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ABSTRACT

The ability of marine phytoplankton to acclimate to ultraviolet radiation

(UVR) was examined. Monocultures of a subtropical diatom, Chaetoceros

gracilis, were maintained under photosynthetically available radiation (PAR-only)

and PAR plus UVR (PAR+UVR) for a 48 h exposure period. Growth rates,

pigment concentrations, carbon fixation capability, variable fluorescence, and

activity of 1, 5 ribulose biphosphate oxygenase/carboxylase (Rubisco) were

initially reduced by UVR. By 24 h, and for the remainder of the 48 h exposure

period, growth rate, pigment concentrations, Rubisco activity and carbon fixation

capability were not affected by PAR+UVR. After 48 h of UVR exposure,

(acclimation assumed complete), turnover rates of the putative D1 protein of

photosystem II (PSII) and Chlorophyll (Chi) a were higher than controls,

suggesting continual damage by UVR. Maximum rate of oxygen evolution and

the efficiency of PSII increased following acclimation to UVR. The maximum

rate of carbon fixation was not affected on a per cell basis and decreased on a

per Chi a basis following UVR acclimation. Chlorophyll a specific

photosynthesis over a 5 h exposure period was equal between the two

acclimation treatments (PAR-only and PAR+UV). Transfer of PAR-only

acclimated cells to PAR+UVR for the same 5 h period lead to a reduction in Chi

a specific photosynthesis, indicating acute inhibition of photosynthesis by UVR.

Chlorophyll a specific photosynthesis of cells acclimated to PAR+UVR and

transferred to PAR-only was 24% higher than cells maintained in PAR+UVR

during the determination of photosynthesis, indicating enhancement of

productivity following the removal of UVR. Effect of ambient subtropical UVR on

natural phytoplankton populations was examined. Natural phytoplankton
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assemblages from Kane'ohe Bay, Hawai'j were maintained for ten days at

ambient temperature and nutrient levels. Rates of primary production by

assemblages exposed to PAR-only and PAR+UVR were equal. Assemblages

acclimated to PAR+UVR and then transferred to PAR-only fixed 67% more

carbon per Chi a than assemblages acclimated to PAR+UVR and maintained in

PAR+UVR. Acclimation to ambient PAR+UVR resulted in a 171% increase in

ChI a concentration compared to assemblages maintained under PAR-only

conditions.
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CHAPTER 1

GENERAL INTRODUCTION

Ozone Depletion

One of the leading environmental issues of the 1990's is the biological and

environmental damage anticipated from a thinning of the earth's protective

ozone layer. Within the next 50 years, the release of chlorofluorocarbons as

well as nitrons and hydrogen oxides is expected to result in a 15% reduction in

atmospheric ozone (Dahlback et al. 1989). The anticipated ozone depletion is

not expected to significantly alter visible light attenuation, radiation in the near

UVR (UVAR: 320 to 400 nm) levels or allow any penetration of far UVR

(UVCR: < 280 nm). However, ozone depletion is expected to increase the

ground-level irradiance of middle UVR (UVBR: 280 to 320 nm) through

intensification and expansion of limits for irradiation to a new lower limit

(Caldwell et al. 1986) (Fig. 1).

Potential consequences of UVBR enhancement on bioloolcal processes

can be evaluated through the construction of action spectra (Calkins & Barcelo

1982). Action spectra illustrate the potential for accelerated biological damage if

the lower wavelengths of UVBR reaching the earth's surface are extended to

include damaging UVR doses (wavelengths absorbed by photo-sensitive

biomolecules) (Fig. 2). Many biomolecules, such as nucleic acids, amino acids,

f1avins, chlorins, steroids, quinones, and carotenoids absorb UVBR and are

therefore subject to damage (Harm 1980). This disproportionate increase in

biologically damaging UVR makes understanding responses of organisms to
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enhanced UVBR wavelengths critical to our interpretation of global

consequences of ozone depletion.

General Responses to UVR

The presence of short-wave UVR in Earth's pre-historic atmosphere was

likely to be an important factor in the evolution of protective and repair

mechanisms which allow present day organisms to partially resist the harmful

effects of ambient UVR (Robberecht & Caldwell 1983). But even in the

presence of these mechanisms, protection from the destructive action of

modern UVBR is often not complete. Ambient UVBR has been identified as the

cause of numerous biocidal phenomena correlated with excessive exposure to

solar radiation. Ultraviolet-B radiation has been implicated in causing

accelerated aging and carcinogenesis in human skin (Harm 1980, Moan &Peak

1989), keratitis of the cornea and increased cataracts in human eyes (Hader &

Tevini 1987), death of microorganisms in the absence of photoreactivating

mechanisms (Fisher &McKinley 1927, Harm 1980, Rambler &Margulis 1980,

Jagger 1981), membrane damage to several organisms (Moss & Smith 1981,

Murphy 1983), increased rate of mutation (Harm 1980), and a marked inhibition

of primary productivity in both vascular (Brandle et et. 1977, Teramura 1980,

Caldwell et al. 1983, Iwanzik et al. 1983, Wellmann et al. 1984, Kulandaivelu et

al. 1989) and non-vascular (Platt et a/. 1980, Smith & Baker 1980, Worrest

1983, Jokiel &York 1984, Maske 1984, Wood 1987) plants.

While many motile organisms (e.g., fish, snails, planarians, crustaceans,

protozoans, and many plankton) can and do move away from a natural or
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experimental source of UVBR (Clark & Kimeldorf 1971, Hader 1986), sessile

organisms must avoid UVR by other mechanisms or simply tolerate it. Many

sessile invertebrates exist solely in environments shaded from UVR (Jokiel

1980). However, autotrophs must tolerate the UVR exposure that is inherent in

light harvesting for photosynthesis. Many of these orqanisrns have adapted to

their environment by producing protective pigments which absorb UVR but are

transparent to photosynthetically available radiation (PAR) (Nakamura et al.

1982, Dunlap & Chalker 1986). Selective absorption of UVBR has been

attributed to f1avonoids and other phenolic compounds in vascular plants (Levitt

1980, Robberecht &Caldwell 1983, Adamse et al. 1989, Kulandaivelu et al.

1989) and to a group of mostly undescribed mycosporine-like amino acids in

many algal species (Dunlap &Chalker 1986, Vernet et al. 1989, Wood 1989).

Ultraviolet absorbing compounds selectively absorb as much as 95% of ambient

UVR but transmit 70 to 90% of PAR to photosynthetic reaction centers

(Robberecht & Caldwell 1983). Rapid changes in concentration of these UVR­

protective pigments are correlated with UVR dose rather than PAR exposure

(Robberecht & Caldwell 1983, Hader & Tevini 1967, Adamse et al. 1989, Wood

1989). Both autotrophic and heterotrophic organisms control the level of

pigmentation in response to these environmental challenges (Dohler 1984a,

Siebeck 1988).

Despite the presence of UVR absorbing compounds in many species,

some fraction of UVR received by organisms does cause damage. The

molecules that absorb these photons are often complex and play important roles

in various biological processes. An excellent example of damaging dosage of
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UVBR and UVAR is the frequently observed depression in carbon fixation rates

by plants exposed to full sunlight (e.g., Teramura 1983, Helbling et al. 1992).

This inhibition is thought to result from UVR related destruction of key enzymes

in the Calvin cycle (Dohler 1984b, Strid et al. 1991, Jordon et al. 1992), increase

in thylakoid membrane permeability (Iwanzik et al. 1983), destruction of

chlorophyll a (Chi a) (Teramura 1983), inhibition of several steps in the electron

transport chain of Photosystem II (PSII) (Iwanzik et al. 1983), and damage to

the D1 protein of PSII (Yerkes et al. 1989). In order for carbon fixation to

continue in the presence of UVR damage, repair systems are likely to replace

damaged molecules rapidly. Like many stresses, it is only when the rate of

damage exceeds the rate of repair that photoinhibition by UVR is detectable as

a depression in photosynthesis (Kyle & Ohad 1986).

A damaging UVR dose can also have adverse effects on nucleic acids

even though nuclei are generally centrally located in a cell. Although only a

small part of the UVR spectrum which currently reaches the earth overlaps the

absorption spectra of DNA and RNA (Fig. 2), these compounds are readily

damaged by UVBR. During exposure to UVAR, DNA and RNA can be the

principal sites for UVR effects without directly absorbing damaging photons.

This suggests that mutations can occur at wavelengths where damage to

nucleic acids would not be predicted from absorption spectra (Peak & Peak

1983). Additionally, the majority of damage to DNA by UVAR is 02 dependent.

This suggests that UVR absorption by the chromophore responsible leads to the

formation of oxygen radicals which then elicit the observed cleavage of the DNA

molecule (Peak & Peak 1983, Imlay & Linn 1988}.
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Oxygen and solar radiation, particularly the UVR portion, act together in

the presence of photosensitizing agents (e.g., f1avins and chlorophyll) to form 02

radicals. These highly reactive forms of 02 are destructive to numerous

biomolecules (in addition to DNA); an increase in 02 radical formation rates

from UVR exposure could prove detrimental to various systems. Therefore, it is

not surprising that a 30 to 40% increase in superoxide dismutase (which

inactivates superoxide radicals (02-)), and catalase activities (which inactivates

hydrogen peroxide (H202)), were observed for cultured symbiotic algae

following exposure to natural UVR levels (Lesser & Shick 1989). As with the

restoration of damaged proteins, survival following alterations to DNA is only

possible in the presence of a nucleic acid photorepair mechanism. This process

involves DNA photolyase, an enzyme which binds to the substrate (UVR­

induced pyrimidine dimer) to form an enzyme-substrate complex. Visible light or

UVAR then photolyzes the complex to yield the enzyme and the repaired DNA

section (Hader &Tevini 1987, Harm 1980). Post-replication repair can occur in

the absence of light but is more prone to mutation since recombination with the

correct parent DNA sequence during the repair process is necessary to prevent

potential mutations (Hader & Tevini 1987).

The capability of an organism to recover from UVR damage is dependent

on several factors. The principal criterion is the activity level of repair enzymes

(both protein and nucleic acid systems). Induction of an increased repair

capacity (one form of photoprotection) occurs following low level exposure to

visible light, UVBR and/or UVAR (Jagger 1981, Harm 1980, Teramura 1980,
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Moan & Peak 1989). Pre-exposed organisms have a greater tolerance to

damaging UVR doses when compared to organisms not previously exposed to

low levels of UVR (Worrest et al. 1981, Siebeck 1988).

Most life forms share the potential to be adversely affected by the

enhancement of UVBR resulting from ozone depletion. Current levels of UVR

challenge organisms to avoid solar UVR or tolerate its destructive action through

the utilization of absorbing tissue layers and continual repair of UVR induced

damage. The ability of autotrophs to release molecular oxygen and convert

solar energy into a usable carbon source is critical to the existence of most

aerobic organisms. Although the importance of carbon fixation in terrestrial

environments can not ( and should not) be ignored, the simplicity of unicellular

aquatic autotrophs (the phytoplankton) affords less complicated examination of

cellular responses to this global environmental stress.

Responses of Phytoplankton to PAR

Photoadaptive response by algal species to changes in PAR was first

recognized by Emerson &Arnold (1932). Steemann-Nielsen and his colleagues

later suggested two possible mechanisms by which phytoplankton could adapt

from high to low light environments. The first was designated the Cyclotella

response and was characterized by an increase in enzymatic dark reactions

associated with carbon fixation. The second, the Chlorella type, involved an

increase in pigmentation (Steemann-Nielsen &Hansen 1959, Steemann­

Nielsen & Jorgensen 1962, 1968). More recent work has determined that

phytoplankton exhibit numerous pathways of acclimation to quantum flux
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variations which may be characteristic of a group, species, or even an ecotype

within a species (Falkowski 1981, Perry et al. 1981, Chang et al. 1983,

Richardson et al. 1983, Dohler 1984a, Gallagher & Alberte 1985, Rivkin &

Vovtek 1987). These mechanisms have been suggested to include alterations

in photosynthetic unit (PSU) size (the ratio of Chi a to O2 molecules evolved in a

single turnover flash (Emerson & Arnold 1932)), PSU numbers, enzymatic

activity, pigment ratios, efficiency of state transitions, and cell size (Steemann­

Nielsen & Hansen 1959, Beardall & Morris 1976, Falkowski & Owens 1980,

Falkowski 1981, Perry etal. 1981, Rivkin etal. 1982, Chang etal. 1983,

Gallagher et al. 1984).

Despite the growing recognition of complex acclimation mechanisms by

phytoplankton to irradiance regimes, characteristics of sun-shade acclimation do

occur and appear to be similar for many phytoplankton. Characteristically,

exposure to low irradiance levels results in a reduced photosynthetic rate at

saturating photon fluxes, i.e., a reduction of Pmax (e.g., Richardson et al. 1983)

(Fig. 3). This has been attributed to an increase in cellular chlorophyll

concentration and the subsequent decrease in relative absorptive cross section

as pigment molecules begin to "overlap" (Falkowski 1981, Dubinsky 1992). A

pathway for the enhanced production of chlorophyll at low irradiance levels has

been proposed by Falkowski (1981). He hypothesizes that chlorophyll

production in the chloroplast is closely affiliated with a key enzyme in

ammonium assimilation, glutamine synthetase (GS) which is associated with the

chloroplast and is dependent on high concentrations of ATP produced through

photosynthesis. If photophosphorylation is not rapid, as would be the case in a
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low light environment, glutamate dehydrogenase (GDH) and 4, 5-dioxovaleric

acid (DOVA) transaminase successfully compete with GS for it's substrate,

glutamate. In the presence of GDH, glutamate is converted through a series of

steps to 8-aminolevulinic acid, the initial precursor to chlorophyll. As production

of chlorophyll increases, light retrieval of the cell increases which stimulates

ATP production via photosynthetic light reactions and subsequently the

reactivation of GS and glutamine synthesis in the chloroplast.

