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ABSTRACT 

Stratospheric ozone protects the earth's surface from short wavelength UVB radiation. 

Over Antarctica, ozone concentrations presently fall to less than 30% of pre-ozone hole 

values during spring and ozone depletion persists into January and February. UVB 

reduces phytoplankton growth, primary production and survival in the upper 10-20 

meters of the water column. Shallow phytoplankton blooms in the sea ice and marginal 

ice zone, which are responsible for much of the primary production in the Southern 

Ocean, appear vulnerable to damage by increased UV-B radiation. 

This thesis examines the effect of UVB radiation on Phaeocystis antarctica and selected 

species of Antarctic marine diatoms. The colonial stage in the life cycle of P. antarctica 

was found to possess high concentrations of UV-absorbing compounds but diatoms 

lacked significant concentrations of these compounds. Results from the laboratory using 

artificial sources of UVB, and obtained under natural solar radiation at Davis Station, 

Antarctica, showed marked interspecific differences in the tolerance of Antarctic 

phytoplankton to UVB. Survival, primary production and growth of colonial P. 

antarctica when exposed to UVB was compared with that of the flagellate stage in the life 

cycle of this alga and selected diatom species. Unexpectedly, laboratory experiments 

showed that the diatoms, which lacked UV absorbing compounds, survived UVB 

irradiances three to five times higher than those that caused mortality in colonial stage P. 

antarctica. Exposure of diatoms to PAR and UVA reduced their survival. However, low 

UVB irradiances increased their survival to levels similar to PAR exposed control 

treatments. Thus, UVB may be involved in photorepair mechanism for UVA induced 

damage. Competition experiments, using cultures of motile and colonial P. antarctica 

together with diatoms, were exposed to natural Antarctic irradiance at Davis Station. 

These showed direct evidence of UVB induced changes in phytoplankton species 

composition. Growth of the colonial stage of P. antarctica was enhanced at the expense 

of diatoms. Thus, laboratory experiments which showed that the colonial life stage of P. 



antarctica  was the most susceptible species to UVB induced mortality were not indicative 

of its relative success at natural Antarctic sublethal fluxes. 

P. antarctica  is important in Antarctic waters for several reason. Its blooms are, pivotal in 

determining trophic function, poorly grazed by metazooplankton, contribute little to the 

flux of carbon to deep water and are known to release high concentrations of 

dimethylsulfide to the atmosphere which act as cloud condensation nuclei. Results 

reported here indicate the potential for altered trophodynamics, vertical carbon flux and 

global albedo as a result of Antarctic ozone depletion. 
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INTRODUCTION 

Stratospheric ozone depletion over Antarctica since the mid 1970s has enhanced short 

wavelength solar UVB radiation reaching the Earth's surface (Frederick & Snell 1988, 

Lubin et al. 1980). These wavelengths are responsible for reducing survival, growth and 

primary production of marine phytoplanktoti in the upper water column (Holm-Hansen et 

al. 1989, Karentz 1989, Smith et al. 1992). Species and life stages differ in their growth 

and survival response to UVB radiation (Calkins & Thordardottir 1980, Karentz et al. 

1991a, Marchant et al. 1991). Karentz et al. (1991a) noted that very little is known of the 

responses of individual Antarctic phytoplankton species to UVB exposure. Such 

information is integral to understanding the potential effect of enhanced UVB irradiances 

on Antarctic phytoplankton. Changes in phytoplankton survival, production and species 

composition may significantly alter trophodynamics and biogeochemical process in 

Antarctic waters. The subject of this thesis is "The comparative UV photobiology of 

Phaeocystis antarctica  and selected species of Antarctic marine diatoms". This research 

was begun in 1991 as a part-time Doctor of Philosophy and was undertaken to examine 

the UVB photobiology of important contributors to the Antarctic phytoplankton 

assemblage; their survival, production, growth and UVB induced changes in species 

composition. 

The first chapter of the thesis introduces the topic of UVB and phytoplankton 

photobiology. A brief introduction to Antarctic phytoplankton is provided in Chapter 2. 

The biology and ecological role of Phaeocystis,  is examined in the third chapter. Chapter 

4 reports research conducted at Davis Station, Antarctica, to examine the importance of P. 

antarctica  as a determinant of protistan community structure and function. Results 

underline the pivotal role played by blooms of P. antarctica  in determining protistan and 

bacterial community dynamics. Subsequent chapters present experiments conducted to 

examine the UVB photobiology of these organisms. Laboratory research is presented that 

investigates the survival and UV absorbing pigment complement of unialgal cultures of 



2 

Phaeocystis antarctica (Chapter 5) and selected diatom species (Chapter 6). The effect of 

natural Antarctic UV irradiance on growth, production and survival are then reported for 

unialgal cultures of E. antarctica and diatoms (Chapter 7) and for mixed species 

competition experiments that examine the effect of UVB on phytoplankton species 

composition (Chapter 8). Finally, conclusions are drawn from our research examining 

the potential impacts of enhanced UVB irradiances on trophodynamics and 

biogeochemical processes in Antarctic waters (Chapter 9). 

Much of the material contained within this thesis has already been published (see 

Appendix 1 for reprints & below for publication list). Reviews of the genus Phaeocystis 

for Progress in Phycological Research and a compilation of our UVB research for the 

American Geophysical Union's Antarctic Research Series were submissions invited by 

the editors of these volumes namely, Prof. Frank Round and Drs. Polly Penhale and 

Susan Weiler respectively. As material has been published since 1991 the referencing, 

content and context of the Thesis text has been up-dated to reflect the current state of 

knowledge. 

PhD Related Publications 
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CHAPTER 1 

The impact of UV radiation on Antarctic phytoplankton 

1. INTRODUCTION 

Photosynthesis is the means by which new energy enters the biological system (Kirk 

1983, Prezelin et al. 1991). It is also a principal determinant of marine processes 

including food web dynamics and biogeochemical cycling of compounds, that affect 

everything from marine chemistry to regional and global weather patterns (SCOPE 

1993). Many of the biological, physical and chemical process in the marine environment 

determined by light are dependent on its spectral characteristics. Marine ecosystems have 

evolved over millennia to occupy this environment. However, in the brief period of two 

decades, anthropogenic chlorofluorocarbons and halons have inadvertently contributed to 

a marked depletion of stratospheric ozone (03); the Earth's atmospheric protection 

against high energy, biologically damaging, short wavelength ultraviolet-B radiation 

(UVB) (280 - 320 nm) (eg Crutzen 1992, Jones & Shanklin 1995, Madronich 1995, von 

der Gathen et al. 1995). Assuming full international compliance with the Montreal 

protocol and subsequent amendments regarding phasing out production of ozone 

depleting compounds, stratospheric ozone will not return to pre-ozone hole 

concentrations until around the middle of next century (eg. Madronich 1995). 

The impact of increased UVB radiation on marine organisms is uncertain. UVB is 

strongly attenuated with depth by physical and biological processes (see section 2) and 

mediated by tolerance mechanisms (see section 5). Amongst a rapid and fast-growing 

literature on biological effects of UV radiation, the impact of UVB on phytoplankton 

having received by far the most scientific attention (Marchant 1994). However, estimates 

of the UVB—induced decline in primary production in Antarctic waters varies enormously 

(Voytek 1989, 1990, Smith et al. 1992, Behrenfeld et al. 1993, Cullen et al. 1992, 
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Helbling et al. 1994, Schofield et al. 1995). There is also no clear evidence of UVB-

induced changes in phytoplankton species composition since ozone depletion began 

(McMinn et al. 1994). 

There is overwhelming scientific evidence that UVB radiation is damaging to marine 

organisms (UNEP 1989, 1991, USEPA 1987). Enhanced UVB is likely to cause subtle 

community-level changes in marine communities (Vincent & Roy 1993) in an ecosystem 

in which the biotic and abiotic environment are highly variable in space and time (eg. 

Smith et al. 1988). That UVB induced changes in the marine environment are difficult to 

detect belies their importance. Such changes may influence biological process at all 

trophic levels (Vincent & Roy 1993) and significantly alter biogeochetnical cycles that are 

involved in determining global climate (Marchant & Davidson 1991). Therefore, 

anticipation of the consequences of ozone depletion and investigations of the capacity of 

marine organisms to tolerate UVB exposure are extremely important (Worrest & Hader 

1989). 

