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The recognition of possible reduction in the earth's protective

ozone layer has initiated studies concerning the ecological effects

of increased penetration of mid-wavelength ultraviolet radiation

(UV-B). Phytoplankton constitute a critical target within the euphotic

zone since they are the primary producers within the marine ecosystem.

Any effects realized at the base of the food chain from enhanced levels

of UV-B radiation penetrating through water may affect the succeeding

trophic levels. Since this narrow range of the solar spectrum has

not been considered as an important environmental parameter in

productivity studies, this study focused on determining the physiol-

ogical response of a marine phytoplankton species to acute and chronic

exposure to natural and enhanced levels of UV-B radiation.

Cultures of Dunaliella tertiolecta Butcher were exposed to eight

UV-B fluence levels for 1, 5 or 10 days. The UV-B spectrum was

shaped to simulate the solar spectrum with a combination of white

fluorescent lamps and a sunlamp/filter system. The photosynthetic

activity and reproduction were determined by growth rate,

and fluorescence measurements.

14c.. uptake,



Regression analysis indicates a significant depression (p < .001)

in growth rate and 14C-uptake after initial exposure to higher UV-B

fluence levels, with "recovery" in growth rate occurring after 24 hours.

The 14C-uptake remained depressed in the UV-B enriched cultures.

Fluorescence measurements were not significantly different between

treatment groups with or without UV-B radiation.



The Physiological Response of a
Marine Phytoplankton Species, Dunaliella tertiolecta,

to Mid-Wavelength Ultraviolet Radiation

by

Krystyna Ursula Wolniakowski

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

Completed December 12, 1979

Commencement June, 1980



APPROVED:

Redacted for Privacy
Assistant Professor of General Science

in charge of major

Redacted for Privacy
Chairman, Department of General Science

Redacted for Privacy

Dean o Graduate School(

Date thesis is presented December 12, 1979

Typed by Marcia Griffin for Krystyna Ursula Wolniakowski



ACKNOWLEDGEMENTS

My deepest appreciation is extended to the many people who have

helped me during this endeavor. Although I cannot list them all,

the following people deserve special recognition. I wish to thank

Bob Worrest, my major professor, and Henry Van Dyke who have con-

tributed significantly to my educational, scientific and personal

development with their continual support, advice and optimism through-

out this research project.

I extend my appreciation to Lawrence Small and Percy Donaghay of

Oceanography for use of the fluorometer. Special thanks are due to

Percy for his endless enthusiasm and for the intellectually stimulat-

ing discussions that have broadened my perspective and knowledge in

the field of plankton ecology.

I am indebted to Dan Reed who has unraveled the mysteries of

statistics and has been very generous with his time and patience as

a statistical consultant.

I would like to express my thanks to Bruce Thomson, Jim Karanas

and Sr. Pamela Moehring for their technical advice, countless

discussions, and patience in answering all my questions.

I owe a special thanks to my closest friends Nancy, David, Rick,

Katie, Darleen, and Karen who have all made the years in Corvallis a

most memorable experience. Bob Anthony has been of special importance,

as a friend, and an outstanding biologist.

Above all, I wish to express deepest gratitude and appreciation

to my parents, who have always been a source of encouragement, love,

and support throughout my educational career.



This research was funded in part by NASA (Contract No. NAS 9-

14860), and a Grant-in-Aid of Research from Sigma Xi, Scientific

Research Society of America. The Oregon State Computer Center

provided funds for the computer time.



TABLE OF CONTENTS

Page

INTRODUCTION
1

MATERIALS AND METHODS 12

Preparation of Stock Cultures 12

Experimental Design 13

Acute Exposure: Experiments 1-4 19

Chronic Exposures: Experiments 5-8 21

RESULTS 25

Acute Exposures: Experiments 1-4 25
Chronic Exposures: Days 1-5, Experiments 5-8 36

Experiments 5 and 6 36
Experiments 7 and 8 39

14C- Uptake on Day 5 for Experiments 5-8 46
Chronic Exposures: Days 1-10, Experiments 6-8 51
14C-Uptake: Days 5 and 10 61

Summary of Results 66

DISCUSSION 68

BIBLIOGRAPHY 79

APPENDIX A 85

APPENDIX B 86

APPENDIX C 87

APPENDIX D 88



LIST OF FIGURES

Figure Page

1 Design of the acute and chronic exposure
experiments. 15

2 Experimental exposure chamber for UV-B irradia-
tion of Dunaliella tertiolecta. 18

3 Relative
14
C-uptake vs. DNA weighted UV-B

fluence rates. 31

4 Relative 24C-uptake vs. Plant weighted UV-B
fluence levels.

5 Relative 24C-uptake vs. photoinhibition weighted
UV-B fluence rates.

33

35

6 Day 1 growth rates (doublings day-2) vs. DNA
weighted UV-B fluence rates. 42

7 Growth rates (doublings day-1) vs. Days 1-5. 44

8 Relative 14C-uptake vs. DNA weighted UV-B fluence
rates. 50

9 Growth rates (doublings day-1) vs. days 1-10. 59

10 Relative 24C-uptake vs. DNA weighted UV-B
fluence rates. 65



Table

1

LIST OF TABLES

14c.. uptake for acute exposure to UV-B
radiation in Experiments 1 and 2.

Page

26

2
14
C-uptake for acute exposure to UV-B

radiation in Experiments 3 and 4. 27

3 Correlation coefficients for acute exposure
in Experiments 1-4. 29

4 Growth rates (doublings day -1) in Experiments 5
and 6. 37

5 Fluorescence ratios in Experiments 5 and 6. 38

6 Growth rates (doublings day -1) in Experiments
7 and 8. 39

7 Correlation coefficients for Experiments 7 and
8 (day 1). 40

8 Fluorescence ratios for Experiments 7 and 8. 45

9
14
C-uptake on day 5 for Experiments 5 and 6. 46

10
14
C-uptake on day 5 for Experiments 7 and 8. 47

11 Correlation coefficients for day 5
14
C-uptake

in Experiments 5-8. 48

12 Growth rates (doublings day ) for Experiment 6,
days 1-10. 52

13 Fluorescence ratios for Experiment 6, days 1-10. 54

14 Growth rates (doublings day") for Experiment 8,
days 1-10. 56

15 Fluorescence ratios for Experiment 8 for days
1-10. 60

16
14
C-uptake in Experiment 6 (days 5 and 10). 61

17
14
C-uptake in Experiment 8 (days 5 and 10). 62

18 Correlation coefficients for 14C-uptake on
days 5 and 10. 66



The Physiological Response of a
Marine Phytoplankton Species, Dunaliella tertiolecta,

to Mid-Wavelength Ultraviolet Radiation

INTRODUCTION

Interest in the effects of mid-wavelength ultraviolet (UV-B,

specifically 290-320 nm) irradiation on biological systems has

developed as a result of predictions of anthropogenic diminution of

stratospheric ozone. Ozone plays a major role in limiting the penetra-

tion of solar radiation in the 220-320 nm waveband through the atmos-

phere. Ozone is a minor constituent of the atmosphere and is formed

photochemically in a complex sequence of reactions (Wofsy et al., 1975).

Trace amounts of ozone are distributed throughout the stratosphere at

an average concentration of approximately 3 parts per million. At

standard temperature and pressure this would represent a layer about

3 mm thick. The very nature of life and its evolutionary path has been

influenced by the capacity of atmospheric ozone to absorb solar ultra-

violet radiation (McElroy et al., 1974; Wofsy et al., 1975).

The net result of the production and destruction of ozone is in a

steady state equilibrium. Photochemical dissociation of diatomic

oxygen by solar radiation with wavelengths less than 242 nm results in

the formation of atomic oxygen. Ozone is formed when atomic oxygen

reacts with diatomic oxygen. This is balanced by several naturally

occuring catalytic chemical reactions which function to degrade ozone.

Nitrogen oxides, hydrogen-containing species, and chlorine atoms, among

others, act as catalysts to combine with and break down ozone. The

individual reactants are not consumed, but regenerated and are capable
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of reacting with many ozone molecules. Small amounts of these catalysts

can break down large amounts of ozone (Crutzen, 1974; Hammond and

Maugh, 1974; Wofsy et al., 1975; NAS, 1976).

The thickness of the ozone layer surrounding the earth varies sig-

nificantly with latitude and season of the year (DUtsch, 1974; Cutchis,

1974; Johnson, et al., 1976). In the Northern Hemisphere the total ozone

concentration is at a maximum in the spring and a minimum in the fall,

with smaller seasonal changes near the equator as compared to the polar

regions. In the central United States the ozone layer varies from 2.8

to 3.5 atm-mm. Natural forces induce sizeable variations in the thick-

ness of the ozone layer over both short-term periods (daily) and long-

term periods (seasonal and annual) for specific geographic areas, thus

cyclical patterns of ozone variation are difficult to establish

(Cutchis, 1974), and the extent of the natural ozone fluctuation is

still largely unknown (Tiede, et al., 1979).

Ozone concentration is a function of chemical and photochemical

reactions, as well as dynamic and radiative transport processes

(Ramanathan et al., 1976). Introduction of catalysts such as nitrogen

oxides or chlorine compounds into the atmosphere from use of fertili-

zers, aerosols, refrigerants, and foaming agents could lead to a

significant increase in their stratospheric concentration and a shift in

the steady state. The presence of additional catalysts would break

down more ozone molecules, and without a feedback mechanism resulting

in increased ozone production, a net reduction in ozone would occur

(NAS, 1976). It is becoming evident that a wide range of human
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activities have the capability of disrupting the quantity of strato-

spheric ozone.

Within the last five years the use of chlorofluoromethanes (CFM)

as propellants in aerosols and as refrigerants has been questioned.

CFM were assumed to be harmless since at sea level they appeared to be

chemically inert, insoluble, nonflammable and nontoxic, and there was

no known mechanism for their biological degradation (Hammond and

Maugh, 1974). However, CFM are not chemically inert in the upper

atmosphere where radiolysis by solar radiation with wavelengths

between 190-210 nm releases chlorine atoms that can react catalyti-

cally with ozone (Molina and Rowland, 1974). Once CFM diffuse or are

transported into the stratosphere, they can remain there from 40-150

years, potentially destroying a significant amount of ozone. The full

impact of the photodissociation of CFM will not be known for many

years due to the lengthy transit time.

Current ozone theory indicates that changes in the total ozone

concentration of 0.15% per year can be expected if CFM continue to be

released at the 1975 level (Tiede et al., 1979). The change cannot

be detected until a 2.7% depletion has occurred (approximately 12

years) due to the absence of sufficiently sensitive instrumentation.