Reduction of Pmax following acclimation to low irradiance levels has also

been attributed to a reduction in 1,5 biphosphate carboxylase/oxygenase

(Rubisco) activity (Rivkin et al. 1982). Rivkin and his co-workers account for the

lower Pmax by a reduction in photosynthetic capacity. They argue that the

observed constancy of the ratio Pmax:K,: where K, is the light intensity at Pmax /

a (Fig. 3) based on carbon fixation, is consistent with non-competitive inhibition

where the enzyme (Rubisco) occurs as an intermediate form which can be partly

deactivated. In this model, deactivation of Rubisco leads to a reduction in

photosynthetic capacity and subsequently a lowering of Pmax while Rubisco

activation or synthesis results in an increase in Pmax. At high irradiance levels,

the increased ATP and NADPH production combined with the increase in pH in

the stroma to activate Rubisco (Halliwell 1984). At low irradiances, Rubisco

concentrations per PSU decrease because light retrieval, not carbon fixation, is

rate limiting (Fisher ei al. 1989).
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Phytoplankton Responses to UVAR and UVBR

Biological importance of UVR in aquatic environments was first considered

by Jerlov (1950), who reported that oceanic water was transparent to UVR.

Sensitivity of phytoplankton photosynthesis to UVCR was documented nearly

two decades earlier (Emerson &Arnold 1932) but sensitivity of phytoplankton to

natural UVR was not documented until Steemann-Nielsen (1964) reported a

reduction of Pmax and a,the initial slope of the photosynthesis versus irradiance

curve, by the UVR component of ambient solar radiation (Fig. 3). Effects of

ambient UVR on marine primary productivity were later examined in more detail

and found to include marked inhibition of carbon fixation to a depth where only

0.1 to .01% of ambient UVR was present (1.2 to 1.5 m in coastal water, ca. 70%

ambient PAR present) (Lorenzen 1979). Although there is general agreement

on the inhibitory action of UVR on oceanic productivity, a great deal of

uncertainty surrounds the question of which region of UVR is responsible for the

observed inhibition. Maske (1984) and Buhlmann et al. (1987) report that the

major photoinhibiting wavelengths are in the UVAR region of the spectrum,

while others attribute photoinhibition almost entirely to UVBR with only a small

contribution by UVAR (e.g., Behrenfeld et al. 1992). Additionally, energy from

both UVR regions has been suggested to contribute to photoinhibition by UVR

(Jokiel & York, 1982, Helbling etal. 1992). Numerous researchers have

reported photosynthetic inhibition in the presence of UVR and have warned of

erroneous primary productivity estimates which could result from the application

of UVR opaque culture vessels (Worrest et al. 1980, Jokiel & York 1982, 1984,

Smith & Baker 1982, Worrest 1983, Maske 1984, Buhlmann et al. 1987).
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Phytoplankton responses to UVR have been shown to vary between and within

species; these patterns mirror the multitude of sun-shade strategies probably

selected over millions of years of evolution (Dohler 1984a, b, Rivkin & Voytek

1987). While acclimation to levels of irradiance is well documented, chromatic

and UVR acclimation by phytoplankton are less understood and have only

recently been examined (Falkowski 1984). Dohler (1984a, b) demonstrated that

low doses of an environmental factor (in this case UVBR) may be beneficial to

the organism (a marine diatom). He reported that diatoms which received low

doses of UVBR increased in biomass slightly compared to UVR shaded or

enhanced UVBR exposed diatoms; the protein content of a few species

increased with low UVBR doses (Dohler 1984a, b). It should be noted that

growth, chlorophyll and protein concentrations of most algae were significantly

reduced as a function of UVBR exposure (Dohler 1984a). This suggests that an

actual benefit of low UVR doses did not occur because the advantage of

increased biomass did not correspond with increased growth rates. Increased

cell size in response to UVR has since been attributed to a decrease in rate of

cellular division (Behrenfeld et al. 1992). Dohler reported that for some diatoms,

the amino acid pool was higher in aspartic acid following UVBR exposure which

suggested UVBR inhibition of key enzymes of the Calvin cycle (Dahler 1984b).

Through pigment analysis he concluded that Chi a was more sensitive to UVR

exposure than Chi c1+c2'

Enhanced UVBR in Aquatic Ecosystems

The environment encountered by members of the plankton community

exhibits marked variations in temperature, nutrients, light, turbidity, and
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pressure. The upper euphotic zone inhabited by phytoplankton, the mixed

layer, is closely correlated with the thermocline which results from solar-induced

decreases in water column density. Vertical displacement of phytoplankton is a

common occurrence within the euphotic zone and results in a continual

alteration of the photic regime encountered. While some species are reliant on

water motion to position them in the water column, others are capable of

controlling their depth through the utilization of flagella and buoyancy changes.

A "ferris wheel" model has been proposed to account for the influence of

UVR on the vertical displacement of algal cells (Calkins et al. 1982). It is

theorized that the algae rise to the surface (positive buoyancy), are carried

along the surface, and then sink in response to the degree of UVR exposure. It

has been proposed that the mechanism of buoyancy shift includes variation in

the carbohydrate (Claustre & Gostan 1987) and/or lipid (Calkins & Blakefield

1986) pools at different levels of UVR (Calkins & Thordardottir 1980). The

observation of increased carbohydrate storage in high light (this would increase

cell density) and depletion of this storage in low light (decrease density) in a

diatom correlates well with changes in buoyancy observed after UVR exposure

(Post et :::11. 1985). Therefore, enhanced UVBR could have the effect of limiting

time spent in the upper layers by the cells and therefore indirectly reducing

primary productivity. The influence of UVR on marine phytoplankton is difficult

to ascertain due to the limitations of replicating their complex natural

environment in the laboratory. Despite these restrictions, some researchers

(e.g., Worrest et al. 1981) have attempted to model the effects of ambient UVR
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on the composition of the phytoplankton community as well as the entire marine

ecosystem.

The degree of resiliency of the marine environment to increased UVBR is

very difficult to predict. The greatest concern regarding ecosystem stability is

the observation that many phytoplankton species currently exist at or very near

their UVR tolerance limits (Calkins &Thordardottir 1980). Calkins &Blakefield

(1986) reveal the enormous consequences of UVR tolerance limits by

presenting several models all of which indicate rapid cell death upon exposure

to UVR beyond the tolerance limit. The realization that an enhanced UVBR

dose could be above the existing threshold for plankton species combined with

the possible inability of these species to "adapt" a higher tolerance level (Jokiel

& York 1984), indicates that alterations in planktonic community structure could

result as a consequence of ozone depletion (Worrest et al. 1981).

Responses of the phytoplankton community to a changing environmental

parameter could affect the entire marine community. Secondary effects could

take the form of changes in heterotrophic populations, species interactions, food

web alteration, and biogeochemical interactions (Kelly 1986). The estimated

5% decrease in overall oceanic primary productivity resulting from a 16% ozone

depletion (Smith & Baker 1982) does not take into account the impact from

alterations of the marine community structure. If the change in phytoplankton

species coincides with a change in cell size or nutritional content (as would be

the case in a shift from a green algal dominated to a diatom dominated

community), there could be pronounced effects on zooplankton feeding
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efficiencies. An increase in food size may drive replacement of one dominant

zooplankton species with another.

Study Objectives

Ambient UVR levels are thought to reduce marine primary productivity.

Further reductions are anticipated as a consequence of ozone reduction.

Nearly all studies describing the effects of current UVR levels or predicting

effects of increased UVBR on marine primary productivity are based on data

from short-term exposures of phytoplankton to UVR. Laboratory studies of UVR

effects typically involve the transfer of phytoplankton cultures maintained in

glass tubes under fluorescent lighting (UVR is riot present) to an experimental

UVR regime. The observed depression in photosynthesis and growth (e.g.,

Cullen & Lesser 1991) is used as an indication of long-term effects of UVR.

Experiments which examine the effects of ambient UVR on primary productivity

in the sea, typically involve transfer of seawater samples to UVR-opaque and

UVR-transparent containers for a short-term measurement of photosynthetic

rates in the presence and absence of ambient UVR. The difference between

these two treatments is interpreted as UVR inhibition of photosynthesis carried

out by natural phytoplankton. Both laboratory and field based experiments have

concluded that current levels of UVR are inhibitory to marine primary production

and that an increase in UVBR will result in further increase in UVR inhibition of

primary productivity (e.g., Cullen & Lesser 1991, Behrenfeld et al. 1993).

The present study examines the possibility that phytoplankton can

acclimate to subtropical levels of UVR. Current subtropical levels of UVBR
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(0.02 mW m-2 nm-1) exceed levels predicted for more temperate latitudes as a

consequence of ozone reduction (Gerstl et al. 1983). If phytoplankton can

acclimate to current subtropical levels of UVR, then similar acclimation

processes may be invoked by temperate phytoplankton species in response to

an increase in UVBR. Acclimation could reduce the impact of UVBR by

lowering the sensitivity of phytoplankton to UVR. Acclimation to ambient levels

of UVR would demonstrate that current estimates of the impact of UVR on

primary production need to be reexamined.
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Figure 1. Current and projected solar spectrum. Global UVR spectral irradiance

for current ozone levels (... ) and the theoretical spectrum after a 16% ozone

reduction (-) as presented by Caldwell et al. (1986). Irradiance measurements

for normal ozone levels were taken at solar noon on August 20, 1982 at 41° 45'

N latitude and 1460 m elevation.
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Figure 2. Action spectra representing basic modes of damage to primary

production. Action spectra for general plant damage (Caldwell 1971), DNA

damage (Setlow 1974), and inhibition of marine primary production (Helbling et

al. 1992) are illustrated.
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Figure 3. Generalized Photosynthesis versus Irradiance curve. The range of

irradiance on the abscissa is from zero to some maximum measured value.

Photosynthetic rate is quantified, either as oxygen production or carbon fixation,

along the ordinate. At low light levels, photosynthesis increases linearly with

irradiance. The slope of this increase (a) is interpreted as the utilization

efficiency and equals the number of photosynthetic units (PSUs) multiplied by

the cross-sectional area of a PSU and the incident irradiance. Maximum

photosynthesis (Pmax) is controlled by enzymatic processes of the Calvin cycle

and equal the number of PSUs multiplied by the photochemical turnover time of

a PSU. The onset of light saturation (K1) is derived from Pmaxla. Figure

adopted from Platt et al. (1980).
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CHAPTER 2

RAPID ACCLIMATION OF A DIATOM TO ULTRAVIOLET RADIATION

Abstract

A marine diatom, Chaetoceros grEJcilis, rapidly acclimated to ultraviolet

radiation (UVR). Therefore, current models for projecting the effects of

enhanced middle UVR (UVBR) that do not consider acclimation need to be

reexamined. Growth rates and photosynthetic pigment concentrations were

determined at selected times for semicontinuous cultures maintained under

ambient solar radiation and under a xenon arc illumination system (XA) in two

treatments: Photosynthetically available radiation (PAR-only) and PAR plus

UVR (PAR+UVR). During the first 12 h of PAR+UVR exposure, specific growth

rates were reduced by over 90% under XA and 70% under ambient conditions

when compared to PAR-only values. These reductions represented an acute

UVR response by C. gracilis. Reduction of growth rates resulting from UVR was

not observed after 24 h (growth rates between treatments were equal) under

ambient and XA conditions indicating long-term acclimation to UVR. Cellular

concentrations of Chi a were reduced following the onset of PAR+UVR

exposure (acute pigment destruction) under ambient and XA conditions, but

returned to PAR-only levels following 24 h (long-term acclimation). Carbon

fixation Chi a-1 over a five h exposure period was determined following 48 h of

ambient PAR-only and PAR+UVR exposure. Rates of carbon fixation were

equal for the two acclimation treatments, indicating that UVR may not be a

substantial long-term stress for this diatom. These results, if shown to be

representative of phytoplankton species, indicate that acclimation potential may
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invalidate simplistic modeling approaches and suggest the need for additional

studies to incorporate a UVR acclimation parameter in these models.

Introduction

Concern over effects of enhanced UVBR (280 to 320 nm) on marine

primary productivity is increasing because of the loss of stratospheric ozone

(03) (Frederick et al. 1989, Dahlback et al. 1989) and the resultant

disproportionate increase in UVBR. Ultraviolet-B radiation has been shown to

reduce phytoplankton growth (Smith & Baker 1980, Worrest et al. 1980, Jokiel &

York 1984, Smith R et al. 1992), pigment concentration (Worrest et al. 1981,

Dohler 1984a, EI-Sayed et al. 1990), and photosynthetic rates (Lorenzen 1979,

Worrest et al. 1980, Worrest 1983, Maske 1984, Buhlmann at al. 1987, EI­

Sayed et al. 1990, Cullen &Lesser 1991, Behrenfeld et al. 1992, Smith A at al.

1992). These realizations lead to experiments designed to predict .

consequences of ozone reduction on marine primary productivity (Cullen et al.

1992, Behrenfeld et al. 1993). These short-term experiments typically assume

that photosynthetic rates obtained in the absence of UVR represent the

photosynthetic rates that would occur if UVR were not an environmental

variable. Measurements of photosynthesis obtained under ambient UVR are

then interpreted as the amount of photosynthetic inhibition produced by UVR. If

cells did not acclimate to UVR, this would be true. However, the wide range of

cellular adjustments to the stress of high fluxes of photosynthetically available

radiation (PAR) (e.g., Berner et al. 1989, Falkowski & LaRoche 1991) suggest

cellular compensation for UVR exposure may also occur.

22



Pre::!icting effects of increased UVBR on rates of global oceanic

productivity requires an understanding of several features: 1) UVR tolerance

limits of phytoplankton, 2) time dependence of UVR inhibition, and 3) cellular

compensation to UVR damage. Tolerance limits to UVR vary among species,

from increased sensitivity with increased exposure to UVR for a temperate

pennate diatom (Pheodactylum tricomutum) (Behrenfeld et al. 1992), to little or

no sensitivity even after long term exposure to ambient levels of subtropical

UVR for a temperate green microalga (Dunaliel/a salina) (Jokiel & York 1984).

This high variability is also apparent in naturally occurring phytoplankton

assemblages where estimates of reduction in productivity can range from less

than 15"/0 (Smith R et al. 1992) to over 70% (EI-Sayed et al. 1990).

Determinations of in situ UVR photoinhibition must consider dosage rate

as well as total dose (Cullen & Lesser 1991). Oceanic vertical mixing is an

important process affecting the dosage rate as well as the total dose of UVR

exposure. Rapid vertical mixing results in the total UVR dose being received

during short periods dependent on the time spent in the upper photic zone.