This chapter primarily examines the direct ithpact of UVB on phytoplankton and indirect 

influences of UVB as a result of interactions with their biotic and abiotic environment. It 

provides a brief overview of the marine light environment, the biological effects of UVB 

radiation and protective mechanisms that organisms employ to mitigate against these 

wavelengths. The responses of phytoplanIcton and other members of marine biota to 

UVB are then examined and conclusions drawn regarding the possible impact of ozone 

depletion on Antarctica phytoplankton. 

2. LIGHT IN THE MARINE ENVIRONMENT 

The reliance of marine photosynthetic organisms on solar energy restricts them, and 

many organisms directly dependent on them as a source of nutrition, to the upper 

illuminated layers of the world's oceans. This obligate requirement for light also makes 

them vulnerable to changes in solar UVB radiation (Worrest & Hader 1989). The light 
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climate in the marine environment is heterogeneous. Changes in latitude, cloud cover, 

and seasonal and diurnal fluctuations in solar irradiance also influence the amount and 

wavelength structure of incident light at the sea surface (eg. Hardy & Gucinski 1989, El-

Sayed et al. 1990, Gautier et al. 1994). Mutual shading by phytoplankton, scattering and 

absorption by particulate and dissolved material (eg Smith & Baker 1979, 1989), back-

reflectance from ice, snow, and the sea surface (Karentz 1991) further influence the light 

climate. The ultrastructural complexity of cells also causes backscatter and attenuation of 

light (Kitchen & Zaneveld 1992). Light wavelengths are differentially attenuated with 

depth; short and long wavelengths being absorbed more strongly than green and blue 

Jerlov (1950). UVB is strongly absorbed by these physical and biological factors but in 

Antarctic waters UVB may penetrate seawater to depths in excess of 50 m (Gieskes & 

Kraay 1990, Karentz & Lutze 1990, Smith et al. 1992) and biological effects could be 

detected to 20-30 m (Karentz & Lutze 1990). Vertical mixing may then carry planktonic 

organisms through light climates from near-surface to darkness. Thus, determining the 

biological significance of increased UVB is extremely difficult and is further exacerbated 

by species specific differences in physiological ability to tolerate UVB exposure and 

damage (see Chapter 1 sections 5 & 6). 

3. OZONE AND UVB RADIATION 

The unique conditions of an enclosed ainnass over Antarctica in the polar vortex, low 

temperature and polar stratospheric clouds has meant that anthropogenic ozone depleting 

compounds most severely deplete ozone over Antarctica (Hoffman 1989). Depletion of 

stratospheric ozone (Fig. 1A) over Antarctica was first recognised in 1985 (Farman et al. 

1986), approximately a decade after it began. The "ozone hole" was coined to describe 

the rotating, elliptically shaped region of depleted ozone that extended from the pole to 

around 60 - 70° S (Brasseur 1987, Solomon 1990). During spring, stratospheric ozone 

concentrations over Antarctica presently fall to less than 30% of pre-ozone hole values 

area approximately 20% greater than Australia (Stolarsld et al. 1992). As a result, coastal 
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Antarctic springtime UVB irradiance is at least as high as that at the summer solstice 

(Frederick & Snell 1988, Lubin et al. 1989). Breakdown of the polar vortex in 

November causes ozone depleted stratospheric air to be transported to mid-latitudes 

(Atkinson et al. 1989). However, ozone depletion over Antarctica now persists into 

January and February (Jones & Shanklin 1995) (Fig. 1B). Persistence of this depletion 

over summer, together with the higher solar elevations around the summer solstice, result 

in 50-100% higher UV values than normally experienced (Frederick & Lubin 1994). 

Concern is now growing about development of an ozone hole over northern polar 

regions and a generalised depletion of ozone at middle latitudes, thereby increasing UVB 

radiation over some of the Earth's most biologically productive and inhabited regions 

(Crutzen 1992, Stolarski et al. 1992, Secicmeyer & McKenzie 1992, Lubin & Jensen 

1995, Madronich 1995, von der Gathen et al. 1995). Furthermore, Jones & Shanldin 

(1995) report that ozone depletion has caused a decrease in stratospheric temperatures. 

This, they point out, would lead to an increase in stratospheric cloud, which acts as the 

reaction site for much of the ozone destruction, and further accelerate the rate of ozone 

depletion. 

Tropospheric halogen concentrations are reportedly declining and concentrations in the 

stratosphere are expected to peak between 1997 and 1999 (Montzka et al. 1996). 

Assuming full compliance with international agreements (the Montreal Protocol and 

Copenhagen Amendment), ozone depletion is expected to persist until the middle of next 

century (Jones & Shan'din 1995, Madronich 1995). However, studies incorporating the 

explosive growth expected by newly industrialised economies in India and Asia suggest 

that the global potential for ozone destruction in 2030 would be twice that in 1990 

(MacKenzie 1995). 

UVA and UVB radiation constitute only some 4% and 0.8% respectively of the total 

surface incident solar energy on a cloud-free day (Vincent & Roy 1993). Stratospheric 

ozone depletion does not significantly increase UVA (320 - 400) or photosynthetically 
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active radiation (400 - 700 nm) (PAR) (eg. Behrenfeld et al. 1993). Only UVB 

irradiances are increased, particularly at the shorter wavelengths within this region of the 

spectrum (Fig. 2). Wavelengths less than 299 nm were not experienced in Antarctica 

before the appearance of the ozone hole. Surface incident UVB radiation now extends to 

294 nm (Roy et al. 1994). At a column-ozone depletion of around 65%, light at 315 nm 

is expected to increase 2.2-fold while the increase at 305 nm is predicted to exceed 14- 

fold (Frederick & Snell 1988, Booth & Madronich 1994). Thus, the ratio of UVB: UVA 

and PAR is increased more than 2-fold (Smith et al. 1992). 

4. BIOLOGICAL HAZARDS OF UVB EXPOSURE 

Most severe biological effects of exposure to light are much greater at short wavelengths, 

rising precipitously and becoming less reversible at wavelengths below 350 nm (Smith & 

Baker 1989, Karentz 1991, Vincent & Roy 1993) (Fig. 3). Action spectra illustrate the 

increased damage to organisms or cellular processes elicited per unit of irradiance at 

decreasing wavelength (eg. Jones & Kok 1966, Caldwell 1981, Setlow 1974, Smith & 

Baker 1979, Cullen et al. 1992, Behrenfeld et al. 1993). Energy from UVB radiation is 

absorbed by nucleic acids, DNA, RNA and proteins including enzymes, histones, 

hormones, membrane components (Hader a Worrest 1991, Tevini 1993, Karentz et al. 

1991a) and is dissipated in damaging photochemical reactions that effect the structure, 

function, regulation and multiplication of cells. UVB is also absorbed by photosynthetic 

pigments, disabling the electron transfer chain and damaging the catalytic site of water 

oxidation (Renger et a. 1989), damaging the reaction centre in photosystem H and 

bleaching the pigments themselves (Hader 1993). Inhibition of enzymes such as 

Rubisco, ATP-synthase and those involved in biosynthesis of photosynthetic pigments, 

including the chlorophylls, further impairs primary production (Strid et al. 1990). 

Chromophore molecules within cells act as photosensitizers on absorption of a high 

energy UVB photon. Excess excitation energy from this absorption can form 

superoxides that destroy membranes and other cellular components (Hader 1993, Tevini 
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1993, Karentz 1994). Even low UVB irradiance can elicit mutagenic and lethal responses 

in some organisms (ICarentz 1994) and any increase in UVB irradiances is likely to have 

deleterious effects on plants and animals (eg. Harm 1980, Tevini & Teramura 1989, 

Karentz 1991). 

5. UV TOLERANCE MECHANISMS 

Oxygenation of the Earth's atmosphere, and the subsequent development of the ozone 

layer, occurred over 1 billion years (Fischer 1965, Cloud 1968). Consequently, the first 

life form probably developed mechanisms of protection and repair to tolerate a hostile UV 

environment (Yentsch & Yentsch 1982, Karentz 1994). The widespread geographic and 

taxonomic occurrence of UV protective mechanisms across many forms of life may 

reflect this ancestral requirement (Karentz 1994). Thus, marine organisms are not 

defenceless against UVB; instead they possess a diverse capacity to sustain and repair 

UV-induced damage (ICarentz et al. 1991a) (Fig 4). Four mechanisms have been 

identified that protect organisms against UV damage. 