If CFM were banned from use immediately, the 2.7% would be a maximum

depletion value, after which there would be a gradual reversal (Tiede,

et al., 1979). But CFM production is worldwide and needs to be regu-

lated on a world-wide basis to be effective in preventing further

ozone depletion (NAS, 1976). To date, ozone measurements have not



provided evidence for a decrease in global ozone due to CFM. The de-

tection and identification of ozone depletion as small as 2-3%

requires carefully calibrated measurements over several years (DLitsch,

1974; Ramanathan et al., 1976). Pyle (1978) described a two dimen-

sional model of CFM effects on the ozone layer utilizing latitude

and altitude. With the use of eddy diffusion coefficients based on

atmospheric statistics, the largest reduction of ozone would occur at

higher latitudes where the ozone layer is the thickest. In equatorial

regions where ozone concentrations are the lowest, there might be an

increase in ozone due to a "self-healing" effect. Increased pene-

tration of solar radiation at the equator would increase the amount

of ozone produced, which would then be transported to regions at

higher latitudes where it would be depleted. These models are exceed-

ingly complex due to a number of feedback mechanisms between photo-

chemistry, radiation and atmospheric dynamics. The degree of

sophistication in modeling the atmosphere is still insufficient to

permit statistical precision on the estimated perturbations by CFM

on the ozone layer (Ramanathan et al., 1976; Pyle, 1978).

The amount of ozone present in the stratosphere is also dependent

on the relative rate of catalytic destruction by nitrogen oxides.

Oxides of nitrogen are formed in the atmosphere by oxidation of NH3

and by the photochemical dissociation of N20 that is transported from

the surface of the earth. Several workers (Johnston, 1971; Crutzen,

1974; McElroy et al., 1974) recognized that engine emissions from

supersonic aircraft (SST) could inject a significant amount of nitrogen
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oxides into the stratosphere, which could eventually lead to increased

destruction of ozone. However, the predictions of SST-induced ozone

modifications have been altered with revised atmospheric models.

Contrary to earlier predictions, it has been found that a slight in-

crease in ozone might accompany SST operation (Turco et al., 1978).

Since biological denitrification is the largest known source of

N20 in the environment, the effects of using industrially fixed

nitrogen fertilizers are now being investigated in relation to their

role in adding nitrous oxide to the atmosphere (Liu et al., 1977;

Ryden et al., 1978; Rolston et al., 1978; Lemon, 1978; Delwiche et al.,

1978; Bremner, 1978). Preliminary laboratory and field measurements

demonstrate that soil is both a sink for and a source of N20. An

increase in the amount of N20 reaching the stratosphere from increased

reliance of agriculture on industrially fixed nitrogen fertilizer has

serious implications for ozone depletion. Liu et al. (1977) predicted

that if the use of industrially produced fertilizers continued to

increase, a 1-2% global ozone decrease could result in the next 50

years. Such an estimate requires knowledge of the fraction of ferti-

lizer-nitrogen returned to the atmosphere as N20. There is inadequate

knowledge at this time concerning N20 evolution from agricultural soils

since most work has been done in laboratories. Extensive field studies

measuring N20 flux are currently in process (Liu et al., 1977; Ryden

et al., 1978; Rolston et al., 1978; Delwiche et al., 1978; Hutchinson

and Mosier, 1979). Hutchinson and Mosier report that 1.3% of the

nitrogen fertilizer applied to a cornfield is lost by gaseous diffusion

from the soil. However, high temporal variability in N20 flux
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throughout the growing season has emphasized the uncertainty in pre-

dicting ozone changes from limited N20 flux data.

There is increasing awareness of the uncertainties and complexities

involved in ozone depletion theory. Natural variations in the ozone

layer must be determined before the effects of CFM, nitrogen fertil-

izers, and other perturbing influences on the ozone concentration can

be isolated (Keating, 1978). Tiede et al. (1979) presented a time

series analysis model that establishes natural ozone variation and

detects any abnormal trends through time by filtering out natural

cycles. The data to date indicate no recognizable depletion in ozone.

However, uncertainties due to long-term ozone trends, rate of trans-

port, concentration of reactants, instrument error and sampling biases

are problems to be contended with in these types of studies.

With the realization that the earth's ozone shield could be altered,

extensive studies exploring the biological effects of increased pene-

tration of UV-B radiation have been initiated. Only 2.2% of the solar

radiation outside the atmosphere is associated with wavelengths less

than 320 nm and only 1% with wavelengths less than 300 nm but this

energy in combination with the ozone shield has had a major impact on

the emergence and evolution of life on earth (Cutchis, 1974). The

biological effects of radiation are a consequence of absorption of

specific wavelengths by specific chemical molecules within cells, and

their resultant photochemical alteration (NAS, 1973). For example,

the DNA action spectrum (Setlow, 1974) for relative effectiveness of

different wavelengths of radiation in causing damage to DNA resembles

the absorption spectrum for nucleic acids. The solar spectrum at the
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earth's surface (30° solar zenith angle) contains three orders of mag-

nitude less energy at 295 nm when compared to the quantity of energy

at 320 nm. However, the biological effect of 295 photons, based on

DNA damage, is about four orders of magnitude more effective than

320 nm photons. Proteins and nucleic acids, which together comprise

90% dry weight of cells, absorb at wavelengths less than 320 nm. Thus,

the biological effectiveness of UV-B radiation increases with decreas-

ing wavelengths, and because of the absorption characteristics of

ozone, these are precisely the wavelengths that would be most enhanced

with a decrease in the ozone layer. It has been estimated that a 1%

decrease in ozone would cause a 2% increase of UV-B radiation (NAS,

1973).

Since solar radiation with wavelengths between 290-320 nm reaches

the surface of the earth and has been proven to be mutagenic to

certain organisms due to absorption of the radiation by DNA (Giese,

1968), organisms have been under evolutionary pressure to maintain

effective shields or develop repair processes. Ultraviolet radiation

has been shown to affect DNA replication and transcription, but through

enzymatic repair processes the defects can be eliminated, allowing the

organisms to survive (Haynes, 1966; Setlow, 1974). In addition to

enzymatic repair processes, organisms have evolved which are capable

of coping with UV-B radiation through avoidance behavior. Because of

the importance of location in the water column to survival of aquatic

organisms and to the assessment of the impact of an increase in solar

UV-B radiation, the movement of organisms in the water column has been

studied. Barcelo and Calkins (1979) studied the avoidance of several
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aquatic organisms when exposed to various levels of UV-B radiation.

The results indicated that the organisms possessed complex sensing and

behavioral mechanisms and their response was dictated by their level of

tolerance to UV-B radiation. The behavioral responses of marine organ-

isms are most likely cued by long-wavelength ultraviolet radiation and

visible radiation. These wavebands would not be affected by a partial

depletion of ozone, thus the lack of a cue for initiation of a pro-

tective response to the enhanced levels of UV-B radiation could cause

excessive exposure of the organisms to biologically harmful radiation

(Worrest et al. 1978). The fundamental biological question is whether

the strategies utilized by organisms to tolerate current levels of

UV-B radiation would be overwhelmed by an increase in UV-B radiation

resulting from ozone depletion.

The penetration of solar radiation into aquatic ecosystems is fund-

amentally important to plant photosynthesis. The ability of phyto-

plankton cells to utilize this radiant energy influences the product-

ivity of a water column. Direct measurements of photosynthesis by

phytoplankton are used since this is the basis of most organic primary

production in the water column. Most studies have examined aquatic

productivity in relation to exposure to photosynthetically active

radiation, the wavelengths between 380 and 800 nm, with methods util-

izing glass BOD bottles. However, this technique, as recognized by

Steemann Nielsen (1964) and Jitts et al. (1976) and quantified by

Worrest et al. (1980), does not consider the most biologically harmful

wavelengths within the global solar spectrum, the narrow range from

290-320 nm (Setlow, 1974). Since only 30% of the solar radiation
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wavelengths below 300 nm penetrate through the atmosphere to reach the

earth, this region has generally not been considered an important

environmental parameter in previous productivity studies.

Phytoplankton constitute a critical target within the euphotic

zone. Any effects realized at the base of the food chain by enhanced

levels of UV-B radiation would affect all the succeeding trophic levels.

To make reliable estimates of the biological effects in aquatic eco-

systems, accurate data on the penetration of UV-B radiation into

natural waters is needed (Strickland, 1958; Jerlov, 1968; Calkins,

1975; Smith and Baker, 1979).

Both visible and ultraviolet radiation can penetrate through sea-

water, with the depth of penetration and spectral characteristics

dependent on the amount of dissolved or suspended material within the

water column. Jerlov (1968) has classified oceanic and coastal waters

into several subgroups and tabulated the transmission of specific

wavelengths of incident solar radiation as a function of depth in

various water types. The tabulations demonstrate that the penetration

of solar radiation varies greatly.

Ultraviolet radiation in the 310 nm region is limited to the upper

15 meters in oceanic water with low organic content, and to the upper

one or two meters in productive coastal waters.

The diffuse attenuation coefficient for UV-B radiation in various

water types has more recently been determined with the use of a UV

spectroradiometer developed at Scripps Institute of Oceanography

(Smith and Baker, 1979). Analyses by Smith and Baker have shown that

an increase in UV-B radiation at the surface results in a similar
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proportional increase of UV-B radiation at depth, and that penetration

of biologically effective radiation is dependent on the biological

effect being defined, e.g., Setlow (1974) DNA action spectrum for

UV-B effects on DNA, a Caldwell (1971) generalized action spectrum for

UV-B effects on plants, or a Jones and Kok (1966) action spectrum for

UV-B effects on chloroplast inhibition. Given the appropriate bio-

logical data, the methods of Smith and Baker allow a quantitative

evaluation of the radiation effects on aquatic organisms as a function

of water type and depth in the water column.

The effects of increased levels of solar UV-B radiation on the

primary producers are currently being evaluated. It has been found

that prolonged exposure to UV radiation affects phytoplankton by inter-

fering with the basic photochemistry of the photosynthetic mechanism,

specifically photosystem II, by disrupting electron transport, uncoupl-

ing oxidative phosphorylation, and by causing photooxidative destruc-

tion of enzymes (Kandler and Sironval, 1959a; Steemann Nielsen$1962;

Steeman Nielsen, 1964; Jitts et al., 1976; Smith and Baker, 1979).

When phytoplankton were exposed to radiation of wavelengths less than

350 nm, an increase in photoinhibition due to protein destruction,

followed by photooxidation of chlorophyll was observed. A decrease

in quantum efficiency seen as a decline in the rate of oxygen evolu-

tion was also detected (McLeod and Kanwisher, 1962; Jones and Kok, 1966;

Halldal, 1967). In addition, metabolic inhibition, immobilization of

motile species, and reproductive inhibition resulted from exposure to

enhanced levels of UV radiation (Kandler and Sironval, 1959b; Halldal,

1967; Thomson et al., 1980). On the ecosystem level, it was found that
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exposure to UV-B radiation caused a reduction in chlorophyll content

and a decrease in species diversity in a marine community (Worrest

et al., 1978). These effects could lead to a change in the type of

dominant organisms present, and could significantly affect the energy

transfer within an ecosystem. Any irreversible shifts at the primary

producer level could change the structure and composition of an

entire marine community.