Such short-term exposures to high UVR fluxes have been shown to be more

detrimental than equal total doses from long term exposure to lower UVR fluxes

(Cullen & Lesser 1991). Therefore, a phytoplankton eel! would be expected to

respond to short-term exposure to high intensity UVR (i.e., rapidly mixed water

column) differently than it would respond to the same total dose given as

continuous exposure to low intensity UVR (i.e., stratified water column).

23



In a stratified system it is not clear whether species-specific differences in

acclimation potential playa role in the phytoplankton community response to

UVR. Current predictions of UVR-related reductions in marine primary

productivity are based on methods that do not account for any potential cellular

acclimation to UVR stress. Many species have been shown to be highly tolerant

of long-term UVR exposure (Jokiel & York 1984), however the possibility of

acquisition of UVR-tolerance through acclimation has not been adequately

investigated. While acclimation may not occur in all species (e.g., Behrenfeld et

a/. 1992), it should be included in models which describe the effects of UVR on

oceanic productivity. Demonstration of rapid acclimation by phytoplankton

species would necessitate a re-evaluation of current methods used to describe

UVR inhibition of marine primary productivity.

Ambient UVR flux in the subtropics exceeds future levels predicted at

more temperate latitudes as a consequence of ozone reduction (Gerstl et a/.

1983). Therefore, examination of phytoplankton responses to subtropical UVR

gives an excellent indication of possible acclimation mechanisms. This study

examines the potential for rapid acclimation by a marine diatom, Chaetoceros

graci/is, to current subtropical levels of UVR. Acute and long-term effects of

UVR exposure are studied.

Materials and Methods

Experiments using semi-continuous Chaetoceros gracilis cultures

(originally isolated from Kane'ohe Bay, Hawai'j by E. Laws in 1975) in 0.22 11m

filtered f/2 (Guillard 1975) enriched seawater were conducted under natural
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solar radiation and under an artificial light source (2.5 kW xenon arc lamp,

designated as XA). Experiments performed under artificial radiation were run on

a 12:12 Iightdark cycle at 24°C. Outdoor experiments were run in October

1992 under a natural day-night cycle at ambient temperatures (ca. 23 to 250C).

Two radiation treatments were used: PAR-only and PAR+UVR, created by

screening incident radiation through polycarbonate (99% cutoff @ 387 nm) and

halofluorohalocarbon film (ACLAR®; 99% cutoff @ 200 nm), respectively.

Solar Simulator Experiments

Radiation regimes were created with a water cooled, AIRMASS 1 filtered

KRATOS Solar Simulator which produces a solar spectral output similar to that

of natural sunlight (Fig. 4). Total PAR was monitored with a Biospherical

Instruments QSL-100 41t collector and was maintained at approximately 800

urnol m-2 s-1. Total UVR output was monitored with a chemical actinometer, p­

nitroanisole, which has an absorption peak at 317 nm (modification of methods

in Dulin & Mill 1982). Dose of UVR was quantified as the amount of p­

nitroanisole decomposed as measured by reductions in absorbence at 317 nm.

Ultraviolet radiation was constant throughout all experiments at 0.40 mW cm-2.

Cultures were maintained for 24 h under 12:12 h Iightdark PAR-only exposure

prior to experimentation. Data from three replicate experiments (July 14, 19,29,

1991) have been pooled resulting in sample sizes ranging from one to six.

Growth and pigments

Cell growth was determined by hemocytometer cell counts using a Zeiss

phase contrast microscope at 0, 6, 12, 18, 24, 36 and 48 h after transfer to the
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two experimental radiation regimes. Specific growth rates were calculated using

the following formula:

where, f..l =specific growth rate (d-1); T1 is the time of measurement; To is

the time of the previous cell count; and C1 and Co are cell concentrations at T1

and To, respectively. Cellular concentrations of ChI a and Chi c1+c2 were

determined spectrophotometrically in 90% acetone using a Diode-Array Hewlett

Packard model 8452A spectrophotometer according to the methods of Jeffrey &

Humphrey (1975) at 0, 0.5, 1, 2, 3,4, 5, 6, 7, 8, 9, 12, 18,24, 36, and 48 h after

transfer. Data were pooled from three experiments run under identical light and

temperature conditions, with samples taken at different times. Sampling times

for individual experiments are as follows: experiment 1: 0, 0.5, 1, 1.5, 2, and 3

h; experiment 2: 0,3,5,6,7,9, 12, 18,24,36, and 48 h; and experiment 3: 0,

6, 12, 24, 36,48, 54, and 60h. When pooled, these sampling intervals result in

data acquisition from a to 60 h.

Ambient exposure experiments

Cultures of Chaetoceros gracilis were maintained under ambient PAR-only

conditions for 48 h in a flow-through seawater table prior to transfer of four

subsamples per treatment to PAR-only and PAR+UVR conditions in a running

seawater table (water depth ca. 15 cm). Specific growth rates (d-1) and pigment

concentrations (Chi a, and Chi C1+C;?) were determined as previously described

for the XA experiments. Samples were taken at 0,6, 12, 18,24,30,36, and 48
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h during the course of the experimental acclimation exposure. After long-term

acclimation (48 h) to PAR-only and PAR+UVR, photosynthesis (/lg C /lg Chi a-1)

was estimated by measuring the uptake of H14C03- into particulate organic

compounds during a five h incubation under ambient solar conditions (Oct. 31,

1992; 10:00 to 15:00 h, local time). Cells from the two acclimation regimes were

placed under both radiation conditions resulting in four treatments: PAR-only

acclimated cultures transferred to PAR+UVR (PAR-only to PAR+UVR) and to

PAR-only (PAR-only to PAR-only), and PAR+UVR acclimated cultures

transferred to PAR-only (PAR+UVR to PAR-only) and PAR+UVR (PAR+UVR to

PAR+UVR). Aliquots (100 ml) were filtered, acidified with 1 m110% HCI, dried

for 12 h under a fume hood, covered with 10 ml Amersham Biological Counting

Scintillant, and the radioactivity (dpm) determined using internal quench

standards with a Beckman LS3801 Liquid Scintillation Counter. Photosynthesis

was then estimated using the equations given by Strickland & Parsons (1972).

Statistics

All time course experiments were analyzed by first determining an effect of

treatment or time with a two-way analysis of variance (ANOVA) followed by pair­

wise comparisons (Fisher PLSD test, a posteriori comparison) at all time points.

Results

Growth rates and pigment concentrations are summarized over a 60 h

exposure period under XA in Fig. 5 and Table 1. Growth rates, Chi a and Chi

c1-+C2levels in the PAR+UVR treatment were reduced when compared to the

PAR-only cells during the first day of exposure « 12 h), but were not affected

27



throughout the second or third day (24 to 72 h) (Fig. 5. Table 1). Similar results

are reported under ambient UVR exposure for growth rates and Chi a

concentrations, but not for Chi cr+c2 concentrations (Feg. 6, Table 2). There was

no significant reduction of Chi c1iC2 concentrations during the first day of ambient

UVR exposure, but there was an increase in Chi c1iC2 concentrations during the

second day (Table 2). Cellular concentrations of Chi a were reduced (P s 0.05)

during the first but not the second day UVR exposure. Growth rates and Chi a

concentrations were reduced below PAR-only values by ambient UVR for the

first 24 h but not for the duration of the second day of exposure (Fig. 6, Table 2)

even though UVR received during the two days was similar (Fig. 7), These

responses: Initial damage by UVR (reduction of growth and Chi a

concentrations) and no effect of UVR after 24 h (growth rates and Chi a

concentrations equal between treatments), will be referred to as acute inhibition

and long-term acclimation, respectively.

After long-term acclimation (48 h ) to either PAR-only or PAR+UVR, Chi a

specific carbon fixation over a five h exposure period was the same for PAR­

only and PAR+UVR acclimated cells when the experimental exposure was the

same as the acclimation irradiance (acclimation =treatment) (Fig. 8). However,

cells acclimated to PAR-only fixed 38% less carbon when exposed to PAR+UVR

for five h (P s 0.05) (Fig. 8). This reduction in carbon fixation corresponded to

the initial reduction in growth and pigment concentration shown in Fig. 6. Most

importantly, there was a 24% increase in carbon fixation when PAR+UVR

acclimated cells were exposed to PAR-only (P s 0.05) (Fig. 8).
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Discussion

Even though the Chaetoceros gracilis isolate used in this study has been

maintained under fluorescent lighting for over a decade, the potential for UVR

acclimation is still rapidly induced in response to ambient UVR within 24 h. After

acclimation, there was no indication of adverse effects on growth, pigment

concentrations, or Chi a specific photosynthesis attributable to UVR treatments.

Clearly from this study, the potential for phytoplankton to acclimate to UVR

should be considered in future experiments which examine UVR effects.

Cells acclimated to ambient UVR levels, and then artificially sheltered from

UVR, fix carbon at a greater rate than cells maintained iii a natural radiation

regime for the duration of photosynthesis measurements (Fig. 8). These results

challenge the assumption that determinations of in situ productivity when UVR is

artificially removed are indicative of inhibition of productivity by ambient UVR.

Many recent in situ studies of UVR effects on primary productivity

examined photosynthetic rates of natural phytoplankton assemblages in the

presence and absence of ambient UVR. These experiments involved short­

term exposure (generally < 12 h) to PAR-only (UVR excluded) and various

portions of the UVR component of the solar spectrum. The observed difference

between these treatments was interpreted as a measure of the natural/evel of

UVR photoinhibition (e.g., Smith R et a/. 1992, Helbling et a/. 1992, Behrenfeld

et a/. 1993). This study demonstrates that, instead, the artificial removal of

natural UVR enhances productivity of C. gracilis. The 24% enhancement of

primary productivity following the removal of UVR (cells acclimated to
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PAR+UVR and then treated with PAR-only) in this study did D.Qj correspond to

UVR photoinhibition of primary productivity (cells from the two acclimation

treatments fix equal carbon Chi a-1) (Fig. 8).

Clearly, in evaluating responses of phytoplankton to ambient UVR, the

maintenance of the natural irradiance regime (PAR + ambient UVR) is the

appropriate control, .am the experimental removal of ambient UVR. At least a

portion of what is reported as inhibition by UVR, may well be enhanced

productivity by the PAR only "controls", Given the 12 to 24h time requirement

for UVR acclimation by C. gracilis, productivity estimates in stratified water

columns probably overestimate sensitivity of primary productivity to UVR. In a

stratified system, turnover time of the water column is often greater than the

time needed for acclimation to occur (turnover times on the order of days to

weeks) (Ferris & Christian 1991). Acclimation to incident UVR could therefore

compensate for UVR induced damage and result in non-inhibited growth and

Chi a specific photosynthesis.

Methods used to examine effects of UVR on oceanic primary productivity

often involve short-term exposures (typically < 12 h) to ambient and/or artificial

UV radiation. While it is readily accepted that these short-term experiments can

not be extrapolated to natural conditions (Cullen &Lesser 1991), phytoplankton

responses within these experiments are often assumed to be indicative of

natural responses and have been used to model phytoplankton sensitivity to

UVR (Cullen et at. 1992, Behrenfeld et al. 1993). Acclimated Chaetoceros

graci/is is highly tolerant to ambient UV (Fig. 6, Table 2, response after 24h).
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However, a short-term experiment using non-acclimated cells (Fig. 6, Table 2,

response during the first 12h) would conclude that C. gracilis is very sensitive to

ambient UVR levels. This study indicates that short-term exposure experiments

can not be used to mode/long-term responses to UVR. Studies that attempt to

quantify photosynthetic responses to enhanced UVBR must consider the time

needed for acclimation to occur, the time frame of natural UVR exposure,

effects of rapid PAR and UVR alterations, and the correlation between

acclimation and its potential to mitigate adverse effects of UVR.
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Figure 4. Radiation output of the KRATOS Solar Simulator overlaid with

transmission properties of treatment filters. Spectral output of xenon arc lamp

passed through AIRMASS 1 filter is indicated by the dashed line (right axis).

Output was generated with a L1COR L1-1800UW spectroradiometer.

Transmission qualities and the 50% cutoff values for polycarbonate (PAR-only

treatment) and ACLAR® (PAR+UVR treatment) are also indicated.
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Figure 5. Effect of UVR exposure on the growth rate and pigment

concentrations of C. gracilis maintained under the XA. Graphs represent the

average percent difference between paired values from the PAR-only and

PAR+UVR treatments. A large percent change indicates a large reduction by

UVR. The dashed line indicates no UVR effect (0% difference). Effect of

PAR+UVR on specific growth rate (A), ChI a celr" (8), and ChI Ct"C2cell-1 (C)

are indicated.
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Figure 6. Effect of ambient UVR on growth rate and pigment concentration of C.

gracilis. Data are expressed as the average percent difference between PAR­

only and PAR+UVR treatment replicate values. The dashed line indicates no

UVR effect (0% difference). Specific growth rates (A), Cellular Chi a (8) and

Chi Ct-+C2 (C) levels are reported over a 48 h period.
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Figure 7. Solar radiation during the 48 h experimental acclimation period (Oct.

29 to 30,1992) at the Hawai'j Institute of Marine Biology (21°28' N, 157°48' W).

Total irradiance in urnole m-2 s-1 (-) and UV in mW cm-2( '" ) were

determined on an hourly basis by a L1COR L1190SB quantum meter and an

Eppley 29044 ultraviolet radiometer (295 to 385 nm range) respectively. Both

sensors are located at the Point Laboratory at the Hawai'i Institute of Marine

Biology.
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Figure 8. Effect of 48 h PAR+UVR exposure on total carbon fixation. Carbon

fixation (JlQ C Jlg ChI a-1) for a five h exposure period is shown for four

treatments: PAR+UVR acclimated cells exposed to PAR+UVR or PAR-only and

PAR-only acclimated cells exposed to PAR-only or PAR+UVR. Differences

between treatments were determined by paired student t-tests (n =4) and are

noted with an asterisk (* ) (P ~ 0.05).
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Table 1. Effect of PAR+UVR exposure from the KRATOS Solar Simulator (XA) on growth and pigment

concentration of C. gracilis. Sample size ranges from one to six. Representative time points are listed (not

all time points are listed). Significant differences were determined with an a posteriori Fisher PLSD test and

are noted with an asterisk (*) (P s 0.05).



