so apparent, In order
to make the data easily assimilable, no correction for the reduction
of visible light by mylar was shown but it amounted to approximately
15% of the incident light. Also no attempt was made to assess the
reflection of light by the flasks.

Evidence that UV-B affects metabolism can be seen in the diurnal
studies made. Healthy cells reduced CO concentrations during dark-~
ness as shown in Table 2 where the CO concentration in the early
morning was close to zero; they had been exposed to only low light
intensities the day previous. By contrast the 950 W/M“ flux produced
very high CO concentrations by late afternoon, and there was no re-
duction of the CO during the night. Perhaps either the high visible
light intensity, or the high UV, alone could have inactivated the
cells but this is not known at this writing. Mylar absorbs most of
the UV-B but does allow a significant fraction of the higher UV wave~
lengths to pass through, and these in concert with the visible may
have been the cause of the decreased metabolic activity of the cells.
In any case, it appears that a large production of CO may be an in-
dicator of stressful conditions for the algae.

The formation of C; to Cy hydrocarbons is less affected by UV and
visible light than the formation of CO. Conditions fostering high CO
concentrations also promote hydrocarbon formation but to a lesser ex-
tent. Certainly there is less of a change in their concentrations
resulting from the mylar covering, and from darkness, than occur with
CO. It would be dangerous to assume, of course, that this slight
hydrocarbon production has no ecological significance because aquatic
organisms are known to respond to extremely low concentrations of
certain compounds. Concentrations of CH; and other light hydrocarbons
attained in these rooftop exposures are similar to baseline levels in
the ocean though the biomass concentrations here are much higher,

For example, the lowest inoculum used in these experiments was 0.009
microgram chlorophyll/ml or 9 mg chlorophyll/u3 in the more conven-
tional terms of the oceanographer, corresponding to fairly heavy
concentrations of plankton. Concentrations of hydrocarbons in natu-
ral aquatic environments can exceed those found in these studies.




Nonvolatile hydrocarbons, Cg to C31, in Green Lake, Ontario, amounted
to 1.6 parts per billion (22) whereas the 10 x 10™”ml per liter con~-
centration of CH; characterizing certain cultures in the present study
corresponds to only 0.07 ppb on a weight basis,

The role of bacteria in the formation and removal of trace gases
in these experiments is not really known., In the experiment summarized
in Table 4, when Cyclotella nana was the test alga and bacteria were
rigorously excluded, the concentrations of CO and Cy - C4 hydrocarbons
were extremely high but the light intensity imposed was also a maximum,
While it is not possible to make direct comparisons between the Cyclo-
tella in this experiment and that in Table 3, because of differences
in biomass and light intensity, the indications are that the trace
gases increased with the exclusion of bacteria., In future research
the role of bacteria will receive increased attention.

There are literature references to the formation and removal of
CO by photo-synthetic organisms in addition to those cited in the
Introduction to this report. Chappelle (23) described the uptake
of CO by green algae and its consequent oxidation to CO,y; this oxi-
dation takes place in the dark but the rate is slower than in the light,
also the rate is oxygen-dependent. Bidwell and Fraser (24) describe
the uptake of CO by bean leaves, the product being COg in the dark
and serine and sucrose in the light. Chapman and Tocher (25) found
that pneumatocysts of Nereocystis produce CO according to the concen=-
tration of oxygen in the ambient gas, there being none formed in a
nitrogen atmosphere. CO can be removed from the atmosphere by anae-
robic bacteria in the soil according to an account of Schnellen's
work (26) by Jaffe (27). By the action of Methanosarcina barkerii
it can be converted to either CHy or CO depending upon the availa-
bility of H, (28).

The matter of injury to plant systems by UV is of concern to
those engaged in agriculture research. Ambler et al (29) reported
that 10-day old cotton seedlings irradiated continuously in the
greenhouse for 6 hours each day for 14 days showed damage. Krizek (30)
studied the response of seeds and found that after 6 days exposure
to UV-B there was abnormal seedling growth. How much effect there
is on the growth potential of algae by UV-B must await further study.
Mention has already been made of the finding by Steeman-Nielsen that
UV inhibits the photosynthesis of a natural phytoplankton population,
and the extreme conditions imposed in the experiments summarized in
Tables 3 and 4 of this study obviously had lethal effects on the algae
as shown by their lack of fluorescence. An understanding of the
importance of UV-B as a factor in natural algal populations must
await the determination of the various rate processes.