5.1. Avoidance 

The most simple means of protecting against UV exposure is selection of a protected 

environment (under rocks, deep in the water column etc.) (Vincent & Roy 1993, Karentz 

1994). However, there are costs for photosynthetic organisms is such habitat selection as 

they commonly have low total light (Vincent & Roy 1993). The UV intensity and 

duration experienced by planktonic organisms is determined by the mixed depth and turn-

over time. Their only means of avoiding UV exposure is by morphological adaptation of 

structure including size, shape and outer covering (Karentz 1994) or alteration of 

buoyancy (Hader 1993). Such adaptations could reduce the surface area to volume ratio, 

surface area illuminated, surface reflectance and attenuation, and ambient light climate 

respectively. 
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photosynthesis (after Prezelin et al. 1993). 
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Many marine organisms, including phytoplankton, are capable of migration (Bums & 

Rosa 1980, Hader 1993, Vincent & Roy 1993; Karentz 1994). Vertical migration in the 

water column is, however, most likely driven by factors other than UV irradiance 

(Vincent & Roy 1993). In addition, no flagellate algal species has been found that 

exhibits positive or negative phototaxis solely in response to UV wavelengths (Hader & 

Worrest 1991). Phototaxic responses to light wavelengths other than UVB would not 

detect an increase in irradiance only at UVB wavelengths as a result of ozone depletion. 

UV irradiation also impairs motility (Hader 1993 and refs therein) which would prolong 

residence time in high UV environments (Vincent & Roy 1993). 

5.2. Screening 

Considerable research has been devoted to the identification and quantitation of UV-

absorbing compounds in a range of organisms from various marine environments. 

Mycosporine-like amino acids (MAAs) occur in corals (Dunlap & Chalker 1986, Dunlap 

et al. 1986, 1988), starfish (Nakamura et al. 1981), ascidians (Kobayashi et al. 1981), 

zoanthids (Ito & Hirata 1977), brine shrimp (Grant et al. 1985), mussels (Chioccara et 

al. 1979), fish (Chioccara et al. 1980, Dunlap et al. 1989), macrophytes (Tsujino et al. 

1980, Wood 1989, Karentz et al. 1991b), cyanobacteria (Scherer et al. 1988) and 

phytoplankton (eg. Carreto et al. 1990, Marchant et al 1991, Karentz et al. 1991c, 

Silvalingham et al. 1974). Circumstantial evidence suggests that they fulfil a UV-

protective role. UV absorbing compounds occur in organisms occupying habitats which 

receive high UV and many organisms possessing UV-absorbing compounds are able to 

increase production of these compounds in response to increased UV exposure (Dunlap 

et al. 1986, 1989, Caldwell 1981, Scherer et al. 1988, Vernet et al. 1989, 1994, Wood 

1989, Carreto et a. 1990, Gieskes & ICraay 1990, Karentz et al. 1991b, Marchant et a. 
1991, Shick et a. 1995). Silvalingham & Nisizawa (1990) reported a 1.5 to 28.3 - fold 

increase in the concentrations of these compounds in the Cyanophyta, Rhodophyta, 

Phaeophyta and Chlorophyta collected from between 0.5 and 1 m depth between 1975 
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and 1989. Such large increases suggest an exponential increase in UV-screening as a 

result of increased UVB exposure. Thus, it is widely accepted that UV-absorbing 

compounds provide a protective screen to shield cells from the full impact of ambient UV 

exposure and may constitute a significant protective strategy against UV damage 

(Caldwell 1981, Dunlap et al. 1986, 1989, Caffeto et al. 1990, Karentz et al. 1991b, 

Vernet et al. 1994) (Fig. 4). Fluorescence emissions by some of these compounds occur 

at wavelengths that can be absorbed by chlorophyll (Kawaguti 1969, Silvalingham et al 

1976). High-energy UV photons may thus be harnessed and substantial energy 

transferred to the photosynthetic system to benefit rather than damage the cells. 

However, few studies address the extent to which UV-absorbing compounds benefit the 

organisms that possess them. There is also little direct experimental evidence that these 

compounds are primarily UV-absorbers and do not have some other biological functions 

(Karentz 1994). If they are essential in cellular metabolism, absorption at UV 

wavelengths may make them a target for UV damage instead of a protective mechanism. 

A survey by Karentz et al. (1991c) of some 57 largely subtidal or intertidal species of 

Antarctic fish, invertebrates and algae found that nearly 90% of those examined contained 

MAAs. Substantial levels of UV absorbing substances have also been reported in the 

water containing natural assemblages of Antarctic plankton (Mitchell et al. 1989, Vernet 

et al. 1989, Gieskes & Kraay 1990). However the number and identity of species 

possessing such compounds and their effectiveness as a UV screen remains unknown. 

5.3. Quenching 

UV radiation interacts with various intracellular compounds to produce toxic 

photoproducts that may be more injurious to the cells than the UV exposure itself. 

However, marine photosynthetic organisms can reduce damage to the photosynthetic 

apparatus and photoinhibition caused by UV radiation. Carotenoids can act as 

photoprotective pigments (Vincent & Roy 1993) (Fig. 4). Such carotenoids as 13- 

carotene, which are involved in photosynthetic electron transfer, can act as radical- 
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trapping antioxidants (Burton & Ingold 1984), neutralising singlet state oxygen and 

protecting the photosystem II reaction centre against photooxidation (halal et al. 1991, 

Tefler et al. 1991). Carotenoids also quench triplet state oxygen and may participate in 

transference of energy to the xanthophyll cycle; functions which dissipate excess energy 

and protect photosynthetic metabolism (Moore et al. 1982, Demmig et al. 1987). Many 

marine photosynthetic organisms also have enzymes, such as superoxide dismutase and 

peroxidase, that scavenge UV-induced oxidants. Any increases in oxygen tension within 

the cell characteristically causes an increase in concentration of the scavenging enzymes 

(Shibata et al. 1991, Vincent & Roy 1993). 

5.4. Repair 

Repair processes are the last line of defence against UV exposure. UV-induced damage 

to both photosynthetic and genetic material may be repaired (Hader 1993, Tevini 1993, 

Vincent & Roy 1993, Karentz 1994). DNA can be repaired by four means (see below) 

but as yet little is known about their relative contribution to DNA repair (Vincent & Roy 

1993). Karentz et al. (1991c) reported that the concentration of UVB-induced DNA 

photoproducts varied 100-fold over 12 Antarctic species of phytoplanicton. Thus, 

enormous interspecific differences exist in sensitivity to DNA damage. 

Photoreactivation or "light repair" occurs when DNA-photolyase is activated by 

long wavelength UV and short wavelength visible light (310 - 480 tun) (Fig. 4). (Tevini 

1993, ICarentz 1994). This enzyme recognises and monomerises UV-induced cyclobutyl 

dimers. This mechanism seems to be a primary means of repairing UV damage in 

Antarctic phytoplankton (Karentz 1988, 1989, Karentz et al. 1991b). It is, however, 

dependent on initiating repair immediately after UV damage is sustained (Tevini 1993). 

Furthermore, the increased ratio of UVB: UVA and PAR as a result of ozone depletion 

may alter the equilibrium between UVB damage and photoreactivation by increasing the 

extent of UV-induced damage without increasing the wavelengths that initiate repair 

(Vincent & Roy 1993). 
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• Excision or "dark" repair (Fig. 4) requires a number of enzymes to remove a 

damaged portion of the DNA strand and resynthesise the excised portion using the 

undamaged DNA strand (Vincent & Roy 1993, Karentz 1994). 

• Post-replication repair is a complex process that corrects DNA defects, again 

using the undamaged DNA strand, but after DNA replication (Karentz 1994). 

• UV radiation can cause irrevocable damage to the Photosystem II reaction centre. 

The photoinhibition repair cycle, over time scales of hours, can resynthesise damaged 

reaction centres (Andersson et al. 1992). 

The effectiveness of the UVB tolerance mechanisms of marine organisms contributes to 

determining their sensitivity to UVB exposure. However, species differ greatly in their 

sensitivity to UVB (eg. Calldris & Thordardottir 1980, Joikel & York 1984, Ekelund 

1989, Karentz et al. 1991c, Helbling et al. 1992, Smith et al. 1992, Karentz 1994, 

Davidson et al. in press). Furthermore, the sensitivity of a particular species is not simply 

a function of the biologically weighted UVB dose, but also depends on dose rate and past 

light climate (Cullen & Lesser 1991, Helbling et al. 1992, Lesser et al. 1994). Those 

marine organisms examined, while susceptible to UV induced damage, appear to be 

incapable of detecting UVB irradiance (Damkaer & Dey 1983, Ekelund 1990, Hader & 

Worrest 1991, Hader 1993). Given that the ratio of UVB: UVA and PAR has increased 

up to 2-fold in Antarctica as a result of ozone depletion (see section 3), tolerance 

mechanisms initiated by UVA and/or PAR irradiance (See Fig 4) may no longer elicit 

sufficient response to protect cells against UVB damage. 