As Smith and Baker (1979) reported, the data available to date

does not allow an assessment of the possible long-term impact on

primary productivity resulting from exposure to UV-B radiation.

The purpose of this study was to focus on one species of marine

phytoplankton, Dunaliella tertiolecta Butcher, to determine its

physiological response to natural and enhanced levels of UV-B radi-

ation. The short-term and long-term photosynthetic activity and

reproduction were monitored by determining three parameters: growth

rate, fluorescence, and uptake of radiolabeled carbon. By integrat-

ing the results of these parameters, a better understanding regarding

the factors involved in an environmental stress response was gained.
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MATERIALS AND METHODS

Preparation of Stock Cultures

Dunaliella tertiolecta Butcher is a green, unicellular flagellate

in the Class Chlorophyceae, Order Volvocales, and Family Polyblephari-

daceae. The cells are ovoid in shape with two flagella at the anterior

end and range in size from 5-8 pm in width to 10-12 pm in length. It

normally reproduces asexually by longitudinal division.

Dunaliella tertiolecta was chosen as the experimental organism

because of its ease in handling and culturing, relatively large size,

high reproductive capacity, and wide geographic distribution. The

original unialgal, but not axenic, culture was obtained from the U.S.

Environmental Protection Agency, Corvallis, Oregon.

The genus Dunaliella has world wide distribution and can be found

in oceans and estuaries as well as brine lakes (McLachlan, 1960). Its

populations inhabit-waters with 3.75-120.0 parts per thousand salinity

and reproduce in artificial seawater as well as in natural seawater

(McLachland, 1959). For this study, artificial seawater (Instant

Ocean
e
sea salts) was used to eliminate the variability found in the

quality of coastal or estuarine seawater. Such variability might affect

the physiological response of the organism. The sea salts were added

to five gallons of glass distilled water, aerated for two days to

facilitate dissolving salts, and then filtered through 0.45 pm

Millipore® filters. The specific gravity was measured with a
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hydrometer and the salinity calculated. Enrichment of the seawater

with f/2 nutrients (Guillard and Ryther , 1962) was necessary for the

satisfactory growth of the cultures (see Appendix A for the consti-

tuents). To allow the alkalinity to remain as unaffected as possible,

the artificial seawater (ASW) was not autoclaved. To retain the

carbonate system near normal, silicate was not added.

The stock cultures of D. tertiolecta were grown in sterile 1000-ml

erlenmeyer flasks on a 24 hour photoperiod. Photosynthetically

active radiation (PAR) was provided by a bank of eight 40 W fluores-

cent lamps (Vita-Lite, Duro-Test Corp., North Bergen, N.J.) delivering

41.7 Wm-2. The cultures were maintained in a controlled-temperature

room at 17 ± 1°C, and subcultured bi-weekly to maintain a healthy cell

population in log phase of growth.

Experimental Design

The study consisted of eight experiments, four of these investi-

gating the effects of acute exposure and four others determining the

effects of chronic (long-term) exposure to UV-B radiation on the

growth rate, the fluorescence and 14C-uptake of D. tertiolecta. The

four experiments in each of the acute and chronic exposure groups

consisted of two duplicate experiments. Each experiment and its

replication consisted of three treatments representing three different

levels of UV-B radiation and a control, thus the biological effects

of eight levels of UV-B fluence were analyzed (Fig. 1).

The UV-B exposures took place in a chamber which was equipped with

a bank of eight Westinghouse FS-40 sunlamps suspended above, and eight
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Figure 1. Design of the acute and chronic exposure experiments.
The day-1 acute experiments are symbolized by Al, the
day-5 chronic experiments are symbolized by C5, and
the day-10 chronic experiments are symbolized by C10.
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40 W Vita-Lites located beneath the chamber with a 0.9 m x 0.6 m glass

plate covering the lower lamps (Fig. 2). Centered in the middle por-

tion of the exposure area, where the radiant energy was the most

uniform, was the motor-driven shaft system that supported the bottles

and rotated them at 1 rpm to allow gentle mixing and to provide

uniform exposures of the cultures to both the visible radiation from

below and the UV-B radiation from above. The experimental bottles

were covered with hemi-cylindrical tubes of either 0.18 mm Mylar

filters that allowed transmission of wavelengths greater than 315 nm,

or with photooxidized 0.19 mm cellulose acetate filters that allowed

transmission of wavelengths above 290 nm and provided a spectrum

enriched with UV-B (Appendix B). Since the transmission spectrum for

cellulose acetate is altered upon initial exposure to radiation from

the sunlamps, the filters were "aged" for 24 hours prior to use. After

this period, the rate of change was much slower. The filters were

used for 20 hours beyond the initial aging period.

To vary the intensity of UV-B radiation, neutral density screening

was placed between the sunlamps and the bottles. Due to the limita-

tions of the apparatus, it was only possible to use three levels of

UV-B radiation and a control per experiment. For the three lowest

UV-B fluence levels (Experiments 1, 2, 5 and 6), the radiation from

the sunlamps was attenuated by six layers of screening and the upper

half of duplicate bottles covered with cellulose acetate and two, one

or no layers of screening, providing fluence rates of 1.68, 3.05, and

4.07 EffnAmWm-2, respectively. At the higher three UV-B fluence

levels (Experiments 3, 4, 7 and 8), four screens were used to attenuate
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Figure 2. Experimental exposure chamber for UV-B irradiation of
Dunaliella tertiolecta. The bottles were covered with
hemi-cylindrical filters of Mylar or cellulose acetate,
in addition to 0, 1 or 2 neutral density screens.
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the radiation from the sunlamps, with the upper half of duplicate

bottles covered with two, one or no screens, providing fluence rates

of 4.23, 6.23, and 9.05 EffmAmWm-2. Replicate Mylar filtered bottles,

permitting fluence rates of 2.88 x 10-2 Eff
DNA

mWm-2 for Experiments 1,

2, 5 and 6, and 5.00 x 10-2 EffnAmWm-2 for Experiments 3, 4, 7 and 8,

served as the no UV-B" controls. The fluence rates for both the

visible and the UV radiation were measured with a Gamma Scientific

2900 SR Spectroradiometer system which measured the irradiance at

each wavelength from 275 nm to 800 nm. These values were then weighted

by three action spectra to determine the total biological effectiveness

of the 290-320 nm wavelength region. All action spectra have been

based on the quanta per unit area impinging on the organism and may

identify the chromophore and reveal the amount of wavelength dependent

absorption. The results of using a Setlow (1974) DNA action spectrum

for nucleic acids, a Caldwell (1971) generalized action spectrum for

adverse effects of UV-B radiation on plants, and a Jones and Kok (1966)

photoinhibition action spectrum for isolated chloroplasts were

examined to determine whether the response of D. tertiolecta to UV-B

radiation involved the reproductive system, the photosynthetic system,

or a combination of both (Appendix C).

Acute Exposure: Experiments 1-4

The acute exposure experiments were of five hours duration and

utilized cultures that did not have any prior exposure to UV-B radi-

ation. For this study an aliquot of the stock culture was diluted

with fresh f/2 enriched ASW to yield a final cell concentration of



20

approximately 6,000 cells m1-1 in 2,200 ml of culture. Forty micro-

curies of radiolabeled sodium bicarbonate were added and mixed

thoroughly into the culture for five minutes. The culture was then

divided equally among eight 200-m1 quartz bottles and two 200-m1 dark

bottles. A 15-m1 aliquot was removed, fixed with iodine, and the

cells counted in a Fuchs-Rosenthal hemacytometer. In addition, 100 ml

was used to determine pH and alkalinity according to methods outlined

in Strickland and Parsons (1972).

Immediately after subculturing, the bottles were placed on the

motor-driven shaft system, the upper half covered with hemi-cylindrical

filters, and exposed to five hours of UV-B radiation combined with PAR.

Replicate 30-m1 aliquots from each bottle were then filtered through

0.49 um Millipore® filters. The vacuum was maintained at 14 atm-cm

to minimize cell damage and prevent loss of incorporated 14C. The

filters were inserted into 20-m1 glass scintillation vials and desic-

cated over indicating silica gel and soda lime overnight. No fuming

with HC1 was required. When the filters were dry, 10 mis of fluor

cocktail, consisting of scintillation grade toluene, 100 mg 1-1

dimethyl POPOP and 4 g 1-1 PPO, was added to the vials and the radio-

activity of the samples determined on a dual-channel Packard Tri-Carb

Series 3000 Liquid Scintillation Spectrometer system. The samples

were counted for 100 minutes or 200,000 counts. Determination of the

counting efficiency was made by the channels-ratio method, and the

procedure used to determine optimum gain and window settings for the

14c,_ isotope followed that of Wang et al., (1975).
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Chronic Exposures: Experiments 5-8

To determine long-term effects of UV-B radiation on the growth

rate, fluorescence and photosynthetic activity of D. tertiolecta,

cultures were exposed to UV-B radiation in addition to PAR on a daily

basis and the response was recorded over five-day and ten-day periods.

Because D. tertiolecta grows rapidly and can approach 2.5 or more

doublings per day, the cultures would soon become sufficiently con-

centrated with organisms to cause shading and rapid nutrient depletion

if they were not diluted periodically with fresh nutrient media. Thus,

a stepped chemostat procedure was utilized to maintain the cultures

at a constant cell concentration on a 24-hour basis.

For each of the four chronic-exposure experiments, aliquots of

D. tertiolecta were removed from the stock culture and inoculated

into 1,600 ml of f/2 enriched ASW to again yield a final cell concen-

tration between 6,000-7,000 cell m1-1. The subculture was mixed well

with a magnetic stirrer, 15 ml removed for final cell-number determi-

nation, and the remainder divided equally among eight 200-m1 quartz

bottles. As with the acute exposures, the upper half of the bottles

was covered with either Mylar or cellulose acetate hemi-cylindrical

filters in addition to 0, 1 or 2 layers of neutral density screening.

The cultures were exposed to five hours of PAR supplemented with

UV-B radiation, followed by 19 h of only PAR for each day of a 5-day

or 10-day test period.

After each 24-hour incubation during the experimental period, the

bottles were removed and the in vivo fluorescence and cell
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concentration were determined. To measure in vivo fluorescence, the

contents of each bottle were mixed well and aliquots from each bottle

were poured into six cuvettes. three with DCMU (3-(3,4-dichlorophenyl)

-1,1-dimethyl-urea) added and three without DCMU. DCMU acts as a

block in the non-cyclic photosynthetic electron transport process

and subsequently eliminates the chemical conversion of light energy

in excited chlorophyll molecules (Slovacek and Hannon, 1977). In-

hibition with DCMU results in maximum fluorescence emission and

elimination of fluorescence quenching by the active photosystem II

(PS II) reaction centers (Papageorgiou, 1975). A few drops of a

saturated solution of DCMU added to a phytoplankton culture maximized

the in vivo fluorescence such that total fluorescence capacity of the

cell population could be determined. The cuvettes were then inserted

into an AMINCO fluorocolorimeter and multiple readings recorded.