Time following transfer to respective treatment (h) ~l ± se
Treatment Variable 0 3.0 6.0 9.0 12.0 24.0 36.0 54.0

PAR growth rate na na 1.1 ± 0.20 na 1.2 ± 0.21 0.8 ± 0.34 1.5 ± 0.42 1.5 t 0.05
PAR+UVR ~t(d-l) na na 0.1 ± 0.35* na 0.1 to.47* 1.0tO.21 1.1 t 0.08 1.8 t 0.23

PAR Chla 2.9 ± 0.67 2.4 ± 0.48 1.57 ± na 1.8 ± 0.08 1.9tO.l0 2.1 t 0.54 3.1 ±0.17 1.7 ± 0.10
~ PAR+UVR (pg/cell) 2.9 ±0.67 1.0±0.31 0.7 ± 0.03* 0.2 ± 0.01* 1.1 ± 0.38* 0.9 ± 0.54 3.2 ± 0.02 1.5.!. 0.09w

PAR Chi Cl+C2 4.3 ± 2.21 1.6 ± 0.35 8.9 ± na 6.4 ± 1.93 5.8 ± 0.09 6.3 ± 2.35 2.3 ± 0.00 2.2 ± 0.24
PAR+UVR (pg/cell) 4.3 ± 2.21 1.3 ± 0.38 2.5 ± 1.15* 0.5 ± 0.46* 3.5 ± 0.26* 4.4 ± 0.36 3.3 ± 0.02 2.6 ± 0.21



t: Table 2. Effect of ambient PAR+UVR exposure on growth and pigment concentration of C. gracilis.

Representative time points are listed. Significant differences were determined with an a posteriori Fisher

PLSD test and are noted with an asterisk (*) (P ~ 0.05).



Time following transfer to respective treatment (h) Jl ± se
Treatment Variable 0 6.0 9.0 12.U 18.0 24.0 48.0

PAR growth rate na 1.1 ± 0.01 na 2.1 ± 0.32 na 2.5 ± 0.31 1.7±0.16
PARtUVR u (d- l ) na 0.6±0.19· na 0.6 ±O.OS· na 1.5±0.45 1.8 ± 0.73

PAR Chi a 3.16 ± 0.165 3.49 ± 0.149 3.63 ± 0.131 3.27 ± 0.249 2.76 ± 0.045 3.88 ± 0.283 2.4 ± 0.070
.l\o. PARtUVR (pg/cell) 3.16±0.165 3.17 ± 0.094 3.03 ± 0.052· 2.55 ± 0.186· 2.58 ± 0.297 3.99±0.141 2.51 ± 0.07301

PAR Chi CI+C2 0.35 ± 0.188 0.74 ± 0.101 1.19 ± 0.107 0.97±0.115 1.12 ± 0.032 1.34 ± 0.077 0.73 ± 0.023
PARtUVR (pg/cell) 0.35 ± 0.188 0.61 ± 0.042 0.95 ± 0.202 0.99 ± 0.122 1.35 ± 0.139 1.90± 0.112· 1.13 1: 0.083·



CHAPTER 3

EFFECTS OF ULTRAVIOLET RADIATION ON PHOTOSYNTHESIS

Abstract

Acclimation to ambient ultraviolet radiation (UVR) was examined in a

marine diatom, Chaetoceros gracilis. Short-term exposure to UVR ( < 24 h)

reduced the efficiency of photosynthetic energy conversion, carbon fixation,

activity of 1,5 biphosphate carboxylase/oxygenase (Rubisco), and increased the

turnover rate of the putative 01 reaction center (32 kDa) protein. Long-term

exposure to ambient UVR (24 h to 48 h) revealed a steady state acclimation as

noted by recovery of carbon fixation, and Rubisco activity. Turnover rates of 01

and chlorophyll a (ChI a) remained high during exposure to UVR. Efficiency of

energy conversion by photosystem II (PSII), measured with double flash

fluorometry, increased by 24% in response to UVR acclimation. Acclimation

had no effect on functional absorption-cross-section or cellular concentrations of

Chi a , Chi c, or total carotenoids. These observations suggest that the flow of

electrons through PSII increased in response to UVR exposure; leading to an

11% increase in the maximum rate of Chi a specific, and a 31% increase in the

cell specific, oxygen evolution. Maximum rate of carbon fixation was reduced by

UVR on a ChI a basis, but remained unaffected on a per cell basis. Response

to UVR exposure has two components: a short-term inhibitory response, and a

long-term acclimation process that eliminates inhibition of carbon fixation

capability.
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Intrceuction . .

Interest in phytoplankton responses to ultraviolet radiation (UVR) emerged

with the demonstration of UVR transmission into oceanic waters (Jerlov 1950)

and has grown in response to potential increased UVR attributable to ozone

layer destruction. Projected increases in middle ultraviolet radiation (UVBR: 280

to 320 nm) reaching Earth's surface caused by ozone reduction (Smith & Baker

1980) combined with the presence of potentially inhibitory doses of UVBR to a

depth of 20 m in oceanic environments (Smith R et al. 1992) have led to

intensified efforts to understand the role of current and predicted UVBR levels on

marine primary producers. Statements concerning sensitivity of phytoplankton

species to UVR can not be generalized and responses are thought to be species

specific (Calkins &Thordardottir 1980, Jokiel &York 1984, Karentz et al. 1991).

Differences in responses to enhanced UVBR have led to the hypothesis that

impacts of enhanced UVBR will be manifest as changes in species composition

in the phytoplankton community (Worrest et al. 1978, Worrest et al. 1981,

Karentz et al. 1991). Despite recognition of different tolerance limits to UVR,

little attention has been directed toward the possibility of tolerance through rapid

acclimation responses. If a species is able to acclimate to a given UVR dose,

then the steady state effect of that dose on productivity would be greatly

reduced, possibly even eliminated.

Detailed examination of phytoplankton compensation for current UVR

levels is a logical first step in the attempt to comprehend responses of

phytoplankton to increased UVR. Subtropical UVR levels are already higher

than predicted UVR levels at more temperate latitudes as a consequence of
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ozone reduction. Examination of cellular responses by subtropical phytoplankton

to ambient UVR levels offers an exciting opportunity to examine photosynthetic

responses to UVR. Examination of resistance mechanisms by a member of the

natural phytoplankton community under ambient subtropical UVR is likely to

delineate defense mechanisms available to phytoplankton for resistance to

damaging or inhibitory consequences of increased UVR levels. If cells are

capable of achieving tolerance to UVR through rapid acclimation, estimates of

adverse effects of UVR on marine primary productivity may be grossly

overestimated.

Cellular compensation to changes in incident radiation by phytoplankton

has been intensely investigated since Steemann-Nielsen and coworkers (1959)

first documented acclimation to changes in incident visible radiation. Acclimation

to changes in photosynthetically available radiation (PAR; 400 to 700 nm)

frequently occurs within one generation (Falkowski & LaRoche 1991) yielding

maximum efficiency of light entrapment for an individual cell. While the potential

for acclimation to changes in PAR may be characteristic of all phytoplankton

(Falkowski & LaRoche 1991), the extent to which acclimation may be realized

varies among phytoplankton classes and may be species specific (e.g.,

Falkowski 1984). Some species are capable of complete adjustment to extreme

shifts in growth irradiance, while others cal' be characterized as low or high light

species (Falkowski & LaRoche 1991). In response to changes inPAR,

phytoplankton change their internal morphology (Berner et al. 1989), accessory

pigmentation (Sukenik et a/. 1990), and thylakoid membrane composition

(Sukenik et a/. 1989, 1990) in order to maximize photosynthetic efficiency. For
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low light acclimation, cellular adjustments result in increased probability of

entrapping low PAR fluxes. For high light acclimation, cellular adjustments result

in a reduction of photochemical excitation and a resistance to damage from

excess radiative energy and the resultant high concentration of reducing agents.

With such well documented cellular responses to PAR levels, one might expect

similar responses when cells are exposed to UVR. In this study, physiological

alteration of a marine diatom, Chaetoceros gracilis, during a 48 h period

following exposure to naturally occuring subtropical levels of UVR is examined.

After acclimation (48 h), examinations of several photosynthetic indicators of cell

health are undertaken to document steady state changes within C. gracilis.

Materials and Methods

Semi-continuous cultures of Chaetoceros gracilis were maintained in f/2­

enriched 0.22 urn filtered seawater in 150 ml quartz test tubes under ambient

PAR-only conditions (48 h) in a flow through seawater table. Cultures (n =4 per

treatment) were transferred to PAR-only and PAR+UVR treatments in a running

sea water table (water depth ca. 15 cm) under ambient irradiance (Fig. 9).

Several timecourse experiments were run under these conditions and are listed

in Table 3.

Timecourse experiments

Enzyme assays

Samples (n =2) were taken from each treatment (PAR-only and

PAR+UVR) at 0,6, 12,18,24,36 and 48 h. Aliquots were removed to assay for

Rubisco activity and the remainder of each sample was concentrated by
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centrifugation to 500 ~I in 0.5% Triton X-100 in 100 mM phosphate buffer (pH

7.4) and sonicated to solubilize proteins. Samples were centrifuged and the

supernatant used for total protein (BCA protein assay kit; PIERCE Chemical

Company), superoxide dismutase (SOD) (Oyanagui 1984), catalase (CAT)

(Beers & Sizer 1952), and ascorbate peroxidase (ASPx) (Nakano & Asada

1981) activity determinations.

Rubisco activity was determined by methods modified from Fisher et al.

(1989). Aliquots (10 ml) were filtered onto AH·934 glass fiber filters, placed into

scintillation vials containing 0.4 ml 10% Triton X-100 at room temperature for 30

minutes. Rubisco assay mix (0.9 ml) was added (0.7 mg glutathione/ml, 25 mM

MgC/2, 44 mM (0.16 ~Ci ~mole-1) 14C-bicarbonate in a 80 mM Tris buffer, pH

7.5). After a 10 minute activation period, the reaction was initiated by the

addition of substrate, 0.3 ml O-ribu/ose 1,5-biphosphate (Barium salt) (RuBP)

solution (40 mg RuBP, 0.1 g Oowex 50W-X8 resin, and 4.0 m/ distilled water,

pH 7.0). The reaction was terminated with the addition of 3.0 ml 40% acetic

acid in methanol. Samples were evaporated in a fume hood and disintegrations

per minute (dpm) counted with a Beckman LS3201 liquid scintillation counter

using internal quench standards.

Assay procedure of superoxide dismutase (SOD) (Oyanagui 1984)

detected formation of nitrite resulting from the oxidation of hydroxylamine by

superoxide radicals at room temperature. Activity levels of SOD (U (mg

protein):") were determined as the degree of inhibition of nitrite formation. The

supernatant liquid (1 00 ~I) from the protein solubilization procedure was
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combined with 200 III substrate ( 1 mM hypoxanthine, 1 mM hydroxylamine, pH

8.2) and either 500 III water or 4 mM KCN in water to detect Cu-Zn or Mn bound

forms of SOD, respectively. The reaction was initiated with 200 III enzyme ( 2

mU xanthine oxidase (Sigma Chemical Company), 0.5 mM EDTA, pH 8.2).

After a 1 h incubation period, 2.0 ml color reagent (225 mg sulfanilic acid, 3.75

mg N-1..naphthylethylenediamine-dihydrochloride, 125 ml glacial acetic acid and

375 ml H20) was added and developed for 20 minutes. Concentration of nitrate

was determined at AS50 against a set of SOD standards (bovine Cu-Zn and E.

coli Mn-SOD, SIGMA Chemical Company).

Activity of ascorbate peroxidase (ASPx) was determined by the rate at

which hydrogen peroxide (H202) was consumed at room temperature (Nakano

& Asada 1981). Supernatant liquid (200 Ill) was added to 2.7 ml ascorbate in 50

mM phosphate buffer (pH 7.0) in a 3 ml cuvette. Auto-oxidation was recorded

as non-specific peroxidase activity, and then 100 III substrate (34 III H202 in 100

ml P04 buffer minus ascorbate) was added. Activity of ASPx (U (mg protein)")

was calculated from the extinction coefficient (2.8 mM crrr ' s-1) and the

decrease in absorbance as ascorbate was oxidized minus the decrease in

absorbance from auto-oxidation.

Catalase (CAT) activity was monitored as the decomposition of H202 to

water and oxygen at room temperature (Beers & Sizer 1952). Supernatant

liquid (100 Ill) was added to 3.0 ml 50 mM P04 buffer plus EDTA (pH 7.0) and

the background A240 was measured. The reaction was initiated with the
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addition of 100 ,.tI substrate (1.2% H20 2 in 50 mM P04 buffer). Specific activity

(U (mg protelnr" )was calculated from M240 rnirr".

Variable fluorescence

Variable fluorescence (Fvar) was recorded as (Fmax- Fo)1 Fo (Falkowski &

Kiefer 1985) where Fmax indicated fluorescence yield in the presence of 0.01 J.l.

M DCMU and Fo indicated fluorescence yield of cells dark adapted for 15 rnin..

Measurements were taken with a Turner Design fluorometer Model 10.

Quantification of Rubisco

Cultures were removed from the two treatments (PAR-only and PAR+UVR)

at 0,6, 12,24, 30, 36, and 48 h. Samples were concentrated to 100 J.l.I in 8%

SOS (0.2 M NaC03)-1 containing 200 J.l.M Phenylmethyl Sulfonyl Fluoride

(PMSF) and sonicated twice (20 sec. each) to solubilize proteins. Sub-samples

of the supernatant liquid were used to determine total protein (SCA kit, PIERCE

Chemical Company) and total Chi a (Jeffery & Humphrey 1975) contents.

Supernatant liquid (75 J.l.I) was transferred to a clean Eppendorf tube and 150 J.l.I

dye mix (4% SOS, 15% glycerol, 0.05% Bromothymol blue) and 75 J.l.I 0.2 M 1,4

Oithiothreitoi (On) were added. This combination was heated in a boiling water

bath for two minutes. Samples were frozen in liquid nitrogen and immediately

stored at -70oC. Protein separation was performed on modified Laemmli (1970)

12.5% SOS-acrylamide gels at 125 constant volts on a Bio-Rad mini-gel system.