6. RESPONSES OF MARINE ORGANISMS TO UVB RADIATION 

Highest UVB irradiances occur in the tropics where solar zenith angles are high and 

ozone is approximately 50% less than at the poles. Thus, it has been proposed that ozone 

depletion may have particularly significant ecological consequences in polar latitudes 

where organisms have evolved under a UV environment that is less in both intensity and 
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spectral range than those at lower latitudes (Calkins & Thordardottir 1980, Vincent & 

Roy 1993). That these wavelengths are known to be damaging to a range of organisms 

has lead to a surge of scientific interest to determine the UV climate of Antarctica and the 

impacts of UV irradiation on Antarctic organisms (for reviews see Callcins 1982, Worrest 

1983, El-Sayed 1988, Hardy & Gucinski 1989, Smith 1989, Smith & Baker 1989, 

Voytek 1989, 1990, Karentz 1990, 1991, Hader & Worrest 1991, Hader 1993, Tevini 

1993 & refs therein, Vincent & Roy 1993, Marchant 1994, Karentz 1994). 

6.1 Phytoplankton 

Photosynthetic organisms on Earth fix around 200 gigatons of carbon per annum 

(GtCyr 1 ). Phytoplankton are responsible for an estimated 104 GtCyr 1 , around half of 

this photosynthetic production (Houghton & Woodwell 1989). The oceans have a net 

carbon uptake estimated at around 2.0 ± 0.8 GtCyr 1  (IPCC 1994) and constitute a large 

sink for atmospheric CO2 (Fig. 5). Phytoplankton photosynthesis facilitates this carbon 

sink. A significant proportion of phytoplankton cells, and the faeces, moults and 

organisms that depend on phytoplankton as their source of carbon (Buck et al. 1990, 

Nicol & Stolp 1989, N6tig & von Bodungen 1989), sinks to intermediate and deep 

water. As a results, an estimated 20% of the carbon phytoplankton sequester in the 

surface ocean (IPCC 1994) is lost to the deep oceanic carbon reservoir for geological 

time-scales (Fig. 5). However, most phytoplankton lack the epidermal UV protection 

against UV of higher plants and animals (Worrest & Hader 1989) and are physiologically 

adapted to the subdued light climates that characterise the marine habitat (Vincent & Roy 

1993). Because of the high productivity of these organisms, and the role they play in 

transporting carbon to deep water, even a small decrease in their productivity may have 

dramatic effects on organisms and carbon cycle processes that depend upon them (Hader 

1993). 

Proposed scenarios concerning the future for Antarctic phytoplankton range widely. El-

Sayed et al. (1990) concluded that Antarctic phytoplanlcton are UV stressed at present 
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and are likely to be seriously affected by any increase in UV radiation. In Antarctic 

waters Holm-Hansen et al. (1989) and Cullen and Lesser (1991) suggest that significant 

impacts would only be felt in the upper water column and that vertical mixing should 

ameliorate the impact of UV on phytoplankton. 

Phytoplankton form the base of the Antarctic food web and sustain the wealth of life for 

which the Southern Ocean is renown (Ainley et al., 1986). Light limits productivity in 

Antarctic waters during winter when sun angles are low and the sea is ice and snow 

covered (Marchant 1994). The increasing light in spring generates ice algal blooms. In 

the marginal ice zone (MIZ), release of freshwater from melting ice produces a high light, 

high nutrient, shallow mixed zone which supports spectacular phytoplankton blooms 

(Smith 1987). Phytoplankton blooms in the marginal ice zone (MIZ) contribute between 

25 and 67% of the phytoplanktonic production in the Southern Ocean (Smith & Nelson, 

1986) while sea ice algae contribute 10- 50% of the primary production in some areas 

during spring (see Voytek 1989). However, both habitats appear susceptible to UVB 

radiation as blooms in the ice and MIZ coincide with elevated UVB irradiances resulting 

from ozone depletion (Fig. 6). Sea ice may be sufficiently transparent to UV that 

biologically significant doses are received by the ice algal community (Trodahl & 

Buckley 1989). In the MIZ, mixed depths may be 20 m or less for up to 6 days (Mitchell 

& Holm-Hansen 1991, Veth 1991) while UVB may penetrate to depths in excess 60 m in 

Antarctic waters (Gieskes & ICraay 1990, Smith et al. 1992) and reportedly reduces 

survival in the upper 10m (Karentz, 1989) and photosynthesis in the upper 10- 25 m 

(Holm-Hansen et al. 1989, Smith et al. 1992). 

6.1.1 UVB and Phytoplankton Production 

Much of the research on the responses of phytoplankton to UVB has relied on 

measurement of carbon assimilation rates. PAR, UVA and UVB have all been shown to 

elicit photoinhibition in phytoplankton (Jones & Kok 1966, Neale et al. 1994). High 

PAR irradiances are inhibitory to photosynthesis (Biihlmann et al. 1987) but this is 
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generally slight (Joikel & York 1984). UV is widely reported as being inhibitory to 

photosynthesis (Jitts et al. 1976, Lorenzen 1979, Worrest et al. 1981, Jokiel & York 

1984, Smith & Baker 1989, Voytek 1989, Hader & Worrest 1991a, Smith et al. 1992, 

Prezelin et al. 1993, Helbling et al. 1994). Photosynthesis is more severely inhibited by 

UVB than UVA (Cullen et al. 1992). However, it is UVA that is reportedly responsible 

for between 50 and 75% of the inhibition of photosynthesis and growth (Joldel & York 

1984, Maske 1984, Holm-Hansen et al. 1989b) as it penetrates to greater depths. 

Estimates of inhibition by near surface UVB irradiances range from 15 - 60% (Worrest 

1983, Maske 1984, Holm-Hansen et al. 1989b, Helbling et al. 1992, Smith et al. 1992) 

but this inhibitory effect is only experienced in the upper 10- 25 m (Holm-Hansen et al. 

1989b, Smith et al. 1992). In contrast, studies by Gala and Giesy (1991) and Hobson 

and Hartley (1983) found little inhibition of production by UVB. Their results did show 

marked seasonal variation in the photoinhibition, with minimum inhibition during 

summer. This they attributed to increased tolerance of the phytoplankton communities to 

UVB exposure as a result of changes in species composition and photoadaptation. 

Estimates of the depth-integrated decline in primary production as a result of ozone 

depletion vary. A decline in primary production of 10% and 6- 12% in the marginal ice 

zone (MIZ) has been proposed by Voytek (1989) and Smith et a. (1992) respectively 

and Behrenfeld et al. (1993) and Cullen et al. (1992) estimate a decline of 12- 15% in 

near surface Antarctic waters. Helbling et al. (1994) obtained a value of 6.4% reduction 

in the upper 20 m of the water column during extreme ozone depletion. However, when 

changes in the magnitude of ozone depletion and the spatial and temporal variations in 

phytoplankton production were taken into account, Helbling et al. (1994) calculated the 

loss of primary production over the Southern Ocean as a result of elevated UVB would 

amount to only 0.15% over a year. In contrast, the change in global production as a 

result of increased UVB in Antarctic waters estimated by Voytek (1990) was 2 - 4.5%. 

Thus, despite being the focus of most of the research effort since the discovery of ozone 
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depletion, controversy surrounds the impact of increased UVB on Antarctic 

phytoplankton production. 

Some evidence suggests changes in the species composition of ice-algae since the 

appearance of the ozone hole (McMinn et al. 1994). Schofield et al. (1995) measured the 

photoinhibition of ice algal communities exposed to Antarctic solar radiation beneath ice 

that was forming at Palmer Station during October. They found UVB-induced 

photoinhibition increased from 4 - 23% over the day. Furthermore, the quantum yield 

from photosystem II did not recover from photoinhibition for a further 6 hours after 

sunset. Ryan and Beaglehole (1994) observed a 5% reduction in ice-algal primary 

production as a result of exposure to in situ  UVB but found that low-level artificial 

enhancement of UVB wavelengths had no significant effect on primary production or 

chlorophyll content / cell. Consequently, they concluded that the effect of ozone 

depletion on this community was minimal. 