A ratio of DCMU fluorescence to fluorescence was calculated accord-

ing to Frey (pers. comm.).

To determine the cell concentration, 15-ml aliquots were removed

from each bottle, fixed with iodine, counted and a 24-hour growth

rate calculated. The equation used to calculate a specific growth

rate (k) was:

k= ln
N t In 2
0

where N
T

is the cell number at time t, N
o

is the initial cell number,

and t is time measured in days.

Since the cell numbers among treatment-group replicates were

approximately equal, the cells were pooled in 600-ml beakers according
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to treatment and an average cell concentration was calculated. Each

pooled sample was mixed thoroughly and aliquots removed and inoculated

into an appropriate amount of f/2 enriched ASW to yield a final cell

concentration of approximately 6,000-7,000 cells m1-1. These cul-

tures were also mixed well and 15-m1 aliquots removed for final

cell-number determinations.

To avoid accumulation of cellular residue, the bottles were

rinsed vigorously with glass distilled water daily and allowed to

leach for an hour. An 18.5% HC1 rinse was used periodically when

rinsing with water alone did not remove all the residue. The bottles

were filled with D. tertiolecta from the pooled culture and replaced

in the experimental exposure area for the next 24-hour period. This

procedure continued daily until the fifth day when 14C-sodium bi-

carbonate was added to the cultures and the photosynthetic activity

as measured by 14c_ uptake, was determined.

Since each pooled treatment group was to receive an equal amount

of 14-I. 40 pCi of radiolabeled sodium bicarbonate were diluted into

10 ml of f/2 ASW and mixed well. Each of the four beakers containing

cultures of the different treatment groups, as well as an additional

beaker containing culture to be used as the "dark bottle" control,

received 8 pCi of the 14C-sodium bicarbonate inoculum. These were

all mixed thoroughly, poured into the respective bottles and returned

to the radiation exposure chamber. After five hours of combined UV-B

radiation and PAR, as with the acute-exposure experiments, samples

were filtered from each bottle, desiccated, and counted by liquid

scintillation. Immediately after the aliquots were extracted from
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the bottles, the bottles were returned to the exposure chamber for

the remaining 19 hours.

In experiments 6 and 8, unlabeled cells from each treatment

group were saved and subcultured, and allowed to continue under the

same exposure regime for an additional five days. Growth rates and

fluorescence measurements were determined daily and on day 10 another

14c_. uptake experiment was conducted.

Analysis of variance and regression analyses utilizing several

different transformations were performed on the data. To determine

which transformation best described the data, the correlation coef-

ficients for linear, parabolic, power, exponential, logarithmic,

hyperbolic, and a variation of the linear models were analyzed and

tested for significance.
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RESULTS

Acute Exposures: Experiments 1-4

The acute exposure experiments were of five-hours duration and

utilized 14C-uptake analysis to determine the photosynthetic activity

during exposure to UV-B radiation plus PAR. Experiments 1 and 2 were

replicates performed at three lower UV-B fluence levels, 1.68, 3.05,

and 4.07 Eff
DNA

mWm-2. Experiments 3 and 4 were replicates performed

at the three higher UV-B fluence levels, 4.23, 6.23, and 9.05

Eff
DNA

mWm-2. Replicate Mylar filtered bottles served as the no UV-B"

controls in all four experiments. Since each experiment was conducted

during different time periods, analysis of variance dictated that a

randomized block design be used to analyze the data. The block of

data for experiment 1 was analyzed with the block of data for experi-

ment 2 for one analysis of variance, and the block of data for

experiment 3 was analyzed with the block of data for experiment 4 for

a second analysis of variance. Thus, there were two blocks, four

treatments within a block, and duplicates within each treatment group

for each analysis of variance (see Appendix D for models and ANOVA

tables).

The results of the 14C-uptake analysis for experiments 1 and 2 at

the three lower UV-B fluence levels are presented in Table I. The

values for the duplicate bottles were averaged and the mean normalized

to the control.
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14
C-uptake for acute exposure to UV-B radiation in
Experiments 1 and 2.
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Fluence rates

(EffDNAmWm-2)

Experiment 1 Experiment 2

DPM/cell Normalized DPM/cell Normalized

2.88 x 10-2 .058 1.000 .058 1.000
.061 .058

1.68 .060 1.004 .057 .991
.060 .058

3.05 .057 .974 .055 .965

.059 .057

4.07 .058 .957 .055 .931
.056 .053

It was found that the effect of the treatment was significant at

the p = .025 level. To determine where most of the variability was,

the SSE was partitioned in an orthogonal contrast. The control (2.88

x 10-2 Eff
DNA

mWm-2) was not significantly different from the mean of

the UV-B enriched treatment groups, the 14C-uptake at 1.68 EffDNAmWm-2

was not significantly different from the 14C-uptake at 3.05

EffDNAmWm-2, but the 14 C-uptake at 4.07 EffDNAmWm-2 was significantly

different (P < .01) from the mean of the 14C-uptake at 1.68 and

3.05 EffDNAmWm-2. This indicates that there was a significant dif-

ference in the amount of 14C-uptake at the highest level of UV-B

radiation compared to the control and the two lower fluence levels.

To determine which weighting function best fit the data,

regression analyses of 14C-uptake vs. weighted fluence for DNA,

Plant and Photoinhibition weighting functions were performed. Both
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the linear model and the parabolic model yielded high correlation

coefficients. A test for significant departure from a linear re-

gression was used to determine if adding another independent variable

(parabolic model) was significant. For all three weighting functions,

the parabolic model did not significantly improve the regression

(see Table 3 for correlation coefficients).

The results of the 14C-uptake analysis for experiments 3 and 4

at the three higher UV-B fluence levels are presented in Table 2. The

values for the replicate bottles were averaged and the means normalized

to the control.

Table 2. 1``C- uptake for acute exposure to UV-B radiation in
Experiments 3 and 4.

Fluence rates

(Eff0NAmWm-2)

Experiment 3 Experiment 4

DPM/cell Normalized DPM /cell Normalized

5.00 x 10-2 .057 1.000 .058 1.000
.056 .055

4.23 .053 .938 .054 .955
.053 .054

6.23 .050 .884 .049 .858
.050 .048

9.05 .044 .769 .045 .787
.043 .044

The effect of the treatment was significant at the p = .001 level.

When partitioning the SSE, an orthogonal contrast showed the control

to be significantly different from the UV-B enriched treatment groups

(p < .001), and the UV-B enriched treatment groups to be significantly
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different from each other (p < .001). This indicates that at the

higher UV-B fluence levels within this group, the 14C-uptake was

significantly depressed.

Regression analyses on the 14C-uptake vs. weighted dose for the

three weighting functions were performed. Both the linear and para-

bolic models were analyzed and each gave a high correlation coef-

ficient for each weighting function; however, a parabolic fit was

significantly better (p < .025) than the linear model for the DNA

and Plant weighting functions, whereas the parabolic model did not

significantly improve the fit for the Photoinhibition weighting

function.

Although the four experiments could not be pooled and statistic-

ally analyzed for analysis of variance, the results for experiments

1-4 are in Figures 3, 4 and 5 using the three different weighting

functions. By observation, it appears that the data fits a survival

curve with a shoulder occurring at the lower UV-B fluence rates. For

comparative purposes, all the results were pooled and regressed. A

parabolic model gave a significantly better fit for the three weight-

ing functions: DNA (p < .001), Plant (p < .001) and Photoinhibition

(p < .005).
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Table 3. Correlation coefficients for acute exposure in
Experiments 1-4.

Weighting
Function

Expts. 1 & 2

Linear
Para-
bolic

Expts. 3 & 4 Pooled

Pa ra-

Linear bolic Linear
Para-
bolic

DNA -.891 -.950 -.964 -.990 -.954 -.990

PLANT -.887 -.951 -.964 -.989 -.954 -.989

PHOTO-
INHIBITION -.930 -.942 -.990 -.990 -.978 -.988
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Figure 3. Relative 14C-uptake vs. DNA weighted UV-B fluence rates.
Error bars represent one standard deviation.
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Figure 4. Relative 14C-uptake vs. Plant weighted UV-B fluence levels.

Error bars represent one standard deviation.
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Figure 5. Relative 14C-uptake vs. photoinhibition weighted UV-B
fluence rates. Error bars represent one standard
deviation.
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Chronic Exposures: Days 1-5, Experiments 5-8

For the chronic exposure experiments, cultures were exposed each

day to five hours of UV-B radiation plus PAR, followed by 19 hours of

only PAR. D. tertiolecta was subcultured daily to a standard cell

concentration of approximately 6,000 cells ml with a
14

C-uptake

analysis on day 5. Experiments 5 and 6 were performed at three lower

UV-B fluence levels, 1.68, 3.05, and 4.07 EffrmAmWm-2. Experiments

7 and 8 were performed at three higher UV-B fluence levels, 4.23, 6.23,

and 9.05 EffimAmWm-2. Mylar covered bottles served as the "no UV-B"

controls in all experiments. Since the experiments were performed at

four separate five-day intervals, analysis of variance dictated that

a randomized block design be used. The block of data for Experiment 5

was analyzed with the block of data for Experiment 6, for one

analysis of variance, and the block of data for Experiment 7 was

analyzed with the block of data for Experiment 8 for a second

analysis of variance. Thus, there were two blocks, four treatments

within a block, and two duplicates of each treatment for each

analysis of variance.

Experiments 5 and 6

The results for the daily calculated growth rates (measured in

doublings day-1) are presented in Table 4 for Experiments 5 and 6.

The two values for each day represent values from duplicate bottles.
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Table 4. Growth rates (doublings day-1) in Experiments 5 and 6
(irradiance units are EffpliAmWm-2)

Day

2.88 x
#5

10-2

#6

Irradiance

#5

4.07

#6

1.68

#5 #6 #5

3.05
#6

1 .06 .92 .00 1.20 .00 .72 .09 .75

.16 .88 .06 1.20 .00 .82 .00 .89

2 2.60 2.37 2.45 2.48 2.58 2.38 2.41 2.40
2.60 2.47 2.40 2.53 2.43 2.42 2.45 2.50

3 2.24 2.42 2.55 2.24 2.60 2.31 2.25 2.29
2.28 3.34 2.41 2.20 2.68 2.37 2.12 2.29

4 2.38 2.58 2.29 2.64 2.34 2.34 2.48 2.16
2.42 2.61 2.28 2.66 2.41 2.35 2.48 2.25

5 2.31 2.24 2.98 2.22 2.77 2.35 2.64 2.31

2.73 2.44 2.94 2.16 2.69 2.21 2.54 2.40

When the data were analyzed using a randomized block strip plot

analysis, there was no significant difference in growth rate between

the UV-B treatment groups over a 5-day period, but the difference in

growth rates between days was significant (p < .025). When the SSE

was partitioned and the means of the treatment groups analyzed by

orthogonal contrast, it was found that day 1 was accounting for 99%

of the variability over the 5-day time span. On day 1, there was a

lag phase among all the treatment groups (more so in Experiment 5 than

6) followed by exponential growth on days 2-5.