ACKNOWLEDGMENT

¢ The authors are most grateful to Mrs. Marian May for monitoring
the cultures described in Table 4 for possible bacterial contamination.
Thanks are also extended to Mr. Frank Daspit for his helpful advice on
R UV-B measurements.




10.

11.

12,

13.

14,

15.

REFERENCES

J.W. Swinnerton, V.J. Linnenbom, and R.A. Lamontagne, ''The Ocean:
A Natural Source of Carbon Monoxide', Science, 167, 984, 1970,

P.F. Troxler and J.M. Dokos, "Formation of CO and Bile Pigment in
Red and Blue-Green Algae', Plant Physiol. 51, 72, 1973,

M.W. Loewus and C.C, Delwiche, ''Carbon Monoxide Production by
Algae", Plant Physiol. 39, 371, 1963.

R.D. Gafford and C.E. Craft, "A Photosynthetic Gas Exchanger
Capable of Providing for the Respiratory Requirement of Small
Animals", Report #58-124, School of Aviation Medicine, Randolph
AFB, Texas, January, 1959,

G.V. Pickwell, E.G. Barham, and J.W. Wilton, 'Carbon Monoxide
Production by a Bathypelagic Siphonophore', Science, 144, 860,1964.

J.B. Wittenberg, "The Source of CO in the Float of the Portuguese
Man-of-War, Physalia physalis L., J. Exptl. Biol. 37, 698, 1960,

S.S. Wilks, "Toxic Photooxidation Products in Closed Environments',
Aerospace Medicine, 34, 833, 1963.

D.F. Wilson, J.W. Swinnerton, R.A., Lamontagne, 'The Production of
CO and Gaseous Hydrocarbons in Seawater: Relation to Dissolved
Organic Carbon", Science, 168, 1577, 1970.

D.S. Nachtwey, "Potential Effects on Aquatic Ecosystems of
Increased UV-B Radiation", 4th Conference on Climatic Impact
Assessment Program, U.S. Department of Transportation, February
1975.

G. McKnight and D.S. Nachtwey, "Natural Resistance of Freshwater
Algae to UV Radiation - a Survey', Appendix B to Chapter 5 of
Climatic Impact Assessment Program Monograph 5 (Part 1), U.S.
Department of Transportation, 1975,

E. Steemann Nielsen, "On a Complication in Marine Productivity
Work due to the Influence of Ultraviolet Light", J. Conseil, 29,
130, 1965.

P.Halldal, "Light and Photosynthesis of Marine Algal Groups',
chapter in book, "Optical Aspects of Oceanographer', by N.G.
Jerlov and E. Steemann—Nielsen, Academic Press, 1974.

E.P. Shettle and A.E.S. Green, "Multiple Scattering Calculation of
the Middle Ultraviolet Reaching the Ground", Applied Optics, 13,
1567, 1974

L.H. Dawson and E.0. Hulburt, "The Absorption of Ultraviolet and
Visible Light by Water", J. Opt. Soc. Am., 24, 175, 1934,

R.C. Smith and J.E. Tyler, "Transmission of Solar Radiation into
Natural Waters', Chapter 3 in "Photochemical and Photobiological
Review', Vol. 1, ed, Kendric C. Smith, 1976,

10




16. N.G. Jerlov, 'Optical Oceanography', Elsevier Press, Amsterdam,
London, and New York, 1968,

17. R.R. Guillard and J.H. Ryther, "Studies on Marine Planktonic
Diatoms", Can. J. Microbiol. 8, 229, 1962, .

18. J. Lyman and R.H. Fleming, "Composition of Seawater', J. Mar. Res.
. 3, 134, 1940,

19. J.W. Swinnerton and V.J. Linnenbom, "Determination of the C, to C
Hydrocarbons in Seawater by Gas Chromatography”, J. Gas Chromato-
graphy 5, 570 1967.

20, J.W, Swinnerton, V.J. Linnenbom and C.H. Cheek, "A Sensitive Gas
Chromatographic Method for Determining CO in Seawater', Limnol.
Oceanogr. 13, #1, 193 1968.