6.1.2 UVB. Growth. Survival and Phytoplankton Species 

Composition  

Exposure of phytoplanlcton to UVB has been shown to reduce photosynthesis (see 

above) amino acid, protein, ATP, nitrogenase activity and nitrogen metabolism (Dohler 

1984, 1987, 1992, Dohler et al. 1987, 1991, Vosjan et al. 1990, Karentz et al. 1991a), 

and polyunsaturated fatty acid concentrations (Goes et al. 1994, Wang & Chai 1994, 

Dohler & Biermann 1994). The decline in these essential cell metabolites and processes, 

together with decreased enzyme activity (Dohler et al. 1991), reduces synthesis of 

protein, cell membranes, membrane permeability and nutrient assimilation (Claustre et al. 

1989, Dohler 1992, Goes et al. 1994, Lesser et al. 1994) and influence the growth, cell 

division, motility, phototaxis, survival, cell size, life cycle and species composition of 

phytoplankton communities (Lorenzen 1979, Calkins & Thordardottir 1980, Worrest et 

al. 1981, Worrest 1983, Dohler 1984, Joldel & York, 1984, Maske 1984, Hader 1986, 

Claustre et al. 1989, Hardy & Gucinski 1989, Holm-Hansen et al. 1989b, Ekelund 
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1990, Hader & Worrest 1991, Smith & Baker 1989, Behrenfeld et al. 1992, Helbling et 

al. 1992, Sebastian et al. 1994) (Fig. 7). 

Most research examining the responses of Antarctic phytoplankton to UV have been 

conducted using exposures of less than 1 day (eg. Lorenzen 1979, Smith et al. 1980, 

Worrest et al. 1980, Maske 1984, Cullen et al. 1992, Smith et al. 1992, Holm-Hansen et 

al. 1993). Few studies examine the longer-term effects of exposure to UVB which 

necessarily include the effects of photoadaptation, photorepair and changes in species 

composition (Karentz et al. 1991a, Villafarie et al. 1995) that mitigate the impacts of 

UVB exposure. 

Results of such long-term incubations (days or weeks) indicate that chlorophyll A 

concentrations, cell concentrations and carbon biomass in UV exposed treatments do not 

differ significantly from those receiving no UV radiation (Karentz 1994, Davidson et al. 

1994, Villafarie et al. 1995). Growth rates of some phytoplankton species were 

stimulated by UVB radiation (Dohler 1984, Karentz 1994, Davidson et al. in press) and 

changes in species composition, favouring UV resistant phytoplankton (eg. Hader & 

Worrest 1991, Karentz 1991, Marchant & Davidson 1991, Vincent & Roy 1993, 

Davidson et al. in press), can maintain the overall growth and production by 

phytoplanIcton communities (Helbling et al. 1992, Karentz 1994, Davidson et al. 1996, 

Villafarie et al. 1995). If photoadaptive responses are more rapid than in situ changes in 

UVB irradiance, natural phytoplanlcton communities can physiologically adapt. 

Photoadaptation of phytoplankton has been observed over time scales of less than a day. 

Photosynthesis was less susceptible to UVA and UVB photoinhibition during the middle 

of the day. In addition, short-term carbon incorporation rates were less than those for all-

day incubations (Prezelin et al. 1993). Thus, there is a growing recognition that the 

results of short-term incubations cannot predict the long-term effects of UVB exposure 

(Helbling et al. 1992, Behrenfeld et al. 1993). Other long-term studies showed decreased 

species diversity and interspecific differences in sensitivity but also showed decreased 
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pigment complement and rates of photosynthesis, growth and biomass production 

(Worrest et al. 1978, 1981a, 198 lb, Thomson et al. 1980, El-Sayed et al. 1990, 

Behrenfeld et al. 1992). 

Species and life cycle stages differ in their growth and survival response to UVB 

irradiance (Calkins & Thordardottir 1980, ICarentz et al. 1991a, Marchant et al. 1991). 

Karentz et al. (1991a) claims that mall  phytoplankton species are more susceptible to 

UVB damage than large-celled species. Bothwell et al. (1993) also found large species 

became dominant in communities exposed to higher UVB levels and Helbling et al. 

(1994) found the flagellates exhibited the most severe inhibition of photosynthesis by 

UVB while diatoms were least sensitive. Nano- and picoplankton are responsible for 

most of the primary production in Antarctic waters (eg. El-Sayed 1988, von Brockel 

1981, Marchant 1993) and may be at greatest risk from increasing UVB fluxes. My 

studies (Davidson et al. 1994) have shown no significant correlation between size, shape 

and UV susceptibility. Nor does possession of a frustule by diatoms appear to be 

responsible for significant UV attenuation (see Chapter 6). 

To obtain ecologically pertinent information regarding potential changes in natural 

phytoplankton communities as a result of ozone depletion it is crucial that the 

experimental irradiances contain the wavelength structure, flux rates and time scales 

likely to be encountered in the natural environment The period for which phytoplankton 

are exposed to a given UV irradiance clearly alters the nature and magnitude of their 

response (see section 6.1.1 & 6.1.2). Short-term exposures (0.5 - 4 hours) (eg. 

Lorenzen 1979, Worrest et al. 1980, Maske 1984) are instructional in determining the 

acute response of organisms but provide little information regarding mitigation of UVB 

impacts as a result of photoadaptation. Such studies are, therefore, likely to over-estimate 

the effect of UVB on natural phytoplankton assemblages. Conversely, studies examining 

the responses of planktonic organisms to high UVB fluxes during long-term incubations 

(conducted over weeks or months) (eg. Joikel & York 1984, El-Sayed 1988, ICarentz 
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1994, Villafaiie et al. 1995) are of questionable value as marine phytoplankton will never 

experience such exposures. Thus, much of the uncertainty regarding the impact of 

increased UVB on marine phytoplankton appears to be due to the time scales and 

experimental conditions under which the estimates are made (Vincent & Roy 1993). 

6.2 Impacts of UVB on Other Marine Organisms 

While the impacts of UVB on phytoplankton have received extensive attention, its effect 

on other organisms has largely been neglected. Organisms such as bacteria, 

microheterotrophs, crustaceans and fish play vital ecological, commercial and 

biogeochemical roles in marine waters. Yet little is known about their susceptibility to 

UVB damage. Furthermore, the impact of UVB-induced changes in their populations on 

the marine biota is the subject of considerable conjecture (eg. Hader 1993, Marchant 

1994) but little evidence. 

Herndl et al. (1993) showed UVB radiation reduces bacterioplanIcton activity by 

approximately 40% in the upper 5 m in temperate coastal waters. It also reduced bacterial 

thymidine and leucine incorporation, cell production, cellular enzyme activity to a depth 

of 10 m in oligoirophic waters. In addition, UVB photochemically degraded bacterial 

enzymes, thereby reducing enzymatic breakdown of organic substrates (Herndl et al. 

1993). Exposure of natural bacterial assemblages near-surface ambient UV radiation in 

Antarctic surface waters greatly reduced their survival but 81% of the UV-induced 

mortality was due to UVA wavelengths and there was no significant UV-induced 

inhibition of bacterioplanIcton below 9.5 m (Helbling et al. 1995). Similarly, survival of 

bacterial spores and faecal coliforms is greatly reduced by exposure to natural Antarctic 

UVB irradiance (Puskeppeleit et al. 1992, Statham & McMeekin 1994). Bacterioplankton 

also possess UVA-activated DNA repair mechanisms which facilitated recovery after 

UVB damage (Helbling et al. 1995, Miiller-Niklas et al. 1995). Garabetian (1991) found 

no significant inhibition of bacteria in near surface incubations conducted in the 

Mediterranean Sea but did propose photoadaptation of the near-surface community to the 
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high UV environment. Viral mortality also reportedly increases as a result of UVB 

(Murray & Jackson 1993) and may reduce virus-induced bacterial mortality. The extent 

to which bacterioplankton survival and metabolism will be reduced by increased UVB 

remains unknown. Furthermore, nothing is known about the effects of increased UVB 

on microheterotrophs despite their important role in carbon dynamics (Marchant 1994). 

Information on the effects of UVB on bacteria, viruses and microheterotrophs is urgently 

required. 