Separated proteins were then electrophoretically transferred to nitrocellulose

(0.45 urn) (100 V for 1 h). Resultant blots were washed with 4% bovine serum

albumin (BSA) in phosphate buffered saline (PBS; 5 mM Na2HP04, 5 mM
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NaH2P0 4, 0.15 M NaC/, pH 7.4) followed by 0.25% Tween-20 detergent in PBS.

Primary antibody raised against Rubisco isolated from spinach chloroplasts

(graciously provided by Paul Falkowski, Brookhaven National Laboratory,

Upton,NY) was added to the 0.25% Tween-20 PBS wash to a final dilution of

1:10,000 and incubated overnight at room temperature. Excess antibody was

removed with a PBS rinse and the membranes transferred to four percent BSA

in PBS. The secondary antibody (Goat Anti-rabbit alkaline phosphatase

conjugated) was added to a final dilution of 1:1000 and incubated for two hours.

Membranes were washed with PBS and briefly rinsed with color buffer (100 mM

Tris, 100 mM NaCl, 5 mM MgC/2)' Color solution (1.65 mg BCIP, 3.3 mg Nitro

blue tetrazolium in 10 ml color buffer) was used to visualize primary antibody

locations and qualitatively determine Rubisco levels.

Turnover of the putative 01 (32 kOa) protein

Turnover rate was estimated with a pulse chase experiment followed by

autoradiography of protein blots. A culture maintained under PAR-only

conditions for 48 h was divided in half. The first portion was dispensed into four

quartz biological oxygen demand bottles and transferred to the two radiation

regimes: PAR-only and PAR+UVR (n =2). These cultures were used to

determine the turnover rate during the second day of exposure. The first portion

of the original culture was inoculated with approximately 300 /lCi 14C_

bicarbonate in the presence of 10 /lg/ml cycloheximide (to block nucleic protein

translation) and placed under fluorescent lights (100 urnol m-2 s-1) for 3 h (04:00

to 07:00). Cells were concentrated by centrifugation, washed twice and

resuspended in unlabeled f/2 enriched seawater. The resuspension was then
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divided into replicate quartz 150 ml test tubes and placed under the two

radiation regimes by 08:00. Aliquots were removed at 0, 3, 6, and 9 h prepared

for gel electrophoresis and transferred to nitrocellulose as described for Rubisco

quantification. The second portion of the original culture, maintained in the

radiation regimes, was inoculated and chased as for the first day. This two step

approach minimized the probability that carbon would be recycled following the

initial pulse. Kodak X-ray film was exposed to the protein blots for 4 d at room

temperature. D1 (32 kDa) protein turnover was then recorded as a

disappearance of a band of label at 32 kDa using a Video Densitometer (8io­

Rad model 620) and 1-0 Analysis software for IBM PC.

Measurements after 48 h exposure period

After a 2 d exposure to PAR-only and PAR+UVR treatments, a pump and

probe fluorometer (Falkowski &Kiefer 1985) was used to determine the

photophysiology of dark adapted phytoplankton cells via calculations of

photosynthetic energy conversion efficiency (~<I>sat) and the functional

absorptive-cross-section of PSJI (crPSII) (n =5). Fresh cells were run through

the fluorometer once so that any single cell was only exposed to one probe­

pump-probe series. Double flash fluorometry utilizes a flash series consisting of

a weak probe flash, an actinic pump flash, and a second weak probe flash given

70 us after the actinic pump flash. Fluorescence from the first and second

probe flashes were used to determine saturation kinetics of fluorescence

induction. Minimum fluorescence (F0) was recorded from the first probe flash.

Intensity of the pump flash was increased from zero to PSJI saturating intensities

so that fluorescence yield of the second probe flash (F5) indicated the number of
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open reaction centers. When the pump flash closed all functional reaction

centers, Fs was maximum and the difference between Fa and Fs was the

maximum variable fluorescence (Fvar). From the Fvar saturation curve, ~<t>sat'

and O'pSII were determined from the maximum change in fluorescence ((Fs -

Fo)/F0) and the rate of fluorescence increase (~<t>/~<t>sat=1 - exp(-eJpSIIE)),

respectively. Detailed pigment analysis of cells used for pump and probe

fluorometry was performed by high-performance liquid chromatography (HPLC)

(Bidigare et al. 1989).

Photosynthesis versus irradiance (P versus I) responses based on oxygen

evolution were investigated using a small volume exposure chamber maintained

at 24°C by a flow-through cooling system (Falkowski &Owens 1980). Cell

suspensions were mixed continually by a magnetic stir bar. Variable intensity

light was produced using illumination from a Cole Palmer fiber optic lamp

(model 9741-50) through a series of Melles Griot neutral density filters. Light

intensity was measured with a L1COR radiometer (L1-188B). Net oxygen

evolution (calculated from gross oxygen evolution corrected for dark respiration)

was measured and calibrated to oxygen saturated seawater and anoxic'

seawater produced by the addition of Na203S.

Photosynthesis versus irradiance responses based on isotopic carbon

fixation were determined with a photosynthetron (Lewis & Smith 1983). Sample

aliquots (1 ml) were placed into 7 ml glass scintillation vials and placed into

compartments with various layers of nickel mesh that produced different light

intensities. Samples were illuminated by halogen bulbs through a water cooled
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Plexiglas chamber. Carbon fixation was terminated (1 h exposure period) by the

addition of 100 III buffered 40% formalin). Viais were acidified with 40% glacial

acidic acid in methanol, dried for 12 h under a fume hood, covered with 5 ml

Amersham Biological Counting Scintillant, and dpm determined on a Beckman

LS3801 liquid scintillation counter using internal quench standards.

Photosynthetic rates were then estimated using standard equations (Strickland

& Parsons 1972).

Results

Time-course experiments

Exposure to ambient UVR resulted in increased CAT activity normalized to

total ceiiular protein (Fig. 10C). A similar increase was suggested for ASPX

activity (Fig. 10B). Catalase activity increased in response to ambient UVR

exposure at 36 and 48 h when compared with PAR-only values (P s 0.05).

Exposure to UVR led to nearly significant increases in ASPx activity per protein

at 24, 36, and 48 h compared to corresponding PAR-only values (P ::;; 0.10).

Exposure to UVR had no effect on SOD activity during the 48 h experiment (Fig.

10A).

Turnover rate of the putative 01 (32 kOa) protein increased after UVR

exposure. In this experiment, the band occuring at 32 kDa was assumed to be

the 01 protein. The rapid turnover of this band compared to other proteins

visualized by autoradiography helped to confirm its identity. In the PAR-only

treatment, 90% of protein translated during a 14C-bicarbonate pulse was

replaced by unlabeled protein within 9 h, as calculated by linear regression of the
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density of protein bands. Protein replacement rates were comparable for both

experimental days with 50% turnover at 5.0 hand 5.5 h for day one and day two,

respectively (Fig. 11A). Exposure to the PAR+UVR treatment resulted in 90%

removal of labeled putative 01 (32 kOa) protein after only 3 h during the first day

(50% turnover at 1.7 h) (Fig. 11S, day one). The second day of UVR exposure

resulted in a slower turnover rate with 50% reduction at 3.3 h (Fig. 11B, day two).

Linear regression analyses of the rates of turnover showed a significant increase

of turnover associated with UVR exposure during both day one and day two (P s

0.05). 01 protein is an integral component of PSII and its integrity is critical to

the efficiency of energy transfer.

Efficiency of PSII, as indicated by OCMU induced variable fluorescence

(Fvar) by dark adapted cells, was reduced by UVR 12h after initial exposure (18%

reduction in Fvar below PAR-only values (P s 0.05)). However, Fvar was not

affected by UVR exposure throughout the remainder of the 48 h exposure period

(Fig. 12).

Exposure to ambient UVR appeared to reduce Rubisco activity below PAR­

only values during the first 24 h although not significantly (0.05 ~ P s 0.10), but

had no effect during the second 24 h period (24 to 48 h) (Fig. 13). Rubisco

protein levels were qualitatively estimated with Western blot techniques and did

not appear to be affected by UVR.

Carbon fixation per cell and per Chi a were reduced by ambient UVR

exposure below PAR-only values at 3, 6, and 12 h following UVR exposure (P s
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0.05) (Fig. 14A & B). As with the direct assay of Rubisco activity, UVR had no

effect on carbon fixation per cell during the second day of exposure (Fig. 14A &

B).

Measurements after 48 h exposure period

Acclimation to ambient UVR for 48 h enhanced the efficiency of PSII as

measured by double flash fluorometry. Photosynthetic energy conversion

efficiency, ~<1>sat' significantly increased in response to 48 h ambient UVR

exposure. Acclimation to UVR had no effect on the relative functional

absorption-cress-section of PSII, O"pSII (Table 4) or on cellular Chi a, Chi c, or

carotenoid levels (P s 0.05) (Table 5). Complete 48 h acclimation to ambient

UVR led to an increase in the weight ratio of Chlorephyllide a to Chi a suggesting

an increase in Chi a turnover (Table 5). Acclimation resulted in an increase in

Chi a and cell specific Pmax measured by oxygen evolution (P::; 0.05) (Table 4).

In contrast, acclimation resulted in a decrease in Chi a specific light saturated

carbon fixation (P ~ 0.05), but had no effect on cell specific saturated carbon

fixation (Table 4).

Discussion

In the marine environment, vertical mixing exposes phytoplankton to

dramatic fluxes in total irradiance and spectral composition of incident radiation

on a time scale of hours to days. In a system where the time scale of vertical

mixing equals or exceeds that of an acclimation response, physiological

adjustments can result in improved photosynthetic characteristics for a changing

radiation regime. Ultraviolet radiation is an important component of solar
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radiation, which, other than a small portion of UVAR, is not available for

photosynthesis. Ultraviolet radiation is potentially damaging to phytoplankton

and can destroy proteins (Yerkes et al. 1989), nucleic acids (Peak & Peak 1983),

chlorophyll molecules (Iwanzik et al. 1983), and membrane conformation

(Iwanzik et al. 1983). Molecular oxygen readily reacts to UVR in the presence of

photosensitizing agents, such as chlorophyll, to first form singlet oxygen (102)

and superoxide radicals (02-), and, secondarily, hydrogen peroxide ( H202) and

hydroxyl radicals (HO') (Asada & Takahashi 1987). These radicals are

destructive oxidizing agents and account for a portion of UVR related cellular

damage (Asada & Takahashi 1987). Acclimation to UVR by microalgae includes

formation of UV blocking pigments (e.g., Vernet et al. 1989), an increase in DNA

repair capacity (Karentz et al. 1991), and enhancement of enzymatic defense

against oxygen based radicals (Lesser & Shick 1989). Metabolic costs of

defense against UVR damage may be reflected in reduced cellular growth.

Cellular responses to UVR examined in this study indicate that acute

exposure to UVR interferes with cellular processes resulting in reduced

photosynthetic efficiency and carbon fixation capability. However, subsequent

acclimation to UVR results in carbon fixation per cell equal to fixation rates in the

absence of UVR. This suggests that any metabolic cost to UVR acclimation is

not reflected in a reduction of carbon fixation capability per cell.

When phytoplankton are cultured under low PAR levels (LL) and then

transferred to saturating PAR intensities (HL), a dramatic increase in

photoinhibition and pigment destruction occurs compared to cells grown in HL
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and then maintained in HL for the same time period (e.g., Falkowski 1984).

However, within hours, this "overshoot" is eliminated as LL grown cells acclimate

to HL (e.g., Falkowski 1984, Sukenik etal. 1990). Photoinhibition is reduced and

pigment levels adjust to values found for HL maintained cells. In this study,

acute exposure to UVR resulted in cellular damage, but was followed, within 24

h, by steady state acclimation defined as no apparent inhibition of

photosynthesis by UVR. The similarity between responses to HL and responses

to UVR; photoinhibition followed by acclimation, suggests that similar responses

may be operating during acclimation to HL and acclimation to UVR. Clear

cellular-based studies are needed to verify mechanisms.

In the case where LL-acclimated cells are transferred to a HL regime, acute

photoinhibition during the "overshoot"-response is attributable to a reduced

capacity to dissipate excess excitation in LL acclimated organisms (e.g.,

Anderson et al. 1993). In an acute HL treatment, increased photoinhibition of LL

cells is an indication of increased PSII damage in HL (Anderson et al. 1993). In

a LL environment, cells maintain low turnover of PSII components because the

need to replace damaged components slows while the need to maximize light

retrieval increases. Acute HL exposure of LL grown cells results in a rate of

damage which exceeds the rate of repair (turnover time) and maximum

photoinhibition occurs (Anderson et al. 1993). In contrast, maintenance in HL

stimulates a steady state response where an abundance of cellular energy (ATP

and NAOPH) is available to "compensate" for costly de novo protein synthesis

(mainly 01 protein) and pigment production. In continual HL, the rate of damage

equals the rate of repair and results in no apparent photoinhibition. However,
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even cells fully acclimated to HL experience a steady state level of

photoinhibition (Anderson et a/. 1993). It is only when the rate of damage

exceeds the rate of repair that photoinhibition is detected as reduced primary

prod uctivity.

Steady state photoinhibition in HL grown cells is often viewed as a

photoprotective mechanism which results in the down-regulation of PSII

(Anderson et a/. 1993). In HL grown cells, and LL grown cells acclimated to HL,

down-regulation may represent a direct inactivation of a fraction of the total PSII

population (Anderson et a/. 1993). Inactivation of PSII reaction centers would

provide protection through thermal dissipation of excitation energy (Anderson et

a/. 1993). Because HL acclimated cells are not limited by electron turnover in

PSII, fewer than 40% active PSII reaction centers (RCs) can produce enough

reducing power to rnainta ,1 Pmax (Anderson et a/. 1993). Consequently, an

inactivation of some PSII RCs may not affect maximum photosynthetic rates for

intact cells. The resulting protection from excess excitation lessens the cost of

damage by reducing the number of available targets.