Regression analysis on day 1 yielded a slope that was not sig-

nificantly different from zero and the correlation coefficients for
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the three weighting functions were not significant. When the data

from days 2-5 were analyzed, the slope and the correlation coefficients

were not significant. Due to the obvious lag phase the data from

day 1 were not analyzed with data from days 2-5.

The results for the calculated fluorescence ratios are presented

in Table 5 for Experiment 5 and 6. The two values for each day

represent values from replicate bottles.

Table 5. Fluorescence ratios in Experiments 5 and 6 (irradiance
units are EffnAmWm-2)

Irradiance

Day
2.88 x
#5

10-2

#6 #5

1.68

#6 #5
3.05

#6

4.07

#5 #6

1 3.75 3.33 3.10 3.33 3.71 3.44 3.61 3.38
3.40 3.33 3.35 3.22 3.56 3.38 3.33 3.36

2 2.80 3.13 2.86 3.21 2.86 3.05 2.28 3.15
2.96 3.13 2.87 3.21 2.96 3.13 2.84 3.23

3 3.37 2.98 2.72 3.10 3.10 3.19 3.18 2.96
3.09 2.98 2.79 3.02 2.93 2.98 3.00 2.92

4 3.03 3.13 2.97 3.02 2.67 3.06 2.73 3.11
3.11 3.11 3.14 3.03 2.91 3.00 2.86 3.00

5 3.14 3.03 2.64 3.00 2.84 2.97 2.58 3.02
3.12 3.17 2.71 3.13 2.84 2.98 3.14 3.00

Analysis of variance performed on the data showed that the

fluorescence ratios did not differ significantly between the treat-

ment groups during any day of the five-day experimental period.
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When regression analyses of fluorescence ratio vs. weighted

dose for the three weighting functions were examined, there were no

significant correlations, and the slopes did not significantly differ

from zero.

Experiments 7 and 8

The results of the daily calculated growth rates are presented

in Table 6 (in doublings day 1). The two values for each day represent

values from the duplicate bottles.

Table 6. Growth rates (doublings day-1) in Experiments 7 and 8
(irradiance units are Eff

DNA
mWm-2).

Irradiance

Day

5.00 x 10-2

#7 #8 #7

4.23

#8 #7

6.23

#8 #7

9.05

#8

1 1.90 2.22 1.56 1.52 1.23 1.07 1.14 0.71
1.88 2.12 1.56 1.70 1.23 1.20 0.79 0.56

2 2.68 2.19 2.34 2.25 2.03 2.19 2.77 2.31
2.55 2.41 2.25 2.27 2.35 2.06 2.67 2.41

3 2.97 2.17 2.56 2.17 1.92 2.14 2.67 2.14
2.57 2.17 2.79 2.17 2.78 2.22 1.90 2.19

4 2.78 2.15 2.02 2.32 2.04 2.19 2.44 2.09
2.44 2.18 2.46 2.27 2.51 2.24 2.18 2.18

5 3.02 2.28 2.86 2.31 2.04 2.19 2.54 2.18
3.02 2.35 2.90 2.27 2.89 2.23 2.55 2.32

Randomized block strip plot analysis of the data showed the

Treatment x Day error to be significant (p < .025). The analysis
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could not proceed any further until the reason for the significant

interaction was determined and accounted for in the model. By

observation, the treatments and days alone appeared significant with

high F values, thus day I was analyzed separately from days 2-5.

Regression analyses of growth rate vs. weighted dose yielded a high

correlation for all three weighting functions utilizing both linear

and parabolic models for day 1 data (Table 7). However, the para-

bolic model did not significantly improve the fit. The results are

plotted in Figure 6 utilizing a linear model with a DNA weighting

function. When the data from days 2-5 was regressed, the correlation

coefficients were not significant and the slope did not differ sig-

nificantly from zero. The results are plotted in Figure 7 for days

1-5 but the equation of the line is for days 2-5.

Table 7. Correlation coefficients for Experiments 7 and 8
(day 1).

Weighting function Linear Parabolic

DNA -.950 -.950

PLANT -.951 -.953

PHOTOINHIBITION -.953 -.957
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Figure 6. Day 1 growth rates (doublings day-1) vs. DNA weighted
UV-B fluence rates. Error bars represent one standard
deviation.
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Figure 7. Growth rates (doublings day-1) vs. Days 1-5.
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The results for the calculated fluorescence ratios are presented

in Table 8 for Experiments 7 and 8. The two values for each day

represent values from the duplicate bottles.

Table 8. Fluorescence ratios for Experiments 7 and 8 (irradiance
units are EffmAmWm-2).

Irradiance

Day

5.00 x 10-2

#7 #8

4.23

#7 #8

6.23

#7 #8

9.05

#7 #8

1 3.14 3.23 3.44 3.28 3.20 3.26 3.13 3.02
3.24 3.28 3.20 3.33 3.20 3.23 3.10 3.07

2 3.28 3.25 3.09 2.95 2.92 2.91 2.47 3.09
3.15 3.33 3.33 3.20 2.90 2.90 2.67 3.00

3 2.89 3.31 2.73 3.10 2.78 3.14 2.75 3.17
2.82 3.33 2.78 3.21 2.94 3.13 2.73 3.23

4 3.91 3.31 4.19 3.22 4.00 3.20 3.86 3.33
4.00 3.33 3.83 3.20 3.86 3.30 3.91 3.20

5 3.13 3.26 3.13 3.22 3.18 3.29 2.75 3.29
3.17 3.21 3.12 3.22 3.09 3.31 2.86 3.29

When analysis of variance was performed on the data, it was found

that the fluorescence ratios did not differ significantly between any

of the treatments over a period of five days.

Regression analyses of fluorescence ratio vs. weighted dose for

the three weighting functions did not yield a significant correlation

and the slopes did not differ significantly from zero. These results

indicate that the fluorescence ratio was not significantly affected

by exposure to various UV-B fluence rates.
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14C- Uptake on Day 5 for Experiments 5-8

The results for the 14C-uptake analyses on day 5 for Experiments

5 and 6 are presented in Table 9. The values for the duplicate

bottles were averaged and the mean normalized to the control.

Table 9. 14 C-uptake on day 5 for Experiments 5 and 6.

Fluence rates

(EffDNAmWm-2)

Experiment 5 Experiment 6

DPM/cell Normalized DPM/Cell Normalized

2.88 x 10-2 .064 1.00 .054 1.00

.063 .058

1.68 .059 .930 .053 .973
.059 .056

3.05 .069 .944 .053 .946

.061 .053

4.07 .058 .880 .052 .946
.054 .054

The difference in 14C-uptake among the treatment groups was

significant (P < .025) indicating that the treatment groups responded

differently to UV-B radiation. Orthogonal contrast of the SSE showed

the control to be significantly different from the UV-B enriched

treatment groups (p < .01) but the 14C-uptake in the UV-B enriched

groups were not significantly different from each other.

Regression analyses of 14C-uptake vs. weighted UV-B fluence rates

yielded high correlation coefficients for all three weighting
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functions utilizing both the linear and parabolic models (Table 11).

When a test for significant departure from a linear regression was

performed on the data, it was found that a parabolic model did not

significantly improve the fit.

The results of the 14C-uptake analysis on day 5 for Experiments

7 and 8 are shown in Table 10. The values for the duplicate bottles

were averaged and the mean normalized to the control.

Table 10. 14 C-uptake on day 5 for Experiments 7 and 8.

Fluence rates
(Eff DNAmWm-2

Experiment 7 Experiment 8

DPM/cell Normalized DPM/cell Normalized

5.00 x 10-2 .059 1.00 .058 1.00

.065 .058

4.23 .056 .911 .055 .939
.057 .054

6.23 .053 .857 .052 .905

.057 .053

9.05 .050 .806 .048 .810

.050 .046

The 14C-uptake was significantly different for all the treatment

groups (p < .001). When partitioning the SSE, the orthogonal contrast

showed the control to be significantly different from the UV-B enriched

treatment groups (p < .001), the 14C-uptake at 9.05 EffnAmWm-2 was

significantly different from the means of the 14C-uptake at 4.23 and

6.23 EffmAmWm-2 (p < .001), but the 14C-uptake at 4.23 EffimmWm-2
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did not significantly differ from that at 6.23 EffnAmWm-2.

Regression analyses of 14C-uptake vs. weighted UV-B fluence rates

yielded high correlation coefficients for the linear model utilizing

the three weighting functions (Table 11). The parabolic model did

not significantly improve the fit.

Although the four experiments could not be pooled and statisti-

cally analyzed for the analysis of variance, the results of Experi-

ments 5-8 are graphed in Figure 8. It appears that the overall trend

is linear for the increasing UV-B fluence rates. When all the points

were pooled and regressed for the three weighting functions, the

correlation coefficients were high. There is not a significant

difference between the results utilizing the three weighting functions.

These results indicate that after five consecutive days of exposure

to UV-B radiation, increasing UV-B fluence rates continue to depress

14
C-uptake.

Table 11. Correlation coefficients for day 5 14c., uptake in
Experiments 5-8.

Weighting
function

Experiments
5 and 6

Experiments
7 and 8

Experiments

5 8

DNA

PLANT

PHOTOINHIBITION

-.817

-.820

-.787

-.976

-.979

-.982

-.952

-.951

-.925
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Figure 8. Relative 14C-uptake vs. DNA weighted UV-B fluence rates.
Error bars represent one standard deviation.
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Chronic Exposures: Days 1-10, Experiments 6 and 8

To determine whether the same patterns for growth rate, fluores-

cence ratios and 14C-uptake would continue with exposure to UV-B

radiation for longer than five days, Experiments 6 and 8 were extended

until day 10 at which time a final 14C-uptake analysis was performed.

Since there were no replicate experiments, a completely randomized

split plot analysis was used for the analysis of variance.

The results for the daily calculated growth rates for Experiment6

are shown in Table 12. The two values for each day represent values

from duplicate bottles.
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Table 12. Growth rates (doublings day-1) for Experiment 6, days 1-10
(irradiance units are EffmAmWm-2).