21. R. Slovacek and P.J. Hannan, "In Vivo Fluorescence Determination
of Phytoplankton Chlorophyll a", Limnol. and Oceanogr. 22, 919,1977,

22, P.K. Starnes and R.A. Brown, 'Hydrocarbons in a Wilderness Lake",
Mar. Poll. Bull. 7, 131, 1976.

23. E.W. Chappelle, 'Carbon Monoxide Oxidation by Algae", Biochimica
et Biophysica Acta, 62, 45, 1962,

24. R.G.S. Bidwell and D.E. Fraser, 'Carbon Monoxide Uptake and ;
Metabolism by Leaves", Can. J. Bot. 50, 1435, 1972,

. 25. D.J. Chapman and R.D. Tocher, "Occurrence and Production of Carbon
| Monoxide in Some Brown Algae", Can. J. Bot. 44, 1438, 1966.

26. C.G. Schnellen, "Onderzoekingen over de Methaangistung"”, Doctoral
¢ thesis, Technische Wetenschap de Delft, Rotterdam, Holland, 1947,

27. L.S. Jaffe, "Ambient Carbon Monoxide and Its Fate in the Atmosphe-e',
J. Air Poll. Contr. Assn., 18, 534, 1968.

28. A.J. Kluyver and Ch. G.T.P. Schnellen, "On the Fermentation of
Carbon Monoxide by Pure Cultures of Methane Bacteria', Arch,
Biochem. 14, 57, 1947.

29, J.E. Ambler, D.T. Krizek, and P. Semeniuk, "Influence of UV-B
Radiation on Early Seedling Growth and Translocation of 652n from
Cotyledons in Cotton", Physiol. Plant, 34, 177, 1975.

30. D.T. Krizek, "Influence of Ultraviolet Radiation on Germination and
Early Seedling Growth", Physiol. Plant. 34, 182, 1975.




—_——— e

18071 X0ahq ¢ Jooy
[ A | 9°1 5 MR o MR R opdureg £60° shuep g2 SO 0oL o2& "wdxy
S0 Zjaend) yooy
odwes z°9 2'¢ L°Z £°S Z°1 0°0¢ B°6 . £ro* skep g ON 00L g dxy
Xoakq  yooy
1s0] opdueg 0y 0°% 2°T 0°¢z 9°8 Lt skep g s08 0se % "wdxy
Zzjaund ! yooy
o'tt 81 1% LT LT 6 8L L8 %60° sfvp g ON 0se 2% "dxy
xX0dk ¢ Jooy
£a - 't 0’z T1°1I ¥y 1°01 S°8 ere” skep g 804 00¢ 1# “dxy
ziaend! ooy
= - ¥'¢ 1l 0T & €°SZ 0°6 sot” shep 7 ON 00€ 1# "dxy
vy aongd
cy* 1 og" 0zZ° 06° S°  p°22 011 z€£2° sfep g ON 0z 1# *dxy
uor ey 104)1u0)
) ) ] ! 9y° 1 1°2 ¢S°L 6£0° -noouy vy ON = 1= “dxy
w /N ou 7
o %NS % s Yt % oo Yo :2.“:“:.:5 Esw..xq_“..,._ auihn »:muwﬂ:_ SUOT 1TPuo))
/T4y 0T X T U oiX Nead

LUOTINAS 40N OL JUNSOdNd HLIM NOLLONAOUd SVO

1 F14Vl.

-

T

g

wa APTRIR UM (IS

T




Iy3yu +

Ly - £in .8 vt 9" 6°1l 0°8 sot’ Lep 1 S0 cS xoahd
|°V - s'T 2° €1 9* O0°IT 9°8 v80° Lep 1 E5) 8 cS x0a4d
ydru +
8°9 z° e 1°2 8% % 18 LLO® Lep | ON [+ zjaend
L9 - 6t v° 2°2 9" 0°91 v°'S L90° Kep 1 oN SS zjaend
uotiey
& €* 2° v € g°* ¢6°t t1°9 910° -noout 3y - - 10x3U0)
/a0 owry, JBTAN W/M SUot} Tpun)
v.2 4
w¥o ¥ "' o "n’ %% 00 Yo 114udosotup oansodxgy >¢ﬁnuww=_
.\-o|e~ X _\~|mao_z