With this in mind, two similar stages to UVR photoinhibition can be

envisioned. The "overshoot", acute UVR photoinhibition, would be represented

by initial (first 12 h) responses to UVR exposure. The second, steady state

responses, would correspond to cellular responses following long-term (beyond

24h) UVR exposure. Acute response to UVR includes depression of variable

fluorescence (Fig. 12), an apparent reduction in Rubisco activity (Fig. 13),

increased destruction of putative 01 protein (Fig. 11 A & B, day one), and a

reduction in carbon fixation capability (Fig. 14A & B). Destruction of D1 resulted
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in a loss of PSI! integrity and charge separation capability apparent in the drop in

Fvar and the loss of carbon fixation capability during the first 12 h of UVR

exposure. Acute responses to UVR also appear to be apparent in the "dark"

reactions of photosynthesis because specific activity of Rubisco was reduced,

although not significantly. There was not a corresponding reduction in Rubisco

protein levels probably because of a lack of antibody discrimination between

active and inactive Rubisco. Therefore, the action of UVR on this enzyme is not

clear.

Steady state effects of UVR are illustrated by cellular responses beyond 24

h. Integrity of PSI! is regained as illustrated by a return to PAR-only Fvar values

and a recovery of carbon fixation capability. Similar to cellular acclimation to HL,

acclimation to UVR resulted in a steady state increase in the putative 01 protein

(Fig. 11A & B, day two) and Chi a turnover (Table 4). The turnover rate of the

01 protein is higher than any other protein in green plant chloroplasts (e.g., Melis

1991). The steady state increase in turnover rate demonstrated in this study

indicates that the rate of 01 replacement is adjusted to keep up with the increase

in UVR damage. Turnover rate of Chi a in marine diatoms is on the order of

days to weeks under non-photoinhibitory conditions (Goericke & Welschmeyer

1992). The increase in Chi a turnover suggested by this study may be explained

by faster replacement of pigment molecules damaged by UVR. In Hl

acclimation, increases in the rate of synthesis of Chi a and/or 01 can be

considered as "paid for" by an increase in carbon fixation capability under high

irradiance. However, in this study, UVR acclimation is examined for cells fully
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acclimated to identical PAR environments. Can a shift in photophysiology

response to UVR partly compensate for the cost of UVR exposure?

Acclimation to UVR resulted in a 31% increase in maximum oxygen

evolution per Chi a and an 11 % increase per cell, without correspcndlnq

increases in maximum rates of carbon fixation (Table 4). This demonstrates that

while Pmax is determined by the rate of the "dark reactions" (carbon fixation)

(Fisher et a/. 1989), "light reactions" (indicated by oxygen evolution) are not

always directly coupled to carbon fixation. The light reactions appear to respond

to UVR exposure independently. Similar results were reported when a marine

diatom was transferred from nitrate and light limiting conditions to nitrate and

light saturating conditions (Smith G et a/. 1992). After the transfer, maximum

rate of Chi a specific oxygen evolution increased by 23% while the maximum

rate of Chi a specific carbon fixation decreased by 43%. The increase in oxygen

evolution was coupled to increases in photosynthetic efficiency at low irradiances

(«) and Chi a, protein and nucleic acid production (Smith G et a/. 1992). The

enhanced production of Chi at proteins and nucleic acids was fueled directly

from Photosystem II & I productions of ATP and NADPH. The decrease in

carbon fixation indicated that reducing power was selectively routed away from

carbon fixation pathways and towards metabolic routes needed for the uptake

and incorporation of nitrate under conditions of long-term starvation.

In the current study, energy demanding processes invoked in response to

UVR exposure, included enhanced production of Chi a and 01 protein. The

primary target of UVR photoinhibition in the chloroplast is PSII (e.g., Iwanzik et
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al. 1983). In this study, short-term UVR exposure facilitated rapid resynthesis of

proteins (the putative 01), pigment molecules, and PSII integrity (reduced

variable fluorescence). Additionally, short-term UVR exposure reduced carbon

fixation capability per cell (Fig. 14A) and per Chi a (Fig. 148), and appeared to

reduce Rubisco activity (Fig. 13). Long-term UVR exposure resulted in a return

to PAR-only values of PSII integrity, pigment concentrations, Rubisco activity,

and carbon fixation capability. This study suggests that the return to PAR-only

values may be via direct utilization of reducing power (ATP and NAOPH)

produced by the photosystems. The amount of available ATP and NAOPH is

likely to increase in response to long-term UVR exposure because PSII

efficiency increased by 24% (Table 4). A direct drain of reducing power away

from carbon fixation similar to what was reported by Smith G et al. (1992) is

apparent on a Chi a basis (26% reduction in the maximum rate of Chi a specific

carbon fixation), but not on a per cell basis despite a 31% increase in oxygen

evolution per cell. This suggests that growth of C. gracilis would not be

adversely affected by long-term exposure to UVR. This is supported by the

observation of equal growth rates between cells acclimated to PAR-only and

cells acclimated to PAR+UVR (Chapter 2).

In this study, PSII alterations included a reduction of PSII efficiency from

short-term UVR exposure and a steady state (long-term) increase in efficiency

following acclimation. While a portion of the initial reduction in efficiency can be

attributed to the loss of PSII integrity (pigment and 01 destruction), a reduced

efficiency also suggests a protective mechanism. Just as HL photoinhibition is a

down-regulation of a fraction of reaction centers (Anderson et al. 1993), acute
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UVR exposure may introduce non-photochemical quenching centers into PSII

which draw exciton energy from P680 regardless of the redox state of QA

(Renger & Rettig 1991). The withdrawal and subsequent quenching of energy

would decrease maximum fluorescence yield, decreasing maximum variable

fluorescence. Acclimation to UVR resulted in steady state maintenance of PSII

activity above what occurred in the absence of UVR (an increase in .1cDsat and

O2 evolution). This observation can be attributed to an increase in the number of

photosynthetic units (PSUs), an increase in non-cyclic electron flow (PSII

activity), or an increase in electron transfer to a non-photochemical electron

acceptor.

Acclimation to PAR+UVR and PAR-only results in equal pigment

concentrations per cell and equal relative absorption-cross-sections of PSII

(pigment contribution to functional PSII RC) (Table 4 & 5). Shifts in conformation

of PSII (pigment concentration per reaction center) would not be expected as a

steady state response to UVR, even though dramatic shifts are tightly coupled to

HL acclimation. In HL acclimation, the cell is responding to a shift in

photosynthetically available radiation, while acclimation to UVR does not involve

a significant alteration of energy available for photosynthesis. The increase in

oxygen evolution and conversion efficiency of PSII (.1cDsat) suggests that equal

pigment concentrations per active reaction center result in different efficiencies

of PSII. In double flash fluorometry, the delay time between the actinic pump

flash and the second probe flash permits complete decay of non-photochemical

quenchers, such as carotenoids. Therefore, the increase in .1cDsat cannot be

accounted for by a down-regulation of PSII RC as in steady state photoinhibition
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from HL. Additionally, increases in oxygen evolution require that electron

movement occurs. Therefore, the steady state increase in D.<I>sat can only be

accounted for by an increase in electron acceptance by QA or some other stable

electron acceptor.

High concentrations of molecular oxygen and chlorophyll are present in

photosynthetically active chloroplasts. This can lead to oxygen radical

production with excess quanta. In this study, acclimation treatments (PAR+UVR

and PAR-only) had identical PAR levels. Therefore the observed increase in

catalase and ascorbate peroxidase activity (Fig 10 A & B) is solely in response to

the increase in UV-induced oxygen radical production. Oxygen reacts with UVR

to form singlet oxygen, which is then oxidized to hydrogen peroxide by SOD. In

the chloroplast, ASPx is the primary scavenger of hydrogen peroxide, which is

formed from primary oxygen radicals (Foyer & Lelandais 1993). In the process,

ascorbate is oxidized to the monodehydroascorbate (MHA), which can be

reconverted to ascorbate enzymatically in the stroma, or by accepting an

electron from the transport chain connecting PSII to PSI on the thylakoid

membrane(Foyer &Lelandais 1993). Monodehydroascorbate is a natural

electron acceptor with an efficiency equivalent to Hill reagents. Conversion of

MHA back to ascorbate is essential for continued detoxification of H202. An

increase in electron extraction from the electron transport chain by MHA could

contribute to the increase in oxygen evolution in response to UVR. An increase

in electron removal would result in an increase in oxygen evolution without a

corresponding increase in carbon fixation because the electron removal would

not neccessarily be coupled to ATP production. Under ambient solar conditions,

66



an increase in oxygen evolution would be partly masked by increased UVR

induced formation of radical species of oxygen.

Although the mechanisms behind these proceses remain unresolved,

Chaetoceros gracilis readily acclimates to ambient UVR after an initial inhibition.

In the overall, acclimation to UVR is similar to acclimation to HL: There is an

acute response followed by cellular adjustment to the new radiation regime. In

acclimation to HL, the acute response is expressed as an overshoot of final

pigment composition and photosystem activity. In acclimation to UVR, this

overshoot is expressed as acute inhibition by UVR. This study clearly indicates

that this acute inhibitory response is netequivalent to steady state effects of

UVR. Steady state responses to UVR result in uninhibited carbon fixation at

saturating intensities and an increase in oxygen evolution and efficiency of PSII.

Any metabolic cost of UVR exposure is compensated by photosystem activity

with a partial drain of reducing power from carbon fixation (Chi a specific Pmax

decreased). This study demonstrates that acute responses to UVR by marine

phytoplankton differ dramatically from steady state responses. To be most

helpful, efforts to study/predict impact of UVR on natural marine primary

productivity must document acute and steady state responses for the particular

system involved, be it species or natural assemblages.
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Figure 9. Transmission properties of plastics used to produce experimental

treatments. Transmission of polycarbonate (PAR-only treatment) is indicated by

thp solid line while transmission of ACLAR® (PAR+UVR treatment) is indicated

by the dashed line.
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Figure 10. Responses of oxygen defense enzymes to ambient UVR. Induction

timecourse of Superoxide Dismutase (A), Ascorbate Peroxidase (8), and

Catalase (C). Means ( ± se) of replicate samples are reported for PAR-only

( -0- ) and PAR+UVR ( ) treatments for each enzyme assay. Time

points where results in the two treatments differ are noted with an asterisk (*) (P

~ 0,05).
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Figure 11. Effect of ambient UVR on the turnover rate of the putative 01

protein. Turnover rates are illustrated on the images of autoradiographs from the

PAR-only (A) and PAR+UVR (8) exposure treatments. Each sample time is

noted as 0, 3, 6, and 9 h after the onset of day one and day two. The rate of

protein band disappearance at 32 kOa (the putative 01 protein) was significantly

reduced by UVR for both experimental days (8) below PAR-only rates (A)

(P s 0.05; linear regression of density measurements over time).
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Figure 12. Variable fluorescence is reported as (Fmax - Fa/Fa). Means (± se)

(n = 4) are reported for PAR-only (-) and PAR+UVR ( ... ) treatments. Time

points where treatments differ significantly are noted with an asterisk (*)

(P s 0.05).
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Figure 13. Responses of Rubisco specific activity to ambient UVR. Means

( ± se) of replicate samples are reported for PAR-only (-) and PAR+UVR

( .. , ) treatments.

76



2.0­.....
>. en
.-:::..... 1 5
>~.
;; C
() .-
<t 2
o e
~ a. 1.0
'- C).g E
0::::-

o
E 0.5
:.-

----- :I:

483624
Time (hours)

12
o.O+---...--.....,.---oy--o---r--.......-----.--..,...----,

o

77



Figure 14. Response of carbon fixation capability by Chaetoceros gracilis to

ambient UVR. Means ( ± se) of replicate samples are reported for PAR-only

(-) and PAR+UVR ( ... ) treatments. Time points where treatments differ

significantly are noted with an asterisk (*) (P s 0.05).
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Table 3. Experimental dates and UVR dose received at local noon. All symbols

used are designated in the text. Ultraviolet radiation measurements were made

with an Eppley model 29044 ultraviolet radiometer. For single time point

parameters, UVR values are reported for the experimental date and 2 d prior.

For 48 h timecourse parameters, irradiance values are reported for actual

experimental dates.
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Table 4. Effect of 48 h UVR exposure on Photosynthesis versus Irradiance

(P versus I) responses, and photosynthetic energy conversion. Analysis of

variance was used to determine treatment effects, student t-tests were used to

determine differences between treatments. Differences are noted with an

asterisk (*) (P s 0.05).
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Variable Treatment

PAR-only (11 + se) (n) PAR+UVR (11 + se) (n)

PSII parameters

crPSII(A)

.1~sat (max Fvar)

1.01 ± 0.150 (5)

0.86 ± 0.050 (5)

1.29 ± 0.143

1.07 ± 0.069

(5)

(5)*

P versus I parameters (per cell)
a
pmol 02 ceIJ·1O-3 /-lm-1m-2 5-1 4.06 ± 0.312 (4) 4.38 ± 0.501 (4)

a
pmol C cell-10-3 /lm-1m-2 5- 1

P rnax
pmol 02 ceIJ·1O-3 5-1

Pmax
pmol C cell·10-3 5-1

186.51 ±21.817 (2)

10.00 ± 0.281 (4)

46.63 ± 25.562 (2)

227.31 ± 44.461 (2)

13.13 ± 0.119 (4)*

19.15±12.240 (2)

P versus I parameters (per Chi a)
a.
pmol 02 9 Chi a·-1/-lm-1m-2s-1 23.43 ± 0.781 (4)

a.
pmol C 9 Chi a·-1/lm-1m-2 5-1 379.68 ± 25.562 (2)

25.93 ± 2.281 (4)

268.94 ± 12.238 (2)

Pmax
pmol 02 9 Chi a·-1 5-1

Pmax
pmol C 9 Chi a·-1 s-1

57.50 ± 1.906 (4)

77.44 ± 3.580 (2)
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Table 5. Effect of 48 h UVR exposure on pigment composition. Analysis of

variance was used to determine treatment effects, student t-tests were used to

determine differences between treatments (n =4). Differences are noted by an

asterisk (*) (P s 0.05).