Irradiance

Day 2.88 x 10-2 1.68 3.05 4.07

1 .92 1.20 .72 .75
.88 1.20 .82 .89

2 2.37 2.48 2.38 2.40
2.47 2.53 2.42 2.50

3 2.42 2.24 2.31 2.29
2.34 2.20 2.37 2.29

4 2.58 2.64 2.34 2.16
2.61 2.66 2.35 2.25

5 2.24 2.22 2.35 2.31
2.44 2.16 2.21 2.40

6 2.14 2.03 2.01 1.93
2.27 2.02 2.03 2.03

7 2.22 2.10 2.19 2.03
2.26 2.08 2.15 2.02

8 2.08 2.31 2.28 2.21
2.25 2.18 2.33 2.20

9 2.12 2.08 2.16 2.12
2.21 2.12 2.29 2.02

10 1.97 1.95 1.89 1.79
1.95 1.83 1.85 1.92
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The overall, 10-day growth rates were not significantly different

among the treatment groups for all UV-B fluence levels. However,

the growth rates did differ significantly on certain days. Partition-

ing the SSE by contrast showed that day 1 growth rates were accounting

for 98% of the variability and were significantly different from the

growth rates on days 2-10. This was due to the same lag phase in

cultures that was present in the analysis for experiment 6 of the

5-day chronic exposure group.

Linear regression of growth rates vs. days was not significant

for any of the weighting functions. When day 1 growth rates were

analyzed separately from days 2-10, there was no correlation between

growth rates and fluence rates. Days 2-10 were also analyzed separ-

ately from day 1 and no significant correlation was found between

growth rates and UV-B fluence rates.

Fluorescence ratios for Experiment 6 are presented in Table 13.

The two values for each day represent values from duplicate bottles.
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Table 13. Fluorescence ratios for Experiment 6, days
(irradiance units are EffnAmWm-2).

1-10

Irradiance

Day 2.88 x 10-2 1.68 3.05 4.07

1 3.33 3.33 3.44 3.38
3.33 3.22 3.38 3.36

2 3.13 3.21 3.05 3.15
3.13 3.21 3.13 3.23

3 2.98 3.10 3.19 2.96
2.98 3.02 2.98 2.92

4 3.13 3.02 3.06 3.11

3.11 3.03 3.00 3.00

5 3.03 3.00 2.97 3.02

3.17 3.03 2.98 3.00

6 2.97 3.00 2.90 3.00
3.06 3.00 2.83 2.96

7 3.08 2.91 2.91 2.88
3.02 2.93 2.98 3.04

8 3.23 3.00 3.11 2.83
3.04 2.83 2.90 2.86

9 3.15 3.00 3.11 2.83
3.04 2.83 2.90 2.86

10 3.20 3.04 2.92 3.04
3.08 3.00 2.96 3.15
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The analysis of variance resulted in a significant Treatment x

Day interaction term (p < .005), thus the analysis could not be con-

tinued until an appropriate transformation could be determined.

Regression analyses using various models such as linear, para-

bolic, exponential, etc., were performed on the data. No significant

correlation could be found with any model or weighting function

between fluorescence ratio and UV-B fluence rates.

The results for the calculated growth rates from days 1-10 for

Experiment 8 are shown in Table 14. The two values for each day

represent values from duplicate bottles.
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Table 14. Growth rates (doublings day-1) for Experiment 8,
(irradiance units are EffDNAmWm- ).

days 1-10

Irradiance

Days 5.00 x 10-2 4.23 6.23 9.05

1 2.22 1.52 1.07 0.71
2.22 1.70 1.20 0.56

2 2.19 2.25 2.19 2.31
2.41 2.27 2.06 2.41

3 2.17 2.17 2.14 2.14
2.17 2.17 2.22 2.19

4 2.15 2.32 2.19 2.09
2.18 2.27 2.24 2.18

5 2.28 2.31 2.19 2.09
2.35 2.27 2.23 2.32

6 2.29 2.41 2.41 2.28
2.32 2.35 2.34 2.31

7 2.31 2.27 2.34 2.32
2.31 2.41 2.37 2.32

8 2.10 2.28 2.20 2.05
2.16 2.18 2.12 2.13

9 2.24 2.13 2.20 2.05
2.12 2.13 2.32 2.23

10 2.02 2.14 2.27 2.06
2.14 2.15 1.99 2.15
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The Treatment x Day interaction was significant, probably due to

the day 1 growth rates being significantly different from the growth

rates on the following days (see Experiments 7 and 8 of the 5-day

chronic exposure groups). The analysis could not proceed any further

due to the significant interaction.

When growth rates were regressed against days, there was no

significant correlation for the three weighting functions. When

day-1 data was analyzed separately from days 2-10, the correlation

coefficient was significant between growth rate and UV-B fluence

rates (r = -.95) for the three weighting functions. The growth rates

did not significantly differ from days 2-10. Figure 9 shows the

overall growth rate trend for days 1-10, but the equation of the

line is for days 2-10.
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Figure 9. Growth rates (doublings day-1) vs. days 1-10.
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The fluorescence ratios for Experiment 8 are presented in

Table 15. The values for each day represent values from duplicate

bottles.

Table 15. Fluorescence ratios for Experiment 8 for days 1-10
(irradiance units are EffimAmWm-2).

Irradiance

Days 5.0 x 10-2 4.23 6.23 9.05

1 3.23 3.28 3.26 3.02
3.28 3.33 3.23 3.07

2 3.25 2.90 2.91 3.09
3.33 3.20 2.90 3.00

3 3.31 3.10 3.14 3.17
3.33 3.21 3.13 3.23

4 3.33 3.22 3.20 3.33
3.33 3.20 3.30 3.20

5 3.25 3.22 3.29 3.29
3.21 3.22 3.31 3.29

3.25 3.16 3.17 3.17
3.12 3.07 3.07 3.21

7 3.15 3.15 3.21 3.06
3.11 3.28 3.10 3.09

8 2.96 3.23 3.13 3.05
2.84 3.22 3.00 3.12

9 3.14 3.19 3.06 3.04
3.29 3.10 3.23 3.07

10 3.14 2.94 3.21 3.15
3.12 3.13 3.17 3.22
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The Treatment x Day interaction was significant, thus the

analysis of variance could not be continued. By observation, it was

not apparent where the interaction was occurring.

There was no significant correlation between the fluorescence

ratio and the UV-B fluence rates for the three weighting functions.

14C-Uptake: Days 5 and 10

The results of 14C-uptake analysis performed on days 5 and 10 are

illustrated in Table 16. The values for the duplicate bottles were

averaged and the means normalized to the control.

Table 16. 14 C-uptake in Experiment 6 (days 5 and 10).

Fluence rates
(EffDNAmWm-2)

Day 5 Day 10

DPM/cell Normalized DPM/cell Normalized

2.88 x 10-2 .054 1.000 .070 1.000
.058 .067

1.68 .052 .973 .065 .956

.056 .063

3.05 .053 .946 .065 .956
.053 .066

4.07 .052 .946 .061 .927
.054 .065
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The 14C-uptake did not differ significantly among the various

treatment groups. Day effects were significant (p < .001), however,

probably due to the difference in DPM/cell on day 5 as compared to

day 10.

Regression analyses of 14C-uptake vs. UV-B fluence rates proved

to be significant for all three weighting functions utilizing the

linear model. The correlation coefficients are presented in Table 18.

The 14C-uptake results for Experiment 8 are shown in Table 17 for

days 5 and 10. The values for the duplicate bottles were averaged

and the means normalized to the control.

Table 17.
14
C-uptake in Experiment 8 (days 5 and 10).

Fluence rates

(EffDNAmWm-2

Day 5 Day 10

DPM/cell Normalized DPM/cell Normalized

5.00 x 10-2 .058 1.000 .066 1.000

.058 .069

4.23 .055 .939 .067 1.000
.054 .068

6.23 .052 .905 .061 .940
.053 .066

9.05 .048 .810 .059 .880

.046 .061
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The 14C-uptake was significantly different between treatment

groups (p < .01). An orthogonal contrast showed the control to be

significantly different from the UV-B enriched treatment groups

(p < .01), and the 14C-uptake during exposure to 9.05 EffmAmWm -2 to

be significantly different from the means of D. tertiolecta exposed

to 4.23 and 6.23 EffimmWm- (p < .005). However, the 14C-uptake of

D. tertiolecta exposed to 4.23 EffnAmWm-2 did not significantly

differ from the 14C-uptake at 6.23 EffpNAmWm-2.

Regression analysis of uptake vs. UV-B fluence rates proved

that an equally high correlation exists for the three different

weighting functions (see Table 18 for the correlation coefficients).

A parabolic model did not yield a significantly improved correlation

coefficient.

When the results of Experiments 6 and 8 were pooled, and a re-

gression analysis of the 14C-uptake vs. UV-B fluence rates was

performed, a linear relationship was observed with a high correlation

coefficient for the three weighting functions. Since the three

weighting functions yielded similar results, the relative 14C-uptake

vs. DNA weighted UV-B fluence rates was used and the result plotted

in Figure 10.



614

Figure 10. Relative 14C-uptake vs. DNA weighted UV-B fluence rates.
Error bars represent one standard deviation.
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Table 18. Correlation coefficients for 14C-uptake on days 5 and 10.

Weighting function Experiment 6 Experiment 8 Pooled

DNA -.936 -.875 -.883

PLANT -.947 -.857 -.884

PHOTOINHIBITION -.903 -.911 -.870

Summary of Results

1. A high correlation exists between 14C-uptake and UV-B fluence

rates for the acute exposures. As the UV-B fluence rates

increase, the 14C-uptake, representing photosynthetic activity,

decreases. A parabolic model significantly improves the cor-

relation coefficients for the three weighting functions.

2. For the five day chronic exposure to UV-B radiation, there is an

initial depression in growth rate during the first 24 hours,

followed by an increase in and stabilization of the growth rate

after 24 hours. There is a significant linear relationship

between the growth rate and UV-B fluence rates on day 1, whereas

no significant correlation exists on days 2-5.

3. Although the growth rates showed no significant correlation with

UV-B fluence rates on day 5, 14C-uptake continued to be depressed

with increased fluence levels. When the results were regressed,
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a linear relationship described the data the best yielding high

correlation coefficients for the three weighting functions.

A parabolic model did not significantly improve the fit.

4. When Experiments 6 and 8 were extended through day 10, there

appeared to be no differences in the growth rates. The 14C-

uptake remained depressed with increasing UV-B fluence rates,

as on days 1 and 5, but the depression was not as large and the

DPM/cell ratios were slightly higher.

5. According to Smith et al. (1980), the photoinhibition observed

in natural phytoplankton populations conforms best to a Jones and

Kok (1966) photoinhibition action spectrum for isolated chloro-

plasts. For the results in this study, it appears as if the

PI weighting function improves the correlation coefficient in

some cases, but there does not seem to be an overall significant

difference between the results utilizing the three weighting

functions (see Figures 3, 4 and 5).
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DISCUSSION

The data clearly indicate that reproduction and photosynthetic

activity were reduced after initial exposure to higher UV-B fluence

rates. The initial reduction in growth rate was short-term and

returned to previous levels after the first 24-hour period of

exposure. Continued exposure to UV-B radiation did not significantly

affect the growth rates during the five or ten day exposure periods

for all the treatment groups including a "no UV-B" control, whereas

the photosynthetic activity remained depressed throughout the experi-

mental periods. This study did not include identification of the

cellular mechanisms eliciting these responses. However, the follow-

ing discussion is aimed at providing some insight into possible

explanations for the results of this study.