UVB is also damaging to larval fish (Hunter et al. 1981) and larval and adult crustaceans 

including shrimps, crabs and euphausiids (Hardy & Gucinski 1989, Damkaer & Dey 

1983). The susceptibility of marine invertebrates to UVB exposure varied greatly (Dey et 

al. 1988) but the bulk of these organisms have eggs and larvae that are habitually at or 

near the sea's surface where they would be exposed to increased levels of UVB as a 

result of ozone depletion (Hardy 1982). In Antarctic waters, krill swarm close to the 

surface at the continental shelf and in the MIZ, while benthic fish have a pelagic juvenile 

stage (Higginbottom & Hosie 1989). Depletion of stratospheric ozone has changed both 

the magnitude and timing of UVB irradiance, both of which change the susceptibility of 

these organisms to UVB radiation (DamIcaer & Dey 1983). Fish and crustaceans also use 

UVA or visible light in photoreactivation but are incapable of detecting UVB. Damkaer 

and Dey (1983) show that they are attracted to light and are eventually killed by UVB 

light under low UVA and visible light conditions. This may be an important factor given 

the increased ratio of UVB: UVA and visible light wavelengths (Damkaer & Dey 1983). 

The extent to which fish, crustaceans and higher trophic levels, including seals, 

penguins, will be impacted by increases in UVB are currently unknown. Seals and 

penguins have body protection in the form of feathers and fur (Karentz 1994, Marchant 

1994) while birds have a high threshold for UV-induced corneal damage (Hemmingsen 

& Douglas 1970). However, Antarctic seals and penguins customarily breed and/or rear 

their young during the Antarctic spring and summer and concern has been expressed 
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about the effect of increased UVB on their eye, surrounding tissue, and exposed nasal 

skin (ICarentz 1994, Marchant 1994). 

7. IMPACTS OF UVB ON MARINE CHEMISTRY 

Any UVB-mediated increase in the inhibition of bacterioplankton in surface waters as a 

result of ozone depletion would reduce the recycling of nutrients and decomposition of 

dissolved (DOC) and particulate organic carbon (POC) (Herndl et al. 1993). However, 

photolysis of DOC to dissolved inorganic carbon (DIC) by UV may increase in surface 

waters if UVB fluxes increase (Zepp et al. 1995). DOC is one of the largest reservoirs of 

carbon on earth and photochemical degradation of refectory DOC is a rate limiting step in 

the removal of a large fraction of oceanic DOC (Kieber et al. 1989, Mopper et al. 1991). 

UVB is also involved in the photolysis of colloidal iron, increasing the availability of this 

essential, and potentially limiting, micronutrient to phytoplanlcton (Wells et a. 1991). 

Thus, changes to bacterioplankton activity and photolysis as a result of increased UVB 

flux may effect the global carbon cycle and phytoplankton dynamics; the extent of these 

changes and their impact are currently unknown. 

8. IMPACT OF UVB ON THE INTERACTIONS BETWEEN PHYTOPLANKTON 

AND THE BIOTIC AND ABIOTIC ENVIRONMENT 

Exposure of marine phytoplankton to UVB elicits a range of responses (see section 6). 

This review has dealt with these largely in isolation but the pervasive effects of UVB on 

phytoplankton may influence ecosystem function (Fig 7). Only Bothwell et al. (1994) 

has inadvertently (Culotta 1994) studied the impact of UVB on the interaction between 

phytoplankton and grazers. In this study, Bothwell et a. (1994) showed that benthic 

freshwater diatoms were inhibited by UVB irradiance but that the dominant grazers, 

larval chironomids, were even more sensitive, and as a consequence, the diatoms 

proliferated. Thus, UVB-induced changes in trophic interaction can greatly alter the 

outcome in comparison with studies using single trophic levels. However, the lack of 
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information regarding the impact of UVB on higher trophic levels means that their role in 

determining UVB-induced changes in the Antarctic marine community is unknown (see 

section 6.2). UVB can also reduce phytoplankton production, growth, biomass, species 

diversity and polyunsaturated fatty acid concentrations (see section 4 & 6.1.2). The 

sensitivity of phytoplankton is also mediated by abiotic environmental factors such as the 

salinity (Dohler 1984) and nutrient concentrations (Cullen & Lesser 1991, Dohler 1992, 

Bothwell et al. 1993, Behrenfeld et al. 1995). The extent to which increased UVB as a 

result of the ozone depletion will impact upon natural phytoplankton communities is 

poorly understood and the consequent changes in the quality and quantity of nutrition 

available to higher trophic levels in Antarctic waters, is little more than speculation (eg. 

Sargent & Whittle 1981, Watanabe et al. 1983, Claustre et al. 1989, Hardy & Gucinsld 

1989, Marchant & Davidson 1991, Karentz 1994). 

9. CONCLUSION 

Evidence abounds that UVB is damaging to Antarctic organisms. Ozone depletion has 

increased incident UVB radiation in Antarctica since the mid-1970s yet there is no clear 

evidence of UVB-induced changes in the marine ecosystem (McMinn et al. 1994). UVB 

is, however, only one of a suite of environmental stresses in the Antarctic ecosystem 

(Marchant 1994). These organisms thrive in a turbulent medium, they are highly variable 

in space and time, and detailed quantitative data describing their pre-ozone distribution 

and abundance is sparse (eg. Hader 1993, Marchant 1994, Smith et al. 1988). In 

addition, the nature and duration of UV exposure in Antarctica waters is yet to be fully 

determined. The interaction of in situ UV intensity, dose and the photophysiology of 

individual species is complex and the impact on the organisms is not great. However, the 

shallow blooms of the M1Z, which are responsible for much of the primary production in 

the Southern Ocean, appear vulnerable to increased UVB radiation as a result of 

stratospheric ozone depletion (Marchant & Davidson 1991). The consequent changes in 
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phytoplankton species composition may be sufficiently slow or slight that they are 

undiscemible from spatial and interannual variability. 

Karentz (1990) considers that interspecific differences in ability to cope with UV may 

prove crucial in determining the ecological impact of elevated levels of UVB. 

Interspecific differences in UV tolerance have been reported (Karentz et al. 1991a, 

Calkins & Thordardottir 1980, El-Sayed et al. 1990, Karentz 1988, Vosjan et al. 1990, 

Worrest et al. 1978, 1981a), yet remarkably little in known about the UV photobiology 

of key species of Antarctic marine phytoplanIcton. This thesis specifically examines the 

comparative photophysiology of key Antarctic phytoplankton species, their ecological 

role in Antarctic waters and the possible ramifications of increased UVB for the Antarctic 

ecosystem. 
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CHAPTER 2 

Antarctic marine phytoplankton 

1. INTRODUCTION 

UVB detrimentally effects the growth and production of phytoplankton in Antarctic 

waters but the impact of UVB exposure is species specific (Chapter 1). These 

interspecific differences may be crucial in determining the ecological impact of increased 

levels of UVB on the Antarctic marine biota (ICarentz 1990). To appreciate the role of 

• these species and the potential impact of their photobiological responses on the Antarctic 

ecosystem it is necessary to gain a broader appreciation of phytoplankton in Antarctic 

waters. There are approximately 330 species of phytoplankton in Antarctic waters 

(Marchant et al. in prep.). Plainly, studies of the UVB photobiology of phytoplankton 

should concentrate on key species. The phytoplankton examined in this thesis are species 

or members of genera that are significant or dominant components of the Antarctic 

phytoplankton. This, chapter briefly , examines the species composition, abundance and 

ecology of Antarctic phytoplankton, especially in the sea ice and MIZ. 

2. CHANGING PARADIGMS 

The early expeditions of J.D. Hooker aboard the "Erebus" and "Terror" in 1839 and 

1843 led to the belief that the Southern Ocean contained an unrivalled phytoplanIctonic 

richness and that this was composed primarily of large diatoms (eg. Hooker 1847, Hart 

1942). This view persisted over the ensuing century and has only been rectified recently 

(eg. El-Sayed 1970, Fukuchi 1980, Marchant 1993). Antarctic waters can support high 

standing crops of phytoplankton (Holm-Hansen et al. 1977), but the supposed richness 

of Antarctic waters, with a few exceptions such as the Weddell Sea (El-Sayed 1984), is 

only truly representative of coastal and inshore regions rather than ice-free waters (El-

Sayed 1970, Hempel 1985). These ice-free waters of the Southern Ocean are, however, 
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rich in inorganic nutrients, creating the paradox of Antarctic phytoplankton namely, 

"starving in the midst of plenty" (Priddle 1990). Numerous authors have addressed the 

reasons for this paradox (Jacques 1983, El-Sayed 1984, Holm-Hansen 1985, Smith & 

Nelson 1985, Priddle et al. 1986, Billen et al. 1987, Martin et al. 1990). 