Variable Treatment

PAR-only (11 ± se) PAR+UVR (f.! ± se)

Chi a (pg/cell) 0.43 ± 0.030 0.47 ± 0.046

Chi cr+C2 (pg/cell) 0.07 ± 0.005 0.10 ± 0.014

carotenoids (pg/cell) 0.40 ± 0.061 0.39 ± 0.064

Fucoxanthin:Chl a 0.50 ± 0.020 0.45 ± 0.010

I3-Carotene:Chl a 0.05 ± 0.002 0.05 ± 0.001

Diadinoxanthin:Chl a 0.30 ± 0.006 0.28 + 0.026 *

Diatoxanthin:Chl a 0.02 ± 0.002 0.03 ± 0.002 *

Chi a':Chl a 0.03 ± 0.002 0.03 ± 0.003

Chlorophyll ide a:Chl a 0.01 ± 0.001 0.04 ± 0.010 *
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CHAPTER 4

EFFECT OF AMBIENT ULTRAVIOLET RADIATION ON NATURAL
PHYTOPLANKTON ASSEMBLAGES

Abstract

The effects of ambient ultraviolet radiation (UVR) on marine primary

productivity in a subtropical estuary were investigated. A 12 month survey of

UVR effects on carbon fixation rates indicated that removal of UVR from the

exposure irradiation enhanced photosynthesis values up to 70%. Variability in

the effect of UVR indicated that photosynthesis by subtropical phytoplankton is

not inherently tolerant of UVR, but like photosynthetic responses of temperate

phytoplankton, demonstrated sensitivity to acute UVR exposure. Comparisons

of responses to short (five h) and long-term exposure (ten d) to UVR were

carried out over a ten day period. Rates of primary production by assemblages

exposed to long-term photosynthetically available radiation (PAR) plus ambient

UVR (PAR+UVR), and assemblages exposed to ambient irradiance without

UVR (PAR-only) were equivalent during an acute exposure (five h) to the same

radiation regime. Equal primary productivity rates between these two radiation

treatments indicated an acclimation process and not an innate UVR tolerance.

Assemblages, experimentally acclimated to PAR-only and transferred to

PAR+UVR for an acute five h exposure period, demonstrated a 60% reduction

in carbon fixation per Chi a as compared with assemblages experimentally

acclimated to PAR-only and then maintained in PAR-only for the five h exposure

period. Assemblages experimentally acclimated to PAR+UVR and then

transferred to PAR-only fixed 67% more carbon per Chi a than assemblages

acclimated to PAR+UVR and maintained in PAR+UVR. The ten d acclimation
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to ambient PAR+UVR resulted in a 171% increase in Chi a per liter compared

with assemblages maintained under PAR-only conditions. Diatoms (cell size

range: 10 to 25 urn) dominated both acclimation treatments. However, the

PAR-only treatment was principally populated by an unidentified centric diatom

and the PAR+UVR treatment was dominated by Chaetoceros sp. Community­

level acclimation to UVR at ambient nutrient levels is demonstrated and its

potential to occur elsewhere must be considered in investigations quantifying

UVR effects on marine primary productivity.

Introduction

Anthropogenic release of chlorofJorocarbons has led to formation of a

seasonal "ozone hole"over Antarctica and the Arctic Ocean accompanied by a

general global reduction of the ozone layer (Stolarski et al. 1991). Transmission

of middle ultraviolet radiation (UVBR: 280 to 320 nm) to the earth's surface has

increased, and will continue to increase, as a consequence of ozone reduction.

The marine environment accounts for 70% of the earth's surface and the ability

of the main primary producers in the sea, the phytoplankton, to tolerate an

increase in UVBR is critical to the resilience of marine ecosystems. Much

attention has been focused on understanding the effects of UVBR on oceanic

primary productivity and modeling oceanic community responses to enhanced

UVBR. Assessment of possible responses of marine primary producers to UVR

requires an understanding of UVR tolerance limits of phytoplankton, time

dependence of UVR inhibition, and cellular compensation for UVR damage.

Tolerance to UVR varies among species from increased sensitivity with

increased exposure to UVR for a temperate diatom (Behrenfeld et a/. 1992), to
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little or no sensitivity even after long-term exposure to subtropical UVR for a

temperate green alga (Jokiel & York 1984). This variability among taxa is also

apparent in naturally occurring phytoplankton assemblages where estimates of

reduction in productivity can range from less than 15% (Smith R et al. 1992) to

more than 70% (EI-Sayed et al. 1990). Variability at the community level in

response to UVR is probably correlated with species composition as well as

previous PAR and UVR exposure history.

Oceanic vertical mixing is an important process affecting the previous PAR

and UVR exposure history (e.g., UVR dosage rate and total dose received by

phytoplankton assemblages). Rapid vertical mixing results in the total UVR

dose being received over short periods in the upper photic zone. Such short­

term exposures to high UVR fluxes have been shown to be more detrimental

than equal doses from long-term exposure to lower UV fluxes (Cullen & Lesser

1991). Vertical mixing also alters the spectral distribution of radiation incident at

the cell surface by causing a decrease in the UVBR/UVAR and UVBRlPAR

ratios with depth. Therefore, a rapid shift from a given depth to the surface not

only alters the total dose and dose rate of UVR, but also alters the spectral

composition of incident irradiance. The degree of vertical mixing at the time of

sampling would greatly affect the extent of UVR inhibition of photosynthesis.

In a stratified system, time spent at the surface by a phytoplankton cell

could be long enough to allow for acclimation to UVR levels just as cells are

able to physiologically adjust to their PAR environment (Falkowski & LaRoche

1991). If the time spent at a given radiation regime equals or exceeds the time
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needed for acclimation to occur, a change in UVR tolerance would be expected.

Mechanisms of UVR tolerance are expected to be similar to those used to adapt

to a specific PAR level (Falkowski & LaRoche 1991). The goal of this study is to

determine if phytoplankton cells are capable of acclimation to UVR, and if so,

document whether or not acclimation plays a role in phytoplankton community

responses to UVR. If UVR acclimation potential varies between species, then

change in species compostion would be expected in an enhanced UVBR

environment. In one scenario, UVR acclimation potential might be greatest in a

specific size class resulting in a shift in particle size. In a second scenario, a

few phytoplankton taxa might prove to be more UVR tolerant, resulting in a

decrease in biodiversity. In either case, the effect at the primary producer level

could be amplified at subsequent trophic levels as grazers adjust to the new

dominant food type and/or particle size. While acclimation may not occur in all

species (Behrenfeld et al. 1992), it should be considered in models addressing

the UVR sensitivity of oceanic production rates. This study examines the annual

variability of photosynthetic estimates in Kane'ohe Bay, Hawai'i, variability of

apparent UVR-induced photoinhibition, and potential for acclimation to ambient

UVR within natural phytoplankton assemblages maintained at ambient nutrient

levels.

Materials and methods

Annual survey

Primary production rates in surface waters from Kane'ohe Bay, Hawai'i

(21028' N, 157048' W) were determined at monthly intervals during a one year

period. Large grazers were removed by filtration of surface water through a 100
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urn mesh screen. Water was transferred to seven 300 ml quartz Biological

Oxygen Demand (BOD) bottles (three for each radiation treatment and one with

50 mM DCMU added as a control to correct for "dark" carbon fixation (ct.

Legendre et al. 1983)). Triplicate, one-liter aliquots were filtered for

spectrophotometric pigment analyses for five filter sizes (20, 10, 5, 0.8, and

0.22 urn ) (Jeffrey & Humphrey 1975). Each BOD bottle was inoculated with

sodium 14C-bicarbonate (ca. 50 ~Ci) and placed in a flow-through seawater

table under either a polycarbonate (PAR-only, 99% cutoff @ 387 nm) or a

halofluorocarbon, ACLAR® (PAR+UVR, 99% cutoff @ 200 nm) frame for at

least four hours. Transmission qualities of all materials used in this study were

determined using a Hewlett Packard model 8452A diode array

spectrophotometer (Fig. 15). Total irradiance (urnole m-2 sec-1) and UVR (mW

cm-2) were determined on an hourly basis during all experiments with a L1COR

L1190SB quantum meter and a Eppley 29044 Ultraviolet radiometer (295 to 385

nm range), respectively. Following exposure, samples were covered with black

plastic to prevent additional photosynthesis and filtered through a series of nylon

filters ( 20, 10, 5, 0.8, and 0.22 urn). Filters were transferred to scintillation vials,

covered with 500~1 buffered formalin and 1 ml of a 40% acetic acid, 60% MeOH

solution, and degassed for 12 h. Following desiccation, 10 ml Amersham

Biological Counting Scintillant (BCS) was added for isotope quantification. Total

carbon fixation was recorded as disintegrations per minute (dpm) with a

Beckman LS3801 scintillation counter using internal quench standards

(Strickland & Parsons 1972). Total carbon fixation for each cell size fraction

was adjusted for Chi a content, time of exposure and total UVR dose received.
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Community Acclimation

Long-term responses of a Kane'ohe Bay phytoplankton assemblage to

UVR were examined after a ten d exposure period. Prefiltered (100 urn) surface

water from Kane'ohe Bay was maintained in dialysis tubing (SPECTRA/POR 3®

, molecular weight cutoff @ 3,500, diameter =29 mm, 50% transmission cutoff

@ 294 nm) (Fig. 15) for a ten d period under PAR-only or PAR+UV treatments

in a flow-through seawater table. Dialysis membrane contaminants were

removed and the membrane sections soaked in 0.22 urn filtered seawater for 24

h prior to filling with 140 ml prefiltered water from Kane'ohe Bay. Sections were

secured with plastic dialysis clips, and suspended in the two radiation

treatments (14 tube sections per treatment) at the surface of a flow-through

seawater table. Circulating water flow was maximized and directed to both ends

of the water table to ensure equal nutrient exposure in the two radiation

regimes. Circulating water was passed through two in-line filters (0.45 and 0.22

urn) to reduce diatom aggregation and pore blockage of the tubing. Filters were

removed and cleaned daily during the ten d acclimation period (4 October to 14

October 1992). Following acclimation (ten d), six dialysis tube sections per

acclimation treatment (PAR-only and PAR+UVR) were used for pigment

analysis, while the remaining sections (eight per treatment) were transferred to

quartz 150 ml test tubes. The six dialysis tube sections taken from each

treatment for pigment analysis were used to produce three replicates. Each

replicate (ca. 300 ml) contained contents from two dialysis tube sections. Water

was passed through a series of nylon filters (20, 5, and 0.22 urn). Filters were

folded into 1.5 ml cyrogenic tubes, frozen in liquid nitrogen, and held at -70oC

prior to pigment analysis by high-performance liquid chromotography (HPLC)
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according to the methods outlined by Bidigare et al. (1989). All quartz test tubes

(eight per treatment) were inoculated with 50 JlCi ~4C-bicarbonate and divided

into two acute exposure radiation regimes, resulting in four treatments (four

replicates for each exposure treatment): PAR-only acclimated assemblages

transferred to PAR-only (PAR-only to PAR-only) and PAR+UVR (PAR-only to

PAR+UVR), and PAR+UVR acclimated assemblages transferred to PAR+UVR

(PAR+UVR to PAR+UVR) and PAR-only (PAR+UVR to PAR-only). After a five

h exposure period, samples were filtered through a series of nylon filters (20,5,

and 0.22 urn) and total carbon fixation was measured as described above.

Results

Annual survey

Monthly determinations of carbon assimilation (Jlg C J.lg ChI a-1 h-1) are

expressed as a function of UVR dose rate (mW cm-2 h-1) (Fig. 16A) and date

(Fig. 16B). Photosynthetic rates varied from 1.0 to 8.0 (J.lg C Jlg Chi a-1 h-1) but

were not affected by UVR dose rate in either treatment (PAR+UVR and PAR­

only) (P =0.65). However, the difference between photosynthetic rates in the

two treatments appeared to be correlated to dose rate (P =0.085; two-way

analysis of variance (ANOVA», and expressed as the percent difference

between rates of carbon fixation in the two treatments ((PAR-only - PAR+UVR) I

PAR-only) (Fig. 17A). Percent difference between treatments was not

correlated with Chi a concentration (P =0.78) (Fig. 17B). All size fractions

exhibited similar patterns, indicating the lack of a secondary cell size effect.

Percent difference in total carbon fixation between the two acclimation

treatments is reported for five size classes (Fig. 18).
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Community Acclimation

A ten d exposure (4 October to 14 October 1992) to ambient PAR-only

resulted in a 171% decrease in total Chi a concentration when compared to

PAR+UVR values (student r-test; P s 0.05) (Table 6). A ten d acclimation to the

two radiation regimes also resulted in a shift in species composition from the

initial assemblage. After acclimation (10 d), assemblages from both treatments

were dominated by diatoms of the same size class ( 10 to 20 um), However,

the PAR-only treatment was dominated by a spineless centric diatom

(unidentified) (70 x 103 cells ml-1) while the PAR+UVR treatment was dominated

by Chaetoceros spp. (363 x103 cells ml-1). The increase in total Chi a

concentration and the presence of large diatoms probablyresulted from the

removal of large grazers (> 100/-lm) from the acclimation assemblages. Other

species, observed by microscopic examination, accounted for only a small

fraction (ca. < 10.0%) of the estimated total biomass in each treatment and were

not identified or counted.

Total carbon fixation (/-lg C /-lg Chi a-1) over a five h interval for the four

treatments was determined (Fig. 19). Maintenance of the two acclimation

regimes during the five h exposure period ("acclimation" variables equal

"treatment" variables in Fig. 19) resulted in equal rates of carbon fixation per Chi

a. This demonstrated that after a ten d acclimation period, PAR+UVR exposure

(PAR+UVR acclimation to PAR+UVR treatment) did not reduce total carbon

fixation per Chi a below values obtained in the absence of UVR (PAR-only

acclimation to PAR-only treatment). Thus, an assemblage maintained in a
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radiation regime for ten d is assumed to be acclimated to that radiation

treatment. Transfer from PAR-only acclimation to PAR+UVR acute exposure

resulted in a 60% reduction (P s 0.05; ANOVA followed by paired student r-test)

in carbon fixation per Chi a below values from an extension of PAR-only

exposure (PAR-only acclimation to PAR-only treatment). Most importantly,

transfer from PAR+UVR acclimation to PAR-only for an acute five h treatment,

resulted in a 67% (P s 0.05) increase in total carbon fixation above values

obtained when PAR+UVR acclimated assemblages were treated with

PAR+UVR for the same five h period.