HLMOUD OJ, FTAVHOAVS SALLISNALNI
LHOI'T HLIM 400 NO NMOYD STMNLIND {WITALOVAOAVHd A€ NOILONAOYd SVD NO LOdJ44d TVNHNIA

¢ Tlavl




IS0} m W M ydyu + xoaAd
opdues - 0°ST 2L°S 0°EZ 19°S T°6S S°61 3 m 5 uns say g ON 006 ‘eT12710124D
(]
w um xoakd
9°ce - 1St 0'9 2°12 00°S 97001 0°61 oo Uns siy g oN 006 1R11210124)
» O
o m - ydru + xoaAd
9°81 - Lzt 8°C £°1Z 00°S Z°V9 B°fE 259 unssayg ON 006 {s0x90030eY)
m m.m xoakd
A - Vel V'9 L°2%2 2S°S Z°1L  0°ve mz ¢  uns say g OoN 006 {s01000100Y)
e+ D
= udru 4
0°61 - 0°ct £°9 ¥°SZ 10°S S°12 1°0%2 S uns say g ON 006 ziaenb {oovyd
= N
- - FAR N ¢ 8°C 9°vZ VI3 8°911 1°02 A uns say g ON 006 zdjaunb fooeud
w0 o
= 15 ydru +
0°81 - 6°VT 6L°9 S°€Z2 1I°S L°E8 9°%C REeg uns sayg ON 006 xoahd ‘ooeyd
E )
o°ct - 1°21  00°9 9°%2 00°S 2Z°66 V°1% % uns say g ON 006 xax&d oovyd
uorjey 1013u00
ST - ro° LvY" 78 1 01°C €°2 £°91 010" -noour 3y - - fooueyd
8 V. Ol V. 96 8E. bI. 93 s N i oury S/ SuoTITpuO)
n oy "HD H'O "H°D “H°2 00 HO TiAydoxory) oansodxy JelAN A3TSudjuj ‘wstuedaQ
pojeut Sy Nead

/1% 0T X

NYTALOVAOAVHd 10

/W ot X

VITALOIOAD (NV ‘ SOUAJ0LIVHO
SAUNLIND ASNAA NO SSANNUVA LHOINUAAO ANV LHOI'INNS DNOULS 40 LOdd4d

Sbwcn @y 4

£ J19v.L

14

B




[pom———

ydru +

z'oz - 0°cl £°L £°LZ 8L 0°L9Z2 1°61 0 uns say g sop 056 -
291 - V'RT ¥°9 2°2% 86°L 0°SEE 6°81 0 uns say g sap 0S6 i
ydyu +
ZEE - 0°8Z2 £°8 0°9€ O0°El 0°9SE €£°61 0 uns say g ON 056 oy
1ot - 0°L1 S°9 8°FZ SS°8 0°LvE ¥'8T 0 uns say g ON 0S6 "
L - 'y Sy L°C L6° 0°06 L°ST 2v0° uns say g sox SLy i
91t - L'8 ¥'S 0°ST V'S 0°802 6°61 0o10° uns say g ON SLY -
Naep
uy Aep
0°g - 9°1l 8S° €°v ¥S'T  6°1v 1°9T oLt 1 4933V ON (rontd) 02 &
e - £°1 96° 1t i°%2 E€°SE £°91 681" 0 ON (aonid) 02 x0akd
: Tw/3n owt ], JeTAN SN SUOTITpuO)
B NS %S Pty M % 00 Yo 1ihwdoactyy  ounsodxy £11Suaug
_\—lwlo- X —\-ln or X POjJuwI ISy jead

VTTALOIOAD dAH4-VIUALOVE NO SSANNUVA LHOINYIAO ANV ALISNALNI LHOI'T 40 LOdA4d
v J1avy

15

e T T




10°5

'o'ls

w/M2
3
|
n
5 5 3/ 33

2 B
|

10

g“‘

L
1000
WATER (cm)

10000

Fig. 1 — Penetration of UV-B into distilled water, calculated
on the basis of incident light at 90° and the ozone concentra-
tion at 0.32 atm. cm.




Fig. 2 — Picture of rooftop exposure equipment includ-
ing constant temperature bath, pyrex bottles, and shields
of mylar and aluminum screen
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Fig. 3 — Percent transmission of UV by 0.005" mylar
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Fig. 4 — Plot of Sunburn Units vs visible light intensity
on clear day
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