During winter the principal factor limiting phytoplankton growth at these high latitudes is 

the absence of light (El-Sayed 1970, 1984). However, the limited annual phytoplanktonic 

production in oligotrophic regions of the Southern Ocean has been variously attributed to 

iron availability (Martin et al. 1990), energetic vertical mixing carrying cells beneath their 

critical depth (Mortan-Bertrand 1988, 1989, Smith & Nelson 1985), low metabolic rate 

as a result of low ambient temperature (Neon  i & Holm-Hansen 1982), sinking (Schnack 

et al. 1984) and grazing by heterotrophs from protozoa to krill (Schnack et al. 1984, 

Wefer et al. 1988). The relative impact of each of these factors on phytoplankton standing 

stocks and net production would differ spatially and temporally. 

Methods originally used for collection, preservation and handling of phytoplankton were 

inappropriate for small fragile cells and the persistence of large robust cells gave rise to 

the view that Antarctic phytoplanlcton consisted predominantly of large diatoms 

(Marchant 1993). Conversely, it now appears that high concentrations of chlorophyll a in 

Antarctic waters are less commonly due to microplanktonic (largest cell dimension of 20— 

200 gm) diatoms than in temperate and tropical waters (El-Sayed & Weber 1982). Nano-

and picoplanktonic phytoplankton (2-20 gm and 0.2-2 g m respectively) are frequently 

the greatest source of chlorophyll A (eg. Marchant 1993, Kivi & Kuosa 1994). 

Identification and appreciation of the role played by photosynthetic nano- and 

picoplankton was aided since the 1950s by the availability of electron microscopes, the 

advent of chlorophyll a estimation to estimate phytoplankton biomass (Richards & 

Thompson 1952), and the ability to estimate primary production using 14C (Steemann 

Nielsen 1952). 
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3. SPECIES COMPOSITION AND ABUNDANCE IN THE SOUTHERN OCEAN 

While the bulk of the ocean sunounding Antarctica exhibits low chlorophyll a 

concentrations (eg. Saijo & Kawashima 1964, El-Sayed 1970, Fukuchi 1980), regions 

of high phytoplankton standing stocks and production occur in inshore waters 

surrounding Antarctic and Sub-Antarctic islands, and the Antarctic continent, frontal 

zones such as the Polar Front, and in the pack-ice and marginal ice zone (MLZ) (for 

review see El-Sayed 1988). Sea ice algae can contribute 10 - 50% of the primary 

production in some areas during spring (Voytek 1989, Knox 1990) and phytoplankton 

blooms in MIZ contribute between 25 and 67% of the phytoplanktonic production in the 

Southern Ocean (Smith & Nelson 1986). The large accumulations of krill, seabirds, 

penguins, seals and whales associated with the ice and MIZ in spring reflect the major 

contribution made to the Antarctic food web by phytoplankton from these habitats (Smith 

et al. 1988). As well as being amongst the most productive waters in the Southern Ocean, 

phytoplanIcton in these habitats are also most likely to experience increased ambient UVB 

(see Chapter 1). Thus, phytoplankton inhabiting these environments will be examined in 

some detail. 

Approximately 330 taxa, including diatoms, dinoflagellates, prasinophytes, 

cryptophytes, parmales, haptophytes and cyanobacteria, occupy the Southern Ocean; the 

largest marine ecosystem on the globe (Hedgepeth 1977). Some of these algal taxa are 

poorly represented in Antarctic waters. Cyanobacteria are essentially absent. Their 

concentration declines exponentially with decreasing temperature across the Southern 

Ocean; from around 107  cells 1-1  close to Tasmania, down to around 103-104  cells 1-1  in 

Antarctic coastal waters (Marchant et al. 1987, Letelier & Karl 1989, Rivkin et al. 1989). 

Coccolithophorids (Haptophyceae) also decrease in concentration southward and are 

sparse in waters south of 60°S (Jacques & Panouse 1991, Nishida 1986). However, 

lightly silicified coccolithophorids, recently recognised as being heterotrophic, reach 
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maximum abundance in polar waters including those surrounding Antarctica (Marchant & 

Thomsen 1994). 

Prasinophytes such as Pyramimonas gelidicola  McFadden, Moestrup & Wetherbee may 

attain high concentrations (McFadden et al. 1982, Bird & Karl 1991, McMinn & 

Hodgson 1993). Cyptophytes are widespread in Antarctic waters but are only rarely 

abundant (Buma et al. 1992, Brandini 1993, Jacques & Panouse 1991, Kang & Lee 

1995). Anecdotal and published information suggests that concentrations of the 

cryptophyte Geminigera  (formerly Cryptomonas) cryophila  (Taylor & Lee) Hill and an 

undescribed Geminigera  sp. have increased during recent years off Davis Station 

(McMinn & Hodgson 1993, Mura et al. 1995, Gibson et al. submitted) and McMurdo 

(pers. comm. W. Smith Jr). However, pigment studies indicate that the occurrence of 

these taxa in Antarctic waters is highly variable in space and time (Bidigare et al. 1986, 

Buma et al. 1992) and that they are commonly a minor component of the phytoplankton. 

The Parmales is a recently erected order containing eleven species (Booth & Marchant 

1987). These cryptic organisms were first thought to be siliceous cysts or the resting 

stage of a choanoflagellate (Silver et al. 1980) but are now tentatively placed in the 

Crysophyceae (Booth & Marchant 1987). They appear to be widespread around 

Antarctica (Buck & Garrison 1983, Marchant & McEldowney 1986, Takahashi et al. 

1986) and occur in highest concentrations (around 2 x 105  cells 1-1 ) in waters less than 

2°C and between 75 and 100 m depth (Nishida 1986). Dinoflagellates, which are 

amongst the most abundant protists in temperate and tropical waters, were regarded as 

being poorly represented in Antarctic waters (Dodge & Priddle 1987). Recent 

investigations indicate that they are relatively abundant. Photosynthetic dinoflagellates 

may reach concentrations around 10 6  cells 1-1  in brine channels (Stoecker et al. 1992) 

and heterotrophic members of this division are important grazers (Bjornsen & Kuparinen 

1991, Brandini 1993, McMinn & Hodgson 1993), constituting up to 97% of the 

protozoan biomass (Lessard & Rivkin 1986). 
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The use of new and improved methods, and the extended geographic and temporal range 

of sampling has demonstrated that many taxa contribute significantly to the phytoplankton 

of the Southern Ocean (Hentschel 1932, Balech & El-Sayetl 1965, Hasle 1969, Buck & 

Garrison 1983). However, numerous studies of protists in sea ice and at ice edges in 

Antarctica have been conducted to ascertain the species composition and abundance of 

protists, and these repeatedly demonstrate dominance of the phytoplankton community by 

diatoms and/or Phaeocystis antarctica Karsten (eg. Hoshiai 1977, Buck & Garrison 

1983, McConville & Wetherbee 1983, Garrison et al. 1987, Lipski 1987, Perrin et al. 

1987, Fryxell & Kendrick 1988, Garrison & Buck 1989a, Davidson & Marchant 1992a). 

Thus, P. antarctica and diatoms remain the most abundant primary producers, dominating 

autotrophic biomass and the species composition in the sea ice and the water column in 

the Southern Ocean (eg. Bunt & Wood 1986, Vincent 1988, Smith & Nelson 1985, El-

Sayed & Fryxell 1993, Scott et al. 1994). Diatoms also dominate the species composition 

of Antarctic waters as around 200 species inhabit the Southern Ocean (Hasle 1969, 

Priddle 1990, Marchant et al. in prep). 

Garrison et al. (1983) reported a high degree' of similarity in species composition between 

the Weddell Sea ice and the planktonic communities. Such diatom species as 

Fragilariopsis curta (V.H.) Krieger and F. cylindrus (Grunow) Krieger may dominate the 

phytoplankton community both in the sea ice and the water column (eg. Burkholder & 

Mandelli 1965, McConville & Wetherbee 1983, Gersonde 1986, Garrison et al. 1987, 

Fryxell & Kendrick 1988, Fryxell 1989, Davidson & Marchant 1992a) even during the 

winter months (Moisan & Fryxell 1993). However, the relative abundance of species 

frequently differs between these two environments allowing characterization of their 

diatom communities. 