Previous research in UV photobiology, as cited in the

Introduction, has demonstrated that solar radiation affects photo-

synthetic organisms through a number of complex pathways. The

destruction of chlorophyll pigments, decrease in energy absorbing

efficiency, inactivation of enzymes, reduced reproduction and

division delay, destruction of proteins and nucleic acids, and

photochemical alteration of DNA and RNA are all associated with

exposure to increased solar UV-B radiation.

For radiation to have an effect, it must be absorbed. Molecules,

normally in a stable ground state, are raised to a higher energy

state with enhanced chemical reactivity when radiation is absorbed.

Absorbed energy cannot be stored but must be dissipated through
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chemical alterations or through the release of the absorbed energy

as heat or light. Radiation can be clearly detrimental if a critical

biological molecule is the target. To characterize the response of

an organism it is necessary to identify the target molecules, the

kinds of structural defects that may be produced under various

irradiation conditions, how the defects arise from the absorption

of radiation, and how the presence of the defects may lead to

biosynthetic and reproductive failure. Haynes (1966) discusses the

effects of radiation absorption by DNA, which, on a physiological

basis, is one of the most UV sensitive molecular targets. The

action spectrum for UV inactivation of micro-organisms is congruent

with the nucleic acid absorption spectrum. Many biological effects

of UV radiation are due to specific chemical changes in the DNA. A

number of lesions result when DNA absorbs UV radiation, including the

hydration of pyrimidine bases, breakage of DNA strands, denaturation,

and the formation of linkages between successive pyrimidine bases,

these being called dimers (Caldwell, 1979). Most living cells,

however, have significant enzymatic capacity for repairing damage

incurred by DNA. The survival of cells exposed to solar radiation

depends on their ability to biochemically repair any photochemical

destruction. The importance of repair systems is apparent when

mutant bacteria lacking repair systems are killed after one minute

of solar radiation, whereas wild-type bacteria require 500 times

that dose (Caldwell, 1979).

To date, three modes of repair have been described: photore-

activation, excision repair, and post-replication repair.
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Photoreactivation was the first repair mechanism to be discovered at

the molecular level (Harm et al., 1971). Photoreactivation utilizes

longer wavelengths of light (320-500 nm) to repair short wavelength

damage. In this process, specific photoreactivating enzymes combine

with the UV-irradiated DNA to form an enzyme-substrate complex. This

complex catalyzes a photochemical reaction to restore the normal

structure. Up to 90% of DNA damage can be repaired in this way

(Smith, 1977). Excision repair, or "dark repair" is initiated by an

endonuclease enzyme system that is able to detect an abnormal structure

in a DNA strand. The damaged section of DNA is excised and replaced

with undamaged nucleotides to restore the normal function of DNA.

Post-replication repair utilizes enzymes involved in genetic recom-

bination. During DNA synthesis, the damaged site on DNA is bypassed

leaving gaps in the daughter strands. These gaps are filled with

material from the parent strands by a recombination process to create

an intact copy of DNA.

Ultraviolet radiation of wavelengths shorter than 310 nm can

affect growth, division and reproduction by blocking the normal bio-

synthetic activities and reducing cell metabolism. This could cause

instant cessation of growth, cell division delay, or lesions of DNA.

Repair and normal replication are competitive processes in that the

onset of repair, triggered by the presence of defects, inhibits

normal reproduction, thus causing cell division delay. At low doses

of UV radiation few defects are formed, so relatively little repair

occurs and normal replication is slowed down briefly before it resumes

the normal rate (Haynes, 1966). A scheme by Haynes (1966) best
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(target molecule)
(growth lag)

The delay in growth rates during the first 24 hours after UV-B

exposure observed in Experiments 7 and 8 of this study could have

been due to damage of DNA. The observed recovery of growth rates

suggests that even with subsequent exposure to UV-B radiation, the

repair processes were able to keep up with the photochemical damage

of the DNA. The photosynthetic activity, however, remained depressed

on days 5 and 10 of the experimental period when 14C-uptake analysis

was performed. Since photosynthesis is the process upon which most

algae are dependent for survival, it would seem that reduced photo-

synthetic activity and reduced carbon assimilation would eventually

cause reduction of the cell population due to reduced growth and

reproduction. Since this did not appear during the first 5 or 10 day

experimental periods, a shift in the metabolic process of D. tertio-

lecta may have occurred to compensate for the depression. Before

speculations can be made, an understanding of how solar radiation

affects the photosynthetic system and carbon metabolism should be

reviewed.

Carbon dioxide is the source of cell carbon during the photo-

autotrophic growth of algae. In photo-autotrophic growth, light

energy is converted to chemical energy of ATP and NADPH2 most of
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which is used to convert CO2 into reduced carbon compounds. All

algae seem to be able to take up CO2 by transport and diffusion across

the cell membranes. Most of the available evidence suggests that the

pathway of autotrophic CO2 fixation in algae is the photosynthetic

carbon cycle (Calvin cycle). During some long-term experiments a

diversity of algae incorporated the label of 14CO2 into many inter-

mediates (Wegman, 1969; Raven, 1974).

The rate at which an algal cell fixes CO2 in photosynthesis is

determined by a number of external and internal factors and the

interaction between them. Internal factors include the type of alga

oxygen levels, amount of photorespiration and the stage of the cell

cycle, whereas external factors controlling the rate of CO2 fixation

include the organic and inorganic nutrient supply, the inorganic

carbon supply, and the wavelength and quantity of radiation. These

factors control the amount of enzymes present and their activity,

as well as the supply of CO2, ATP, and NADPH2 (Raven, 1974). The

most important experimental variable that influenced CO2 fixation

in this study was the wavelength and quantity of radiation.

As a result of physical mixing processes in the marine environ-

ment, phytoplankton cells are continually being exposed to quanti-

tative and qualitative changes in radiant energy. According to Wallen

and Geen (1971a) light wavelength and intensity affect the chemical

composition of various algal species, including D. tertiolecta.

Their results suggest that short wavelength visible radiation (e.g.

450 nm) alters the direction of metabolism in favor of protein

synthesis, whereas white light (PAR) promotes the formation of
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carbohydrates. Both the rate of CO2 fixation per unit energy and the

nature of the photosynthetic products in algae changes as light quality

varies with depth in the photic zone. These have not been specific-

ally determined for solar UV-B radiation.

The wavelength and intensity of radiation is also known to affect

the quantum efficiency of the photosynthetic process. Photoinhibition

occurs with exposure to high intensities of PAR (Qasim, et al., 1972)

or with exposure to wavelengths of solar radiation less than 310 nm

(Helldal, 1967). The quantum efficiency of D. tertiolecta dropped

rapidly and inactivation increased with decreasing wavelength (McLeod

and Kanwisher, 1962; Helldal, 1964). The action spectrum for photo-

inhibition coincides with the absorption spectrum for chloroplasts,

plastoquinones, and a modified protein absorption curve (Jones and

Kok, 1966). Halldal (1967) postulated that the quanta of UV are

first absorbed by the fast photochemical system involving chlorophyll,

then prolonged exposure to UV causes damage to proteins resulting in

photoinhibition and eventually photooxidation. The quanta that are

absorbed by the photosynthetic pigments during photosynthesis are

transferred to a unique pigment system which is responsible for the

photochemistry of the system (a Photosystem II reaction center). The

immediate decline in quantum efficiency and lack of immediate bleach-

ing implies that photoinhibition is caused by the inactivaton of the

reaction centers instead of the individual pigment molecules (Kok

et al., 1965; Jones and Kok, 1966). Below wavelengths of 350 nm the

quantum efficiency drops quickly as absorption by non-photosynthetic
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cell components competes with chlorophyll for the incident quanta.

It appears that inhibition of photosynthesis is not the consequence

of pigment reduction but rather an inhibition of metabolic processes.

Metabolic inhibition could be the direct result of uncoupling of

oxidative phosphorylation which causes a drastic decrease in the

synthetic activities of cells. Normally the pigments are protected

in the chloroplasts by structural arrangements which allow a rear-

rangement of the excited states without autooxidation. The peroxides

formed by these arrangements are strong inhibitors of basic metabolic

processes such as photosynthesis of oxidative phosphorylation, and

when formed in great quantity in intense light lead to a decrease in

the synthetic capacity of the cells.

Both UV and intense PAR can cause an increase in endogenous

respiration combined with a decrease in assimilation and storage of

carbohydrates (Kandler and Sironval, 1959a). Bleaching occurs when

the original pigment complex is broken down. Some processes of

normal metabolism are necessary to protect the pigments from bleach-

ing but these protective processes may be altered by intense light,

and destruction of pigment occurs (Kandler and Sironval, 1959b).

Results of laboratory experiments suggest that phytoplankton do

have the capability of adapting to changing light regimes by regulat-

ing the concentration of pigments and by photoorientation of the

chloroplasts (Qasim et al., 1972). in weak light, the chloroplasts

orient themselves to capture light maximally, whereas in intense light,

the opposite orientation occurs (Halldal, 1967). Wallen and Geen

(1971b) propose that a physiological adaptation to specific light



75

quality occurs instead of a shift in genetic composition. Saeger

(1974) believes that a phenotypic shift instead of a genetic shift

may occur in algal populations.

Numerous studies in the field have demonstrated that photo-

inhibition occurs in surface phytoplankton exposed to high intensities

of solar radiation. It is not known for certain whether this is due

to UV-B, PAR or a combination of both. Steemann Nielsen (1964),

Lorenzen (1979) and Smith et al., (1980) demonstrated that natural

phytoplankton populations incubated without solar UV radiation had

higher 14C-uptake than the UV-B enriched populations. This indicates

that present levels of UV-B radiation are acting as inhibitors of

productivity. According to Steemann Nielsen (1964), various intens-

ities of solar radiation without the UV component had only a slight

influence on the rate of photosynthesis. There are many cases in the

literature that describe the short-term suppression of photosynthesis

in bright light without any long-term effects on productivity (e.g.

Steemann Nielsen, 1962; Jitts et al., 1964).

Since, in the present study, D. tertiolecta received five hours

of UV-B radiation plus PAR, it is possible that any of the previously

mentioned phenomena could have occurred to cause a depression in the

14 C-uptake. The cells may have undergone a shift in chemical

composition. Chlorophyll production may have decreased allowing

increased production of protective pigments such as carotenoids.