The smallest phytoplankton size class examined (0.22 urn to 5 urn)

demonstrated the greatest enhancement of carbon fixation following the

removal of UVR (Fig 20A; PAR+UVR acclimation to PAR-only treatment) (P:::;

0.05). The largest phytoplankton (> 20.0 urn) did not demonstrate reduction

following UVR removal, but did demonstrate enhancement of carbon fixation

following the addition of UVR to PAR-only acclimated cells (PAR-only

acclimation to PAR+UVR treatment) (P :::; 0.05). Lack of sensitivity to short-term

UVR exposure (PAR-only acclimation to PAR+UVR treatment) was

demonstrated for the intermediate size classes (P ~ 0.10). Perhaps the most

important observation is that the assemblages acclimated to the two radiation

regimes ("acclimation" variables equal "treatment" variables in Fig. 19 and 20)

exhibited equal carbon fixation per Chi a for each size fraction. This indicates a

high level of UVR tolerance, either inherent or acquired through acclimation, for

all size classes of phytoplankton examined.
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Discussion

Estimates of UVR Effect on Marine Productivity

With the discovery of the ozone hole over Antarctica in the 1980s, interest

in possible detrimental effects of increased levels of UVBR on marine primary

productivity has accelerated rapidly, and estimated impacts vary widely. For

Antarctic waters, estimates of UVR-induced photoinhibition range from less than

15% (Smith R et al. 1992) to 76% (EI-Sayed et al. 1990, Helbling et al. 1992).

Estimates of inhibition of primary productivity in tropical and subtropical waters

have historically been much lower than in temperate waters or the Southern

Ocean (Calkins & Thordardottir 1980, Helbling et al. 1992). The lower inhibition

in tropical and subtropical waters is thought to be attributable to higher UVR

tolerance by tropical species (Calkins & Thordardottir 1980) despite the naturally

higher levels of ambient UVR. This study demonstrates that estimates of short­

term UVR inhibition of primary productivity in subtropical waters range from no

effect to over 60% inhibition. This wide range suggests that subtropical

phytoplankton species are not inherently more resistant to short-term UVR

exposure than temperate species, but rather, they respond similarly. Results

from this study indicate that the wide range of reported UVR effects on primary

productivity are not artifacts of different experimental techniques or different

geographical sites of experimentation, but can be attributed to differences in

UVR tolerance by mixed species assemblages in the phytoplankton

communities examined.

Various environmental factors or aspects of phytoplankton physiology

determine the degree of UVR sensitivity of marine phytoplankton. Tolerance to
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UVR has been correlated with cell size(Helbling et al. 1992, Karentz et al. 1991),

geographical region (Helbling et al. 1992), temperature (Behrenfeld et al. 1993),

and cell nutrient status (Cullen & Lesser 1991). In this study, effects of ambient

subtropical UVR on primary productivity were determined monthly for surface

water samples collected from the same location in Kane'ohe Bay over a 12

month period. Productivity differences between water samples exposed to

PAR+UVR and PAR-only ranged from zero to nearly 80%. This variability was

not correlated with cell size or Chi a, b, c concentrations or pigment ratios.

Variability could most likely be attributed to differences between phytoplankton

species in UVR tolerance and acclimation to previous PAR and UVR exposure,

though nutrient status of individual cells may also contribute significantly.

Problems with Short-term Estimates of UVR Effects

Reduction of net carbon fixation by ambient UVR below a PAR-only

treatment is often observed during in situ studies of UVR effects on primary

productivity. This has been interpreted to mean that natural rates of

photosynthesis are inhibited by ambient UVR (e.g., Behrenfeld ef al. 1993,

Smith R et al. 1992), although some researchers are cautious to label this as an

enhancement of primary productivity associated with the removal of natural UVR

(Helbling et al. 1992, Holm-Hansen et al.1989).

This study demonstrates short-term removal of ambient UVR enhances

primary productivity above what occurs naturally and does !lQlcorrespond to

natural levels of UVR inhibition. Results presented here indicate that after a ten

day acclimation period, carbon assimilation rates were equal between
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assemblages acclimated to PAR-only and assemblages acclimated to

PAR+UVR ("acclimation" variable equal to "treatment" variable in Fig. 19).

Inhibition of primary productivity by UVR was not apparent despite a 67%

increase in carbon fixation when PAR+UVR acclimated assemblages were

exposed to PAR-only for five h (PAR+UVR acclimation, PAR-only treatment).

This study shows that a 67% enhancement of primary productivity from the

short-term removal of UVR corresponded to .D.Q long-term inhibition of primary

productivity resulting from UVR treatments. Short-term (five h exposure)

responses by natural phytoplankton assemblages to UVR (assemblages

acclimated to PAR-only and treated with PAR+UVR) were not equal to long-term

UVR responses (assemblages acclimated to PAR+UVR and treated with

PAR+UVR). The short-term responses consisted of a significant reduction of

photosynthesis; long-term responses demonstrated no inhibition of

photosynthesis.

Experimental removal of UVR from the radiation regime represents

removal of a natural environmental parameter. The enhancement of

productivity following the removal of UVR observed in this study represents an

increase in productivity following the relaxation of the stress. Clearly, in

evaluations of responses of natural phytoplankton to ambient UVR,

enhancement of productivity associated with short-term experimental removal of

UVR is not a meaningful indication of the degree of naturally-occurring UVR

inhibition of primary productivity.
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Responses of Phytoplankton Community to UVR

This study demonstrates that long-term acclimation (ten d exposure

period) can occur at the community level at ambient nutrient concentrations.

Community-level acclimation has been reported for a freshwater benthic diatom

community (Bothwell et a/. 1993) and resulted in a one to two-fold increase in

biomass (cell number, cell volume and Chi a per cell) and a shift in species

composition compared with community assemblages maintained under PAR­

only conditions. Long-term responses to UVR reported in this study include a

171% increase in Chi a concentration (increase in biomass), a shift in species

composition, and a lack of an UVR effect on primary productivity.

The UVR-induced enhancement of phytoplankton growth (increase in

biomass) may be an artifact of the artificial environment produced by the

selective filtration of UVR from incident radiation in the PAR-only treatment.

Removal of UVR from the incident irradiance could lead to an increase in

bacterial and viral production. These organisms are thought to be more UVR

sensitive than phytoplankton (Karentz et al.1991). An increase in bacterial and

viral abundance in the absence of UVR, could lead to a reduction in Chi a

biomass, i.e., loss of phytoplankton in the PAR-only treatment (Vadstein et a/.

1988).

In both radiation treatments, large diatoms (10 to 20 11m) dominated the

phytoplankton assemblage. Diatoms in this size range are selectively grazed by

rotifers and copepods, which are abundant in Kane'ohe Bay. Therefore, this
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increase may have been an artifact of the removal of large grazers prior to the

start of the ten d acclimation period.

Regardless of shifts in community composition attributable to the artifical

removal of grazers (increase in large diatom representation) or selective

filtration of UVR (increase in biomass in the PAR+UV treatment), acclimation to

UVR at ambient nutrient levels by a natural phytoplankton assemblage was

demonstrated. This indicates that acclimation to UVR is not restricted to

phytoplankton monocultures maintained in nutrient-enhanced seawater

(Chapter 2 & 3), but can occur in the natural coastal environment. Waters that

have very low nutrients may have phytoplankton that can not repair UVR

induced damage and therefore can not acclimation to UVR.

Effects of Acclimation on Estimates of Primary Productivity

Examination of responses of natural phytoplankton communitites to UVR

are logistically difficult and have only occasionally been attempted (Worrest et

al. 1978, 1981, Van Dyke &Thomson 1975, Bothwell et al. 1993). This study

demonstrates acclimation of phytoplankton assemblages to ambient subtropical

UVR levels. The shift in species composition and differential acclimation by

different size classes (Fig. 20), suggests a possible scenario in which differential

UVR resistance and acclimation are important processes to consider in

modeling responses of marine primary productivity to UVR.

Different UVR acclimation potentials within phytoplankton species and

enhancement of primary productivity following the removal of UVR can be used
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to conceptually model effects of UVR on marine algal photosynthesis. This

model consists of a community composed of two phytoplankton guilds where

one is capable of complete UVR acclimation (Type A), while the second has no

or extremely limited capability to acclimate to UVR (Type B). The relative

abundance of each type would define the overall degree of UVR sensitivity for

the community. If a community was dominated by Type A, reduced UVR

sensitivity would be predicted for the model community (e.g., Kane'ohe Bay

assemblages in this study). If a short-term in situ UVR exposure was used to

estimate UVR effects on primary productivity of a community dominated by

Type A phytoplankton, a large enhancement of primary productivity following

removal of ambient UVR would result (e.g., the 67% enhancement of primary

productivity by PAR+UVR acclimated assemblages treated with PAR-only

reported in this study). In a phytoplankton community dominated by Type 8

phytoplankton, no acclimation to long-term UVR exposure would occur, and high

UVR sensitivity would be predicted. If a short-term in situ UVR exposure was

used to estimate UVR effects on primary productivity of a community dominated

by Type B, little or no enhancement of primary productivity following removal of

ambient UVR would be predicted. Little enhancement of primary productivity

would be expected because high levels of natural inhibition to UVR would lower

photosynthetic efficiency; this inhibition would not be overcome in an acute

exposure to PAR-only resulting in no enhancement of productivity.

These two scenarios challenge the assumption that enhancement of

primary productivity following the removal of UVR indicates the degree of UVR

photoinhibition occurring naturally. For in situ studies when a large difference
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between primary productivity in UVR-opaque and UVR-transparant containers is

observed, the conclusion of a corresponding high sensitivity to UVR may be

misleading. In fact, an inverse relationship may be more indicative of natural

levels of UVR inhibition of primary productivity. It may be that large differences

between primary productivity in the presence and absence of UVR indicates

small levels of UVR based photoinhibition in the field. Conversely, small shifts

in primary productivity would suggest high UVR sensitivity and therefore a high

degree of UVR based photoinhibition. Experimental short-term removal of UVR

from the natural radiation regime would therefore yield a large primary

productivity enhancement when there is .QQ long-term UVR sensitivity and low

primary productivity enhancement when there is maximal long-term UVR

sensitivity. High enhancement correlates to high UVR tolerance, while low

enhancement correlates to little or no UVR tolerance. Although this conceptual

model is highly simplified, studies which attempt to quantify photosynthetic

responses to current UVR levels and enhanced UVBR must consider the time

needed for any acclimation to occur, the time frame of natural UVR exposure,

effects of rapid PAR and UVR alterations, and the correlation between

acclimation and its potential to dampen adverse effects of UVR. Acclimation is

an important trait of phytoplankton which must be considered in future studies of

UVR-susceptible physiological processes, especially photosynthesis. If

phytoplankton assemblages are even partially acclimated to ambient UVR,

observed enhancement of primary productivity following removal of ambient

UVR can not be directly attributed to UVR-induced photoinhibition occurring

naturally.
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Figure 15. Transmission characteristics of various filter materials used in UVR

experiments. Numbers in parentheses indicate wavelength (nm) at 50%

transmission. Transmissions were recorded with a Hewlett Packard 8452A

diode array spectrophotometer.
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Figure 16. Kane'ohe Bay phytoplankton community photosynthetic rates (1l9 C

Ilg Chi a-1 h-1) from surface waters following exposure to two radiation regimes

(PAR-only; solid line and PAR+UVR; dashed line) are correlated with total dose

recieved (A) and date (B). Error bars indicate the standard error of the mean.
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Figure 17. Percent change in Kane'ohe Bay primary productivity between

PAR+UVR and PAR-only treatments. Data are expressed as percent change

between treatments and expressed as a function of UVR dose rate

(mW cm-2 h-1) (A) and ng Chi a /-1 (B). Percent difference between treatments

appeared to increase as a function of UVR dose rate (P =0.085), but not as a

function of Chi a concentration.
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Figure 18. Effect of cell size on percent difference between carbon fixation by

Kane'ohe Bay phytoplankton in PAR+UVR and PAR-only treatments. Percent

difference in carbon fixation Chi a-1 UVR dose-1 h-1 between treatments is no.ed

for five size classes. Size class effects on percent difference between rates of

carbon fixation were not significant (P ~ 0.10). Graph illustrates the means of all

data for each size fraction.
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Figure 19. Effect of short-term and long-term UVR exposure on photosynthesis

by a Kane'ohe Bay phytoplankton assemblage. Photosynthesis

(Ilg C Chi a-1 h-1) is reported for four treatments (ten d acclimation radiation

regime to five h short-term exposure regime): PAR-only to PAR-only, PAR-only

to PAR+UVR, PAR+UVR to PAR+UVR, and PAR+UVR to PAR-only. Treatment

effect was confirmed with a two-way ANOVA. Differences between treatments

were determined by paired student t-tests and are noted with an asterisk (*)

(P s 0.05) (n =4).
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Figure 20. Secondary effect of cell size on acute and long-term effects of UVR

on Kane'ohe Bay primary productivity. Total photosynthesis (/-lg C Chi a-1) for

four treatments: PAR+UVR acclimated cells treated with PAR+UVR or PAR­

only, and PAR-only acclimated cells treated with PAR-only or PAR+UVR at

three size fractions is reported (0.22 to 5.0 urn: A, 5.0 to 20.0 urn; B, > 20.0 urn;

C). Comparisons significant at P ~ 0.05 are indicated with an asterisk (*).
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Table 6. Effect of UVR acclimation on Chi a concentrations in three Kane'ohe

Bay phytoplankton size classes. Paired student t-test were used to determine

differences between treatments. Significant differences are noted with an

asterisk (*) (P ~ 0.05).

Acclimation
Irradiance

Chi a concentration of phytoplankton size ranges
(ng Chi a 1-1) (mean ± se)

> 20.0 urn 5.0 to 20.0 Elm 0.22 to 5.0 um

PAR-only

PAR+UVR

959.3 ± 236.35 40.1 ± 18.7

2739.1 ± 407.95 * 126.3 ± 68.0 *
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99.1 ± 24.75

113.7 ± 43.9
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