Some enzymes may have been destroyed, the quantum efficiency may

have decreased, or the reaction centers of Photosystem II may have

been inactivated. However, these effects may have only been
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temporary since overall growth rates were not affected. At the end

of the UV-B photoperiod photoreactivation may have occurred or the

cells may have metabolically compensated during the 19 hours of

PAR that followed UV-B exposure. Thus, even if the photosynthetic

activity during the five-hour exposure to UV-B radiation was de-

pressed, as it is in nature when phytoplankton populations are

exposed to similar levels of solar UV radiation (Steeman Nielsen,

1962), no long term residual damage was incurred. To determine

whether this hypothesis is true, either a 14C-uptake study during

the 19 hours of PAR, or a 24-hour incubation for all the treatment

groups would be necessary.

From a different perspective, the 14C-uptake analysis may be a

truer measure of "growth" than the number of cell divisions per day.

It is possible that the number of cell divisions per day, which was

termed "growth rate" in this study, remained the same after the

initial exposure to UV-B radiation, but the actual total biomass

decreased. This would yield smaller cells that may not be as photo-

synthetically active or that would incorporate less carbon per cell

than the larger, UV-B deficient cells. The actual biomass of the

cells would need to be determined, or the cell size distribution

analyzed to test this hypothesis.

Unfortunately, the fluorescence data was too variable to discern

any reliable pattern. Perhaps utilizing other types of fluorescence

ratios, such as the FRI index described by Cullen and Renger (1979),

may have yielded more interpretable results. Calculating the

fluorescence ratios immediately after UV-B exposure may have proven
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to be a more reliable estimate of the photosynthetic efficiency also.

This study, as well as some preliminary experiments exploring how

nutrient levels and light exposure history may affect phytoplankton

response to UV-B radiation, has raised several questions for further

investigation:

1) How would D. tertiolecta respond to the same levels of

UV-B radiation if grown on a light:dark cycle instead of

in continuous light?

2) How would nutrients, or a deficiency of them, affect

phytoplankton response to UV-B radiation stress?

3) In preliminary experiments several other phytoplankton

species have demonstrated photosynthetic depression with

exposure to UV-B radiation. Would the growth rates be

affected similarly or are the species differentially

sensitive to UV-B radiation?

4) Are protective pigments formed upon exposure to UV-B

radiation? Is chlorophyll production decreased?

5) How does tolerance to natural levels of UV-B radiation

affect community composition and species succession?

Since photosynthetic activity, growth and reproduction are funda-

mental processes important in primary production, any significant

changes in these processes could detrimentally affect the entire

marine ecosystem. This study clearly demonstrated that ultraviolet

radiation at natural and slightly enhanced levels affects the
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physiology of phytoplankton. However, the mechanisms involved in

causing these effects can only be speculated upon in terms of

previous studies in photobiology. Since current levels of solar

UV-B radiation already affect the metabolism of algal cells, the

question still remains whether exceeding these levels will result

in deleterious effects on productivity in marine ecosystems. More

research is needed to explore the long-term physiological responses

to UV-B radiation at the primary producer level.
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APPENDIX A

ALGAL CULTURE MEDIA
Constituents of f/2 enriched ASW

NUTRIENT STOCK CONCENTRATION

A. NaNO3

B. NaH2PO4

C. Fe EDTA (13% Fe)

1. FeC13'6H20

2. Na2-EDTA

D. Na2SiO39 H2O

E. Thiourea

F. Vitamins

Thiamin HC1
Biotin

B12

G. Metal Mix CuSo4'5H20

ZnSO4.71-120

CoC126H20

MnC1204H20

Na2M004.2H20

8.5 gm/100 ml.

1.0 gm/100 ml

1.1 gm/100 ml

0.625 gm

0.734 gm

6 gm/100 ml

0.1 gm/100 ml

200 mg
1.0 mg/100 ml

1.1 mg

1.96 gm/100 ml

4.4 gm/100m1

2.0 gm/100m1

.36 gm/100 ml

1.26 gm/100 ml
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The transmission spectra for cellulose acetate and Mylar compared with the
relative DNA action spectrum. The dashed line represents the solar spectrum
at the surface of the earth (Thomson et al., 1980).
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APPENDIX D

Acute Exposure 14C- Uptake Data

Experiments 1

Source

and 2:

df

Randomized Block Design

MS F value

p < .025

n.s.

p < .025

n.s.

n.s.

Block (B)

Treatment (T)

orthogonal
contrast

B x T

Error

Total

1

3

C1 (1)

C2 (1)

C3 (1)

3

8

2.025 x 10-5

.983 x 10-5

.833 x 10-5

1.504 x 10-5

.612 x 10-5

.041 x 10-5

.163 x 10-5

6.05 (3.8)

5.12 (1,8)

9.25 (1,8)

3.76 (1,8)

.25 (3,8)

15

14 C-uptake of control vs. average of 14C-uptake of UV-B enriched
treatment groups.

C2 14C- uptake at 4.07 EffimAmWm-2 vs.
and 3.05 EffimAmWm-2.

14 C-uptake at 3.05 EffnAmWm-2 vs.

average of 14C-uptake at 1.68

14 C-uptake at 1.68 EffimAmWm-2.
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Experiments 3 and 4: Randomized Block Design

Source df MSE F Value

Block 1 .006 X 10-5

Treatments 3 11.789 x 10-5 145.10 (3,8) p < .001

orthogonal
contrast

C1 (1) 17.252 x 10-5 212.33 (1,8) p< .001

C2 (1) 14.504 x 10-5 178.51 (1,8) p< .001

C3 (1) 3.612 x 10-5 44.46 (1,8) p< .001

B x T 3 .139 x 10-5 1.71 (3,8) n.s.

Error 8 .081 x 10-5

Total 15
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Chronic Exposure: Growth Rate Data

Experiments 5 and 6 (Days 1-5): Randomized Block Strip Plot Design

Source df MS F Value

Blocks 1 .120

Treatments 3 .040 1.27 (3.3) n.s.

Error A 3 .031

Days 4 12.213 13.28 (4,4) p< .025

Day 1 vs. others (1) 48.648 52.90 (1,4) p< .001

Error B 4 .910

T x D 12 .021 .38 (12,12) n.s.

Error C 12 .056

Replication 40

Total 79
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Fluorescence Ratios

Experiments 5 and 6 (Days 1-5): Randomized Block Strip Plot Design

Source df MS F Value

Blocks 1 .504

Treatments 3 .083 1.25 (3,3) n.s.

Error A 3 .066

Days 4 .771 2.17 (4,4) n.s.

Error B 4 .354

T x D 12 .021 1.13 (12,12) n.s.

Error C 12 .019

Replication 40

Total 79



Growth Rate Data
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Experiments 7 and 8 (Days 1-5): Randomized Block Strip Plot Design

Source df MS F Value

Blocks 1 1.315

Treatments 3 .551 21.87 (3,3)

Error A 3 .025

Days

Error B

Tx D

Error C

4 3.240

4 .168

12 .204

12 .051

Replication 40

Total 79

19.25 (4,4)

3.98 (12,12) p < .025
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Fluorescence Ratios

Experiments 7 and 8 (Days 1-5): Randomized Block Strip Plot Design

Source df MS F Value

Blocks 1 .001

Treatments 3 .124 2.37 (3,3) n.s.

Error A 3 .052

Days 4 .936 1.38 (4,4) n.s.

Error B 4 .677

T x D 12 .030 1.73 (12,12) n.s.

Error C 12 .018

Replication 40

Total 79
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14
C-Uptake Analysis

Experiments 5 and 6 (Day 5): Randomized Block Design

Source df MS F Value

Block 1 12.100 x 10-5

Treatments 3 1.875 x 10-5 6.00 (3,8) p < .025

C1 (1) 4.408 x 10-5 14.10 (1,8) p < .01

C2 (1) 1.204 x 10-5 3.85 (1,8) n.s.

C3 (1) .012 x 10-5 .04 (1,8) n.s.

B x T 3 .450 x 10-5 1.44 (3,8) n.s.

Error 8 .312 x 10-5

Total 15
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14
C-Uptake Analysis

Experiments 7 and 8 (Day 5): Randomized Block Design

Source df MS F Value

Block I 3.306 x 105

Treatments 3 9.039 x 10-5 24.51 (3,8) p < .001

C (1) 16.502 x 10-5 44.75 (1,8) p < .001

C (1) 10.0 x 10-5 27.12 (1,8) p < .001

C (1) .612 x 10-5 1.66 (1,8) n.s.

B x T 3 7.291 x 10-5 19.77 (3,8) p< .001

Error 8 .368 x 10-5

Total 15
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Growth Rate Data

Experiment 6 (Days

Source df

1-10):

(1)

Completely Randomized Split Plot

MS F Value

Design

n.s.

p < .005

p < .001

n.s.

Treatments 3

Error A 4

Days 9

Day 1 vs. others

TxD 27

Error B 36

.698

.552

1.764

13.64

.479

.439

1.26

4.01

31.06

1.09

(3,4)

(9,36)

(1,36)

Total 79
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Fluorescence Ratios

Experiment 6

Source

(Days 1-10):

df

Completely Randomized Split Plot

MS F Value

p < .005

Treatments

Error A

Days

T x D

Error B

Total

3

4

9

27

36

.030

.004

.109

.010

.003

6.54

28.12

2.79

(3,4)

(9,36)

(27,36)

79
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Growth Rate Data

Experiment 8

Source

(Days 1-10):

df

Completely Randomized Split Plot Design

MS F Value

Treatments 3 .102 20.79

Error A 4 .004

Days 9 .605 119.20

T x D 27 .091 18.11 P < .001

Error B 36 .005

Total 79
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Fluorescence Ratios

Experiment 8 (Days 1-10): Completely Randomized Split Plot Analysis

Source df MS F Value

Treatments 3 .012 3.15 (3,4)

Error A 4 .003

Days 9

T x D 27

Error B 36

Total 79

.036

.016

.004

8.60 (9,36)

3.91 (27,36) p < .01
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14
C-Uptake Analysis

Experiment 6 (Days 5 and 10): Completely Randomized Split Plot Design

Source df MS F Value

Treatments 3 1.275 x 10-5 2.91 (3,4) n.s.

Error A 4 .437 x 10-5

Days 1 57.900 x 10-5 94.00 (1,4) p < .001

T x D 3 .150 x 10-5 .28

Eorr B 4 .562



14
C-Uptake Analysis
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Experiment 8 (Days 5 and 10): Completely Randomized Split Plot Design

Source

Treatments 3 6.556 x 10-5 23.31 (3,4) p < .01

cl (1) 8.25 x 10-5 29.33 (1,4) p < .01

C (1) 9.58 x 10-5 34.00 (1,4) p < .005
2

C3 (1) 1.835 x 10-5 6.52 (1,4) n.s.

Error A 4 .281 x 10-5

Days 1 54.056 x 10-5 192.00 (1,4) p < .001

T x D 3 .289 x 10-5 1.00 (3,4) n.s.

Error B 4 .281 x 10-5