3.1. Sea Ice Algae 

At its maximum extent (September) sea ice covers approximately 20 million lan2  of the 

Southern Ocean and recedes to 4 million km2  at its minimum in February (Zwally et al 
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1983). Implicit in these figures is the fact that Antarctic sea ice is predominantly less than 

one year old and this vast, transient environment is inhabited by organisms from bacteria 

to mammals and the ice-algal community supports bacteria, protozoa and metazoa 

(Garrison 1991a, b). 

Sea ice encompasses a range of ice types including brash, platelet, frazil, grease, pancake 

and congelation ice (Squire 1990). These ice types may form pack ice during the onset of 

winter, which may in turn become rafted or form tide cracks and pressure ridges. These 

types of ice differ greatly in their structure and formation. Frazil ice nucleates on and 

harvests particles, including phytoplankton cells, from the underlying water column 

(Garrison et al. 1983). Accretion of frazil to the under-surface of existing ice flows can 

contribute much of their growth of floes (Clarke & Ackely 1984). In contrast, 

congelation (columnar) ice, which forms in waters of low turbulence, tends to exclude 

particles such as phytoplankton from the ice column as it forms (Clarke & Ackely 1984). 

Gradients of light, temperature, salinity and ice melt, together with varying snow cover, 

light attenuation by the biotic community and the physical structure of the ice, cause 

marked environment heterogeneity within the ice which is reflected in the spatial 

heterogeneity of the algal distribution and abundance (eg. Sullivan et al. 1984, Maykut 

1985, Horner et al. 1988, Kottmeier & Sullivan 1988, Bartsch & Diekrnann 1988). 

Differences in the physical and chemical environment within and beneath the ice means 

that algae occupy the sea ice to varying extents with differing rates of growth and survival 

in each environment (Horner et al. 1988). 

Phytoplankton first bloom during spring in the sea ice as this environment receives the 

maximum light at latitudes south of around 60°S (Squire 1990). However, the 

distribution of algal assemblages indicates several relatively distinct ice microhabitats 

(Horner et al. 1988) These include surface layer assemblages on pack or fast ice, interior 

ice algae in pack ice (trapped by accretion of frazil ice), fast ice blooms in congelation ice 

(either trapped as it formed or in brine channels), bottom layer assemblages (either in the 
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lower 20 cm of congelation ice or in platelet ice beneath consolidated floes) and sub-ice 

assemblages of mat or strand forming algae (Garrison 1991b). The bottom- and sub-ice 

communities are commonly extensive and productive (McConville & Wetherbee 1983, 

Palmisano & Sullivan 1983, Hoshiai 1981). Mat-, chain- and tube-forming species that 

are anchored to the under surface of the ice may also hang down into the seawater 

beneath (Watanabe 1988). 

Approximately 80 species, or around half of the diatoms occurring in Antarctic waters, 

have been observed in the sea ice (Garrison 1991b). However, the sea ice algal 

assemblages are commonly dominated by such attached species as Pleurosigma  Smith 

sp., Berkeleya rutilans  (Trentepohl ex Roth) Grunow, Entomoneis lcjellmanii  (Cleve) 

Poulin & Cardinal, Psuedonitzschia turgiduloides  Hasle, Nitzschia stellata  Mangin, 

Cocconeis  Ehrenberg spp., Fragilaria islandica  var adeliae  Grunow (in V.H.) and the 

Fragilariopsis  Hustedt species F. curta,  F. cylindrus  and F. kerguelensis  (O'Meara) 

Hasle (Bunt & Wood 1986, McConville & Wetherbee 1983, Grossi et al. 1984, Grossi 

& Sullivan 1985, Everitt & Thomas 1986, Homer et al. 1988, Watanabe 1988, Garrison 

et al. 1987, Garrison 199 lb, Scott et al. 1994). Unattached forms include species of 

Coscinodicsus  Asteromphalus  Ehrenberg, Asteromphalus  Ehrenberg spp. and Navicula 

glaciei  V.H. (eg. Bunt & Wood 1986, Whitaker 1977). Most studies report the pennate 

members of the Fragilariopsis  group as the dominant ice-associated diatoms but centric 

species such as Stellarima microtrias, Thalassiosira gracilis  Karsten and T. antarctica 

Comber may also be abundant (eg. Watanabe 1982, Garrison et al. 1987). The 

haptophyte, Phaeocystis antarctica  is the only species other than diatoms that is frequently 

reported as dominating the ice algae, reaching concentrations as high as 5 x 10 7  cells 1-1  

(eg. Bunt & Wood 1986, Garrison et al. 1987, Fryxell & Kendrick 1988). 

The importance of the sea ice community in the Antarctic marine food web remains 

uncertain (Garrison 1991b). However, it has been shown that krill actively seek out and 

graze the microbial biomass in the ice community (eg Stretch et al. 1988, Marschall 
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1988). Protozoa also occur in the sea ice community including most Antarctic 

choanoflagellates, euglenoids, auto- and heterotrophic dinoflagellate, colourless 

flagellates such as bodonids, and numerous species of ciliate (Garrison 1991a, b). Sea 

ice algae may also play another important role in Antarctic waters. The ephemeral nature 

of this habitat means that phytoplankton are released during the and can act as a "seed" 

source for ice edge blooms (eg. Garrison et al. 1987, Fryxell & Kendrick 1988). 

3.2. The Ice Edge Phytoplankton 

As the Antarctic pack ice retreats southward during austral spring it trails a region where 

fresh water released by the melting ice forms a pycnocline of 20 m depth or less which 

may persists for up to 6 days (Mitchell & Holm-Hansen 1991, Veth 1991) (Fig. 1) and 

extend some 200 km seaward of the ice front (Smith & Nelson 1986). Phytoplankton, 

confined to these shallow mixed depths in the marginal ice zone (MIZ) experience a high 

light, high nutrient environment. The resulting phytoplankton blooms support high algal 

biomass in waters surrounding Antarctica (El-Sayed & Taguchi 1981, Nelson & Gordon 

1982, Garrison & Van Scoy 1985, Smith & Nelson 1985, Nelson et al. 1985) and 

contribute 25 to 67% of phytoplanktonic production in the Southern Ocean (Smith & 

Nelson 1986). This southward moving region of high productivity is coupled to higher 

trophic levels (Ainley et al. 1986) providing much of the carbon required to sustain the 

large populations of zooplankton, birds and mammals for which the Southern Ocean is 

noted (Ross & Quetin 1986, Sakshaug & Skjoldal 1989). Despite their contribution to 

the food web, much of the ice-edge phytoplanktonic production is not consumed by 

grazers and apparently sediments from the euphoric zone (Smith & Nelson 1986, von 

Bodungen et al. 1986, Fischer et al. 1988) to form massive deposits of diatomaceous 

ooze in Southern Ocean sediments (Truesdale & Kellogg 1979). Turbulent mixing in the 
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Fig. 1. Schematic model of the environmental conditions at the marginal ice edge that are 
neccessary for a sustained phytoplankton bloom. Redrawn from Sullivan et al. (1988). 
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region of the MIZ eventually deepens or disrupts the pycnocline and the ice edge blooms 

subside (Fig. 1). 

The most abundant components of the phytoplankton of the marginal ice edge zone are 

diatoms and the prymnesiophyte Phaeocystis antarctica  (Garrison & Buck 1989b, 

Garrison et al. 1987, Fryxell & Kendrick 1988, Davidson Marchant 1992b). P. antarctica 

is often the first alga to bloom, may reach concentration as high as 6 x 107  cells1-1  

(Davidson & Marchant 1992b) and can alone contribute up to 37% of the annual open 

water production at some Antarctic sites (Palmisano et al. 1986). The remainder of the 

annual production is comprised of diatoms, principally of the genera Nitzschia  Hassan 

and Fragilariopsis.  Blooms comprised almost entirely of Fragilariopsis  curta have been 

found to extend 200 km seaward of the receding pack ice and sequester as much as 962 

mgCm-2day1  (Wilson et al. 1986). However, many other phytoplankton species are 

reportedly major contributors to and/or dominate the phytoplankton blooms in the MIZ. 

Perhaps the richest and most extensive of these blooms was that reported by El-Sayed 

(1971) which was composed almost entirely of Thalassiosira tumida  (Jan.) Hasle covered 

an area of around 15,000 km 2  and attained chlorophyll a up to 190 mg/m3 . Other 

prevalent diatom species in ice edge blooms include Fragilariopsis  nana (Steeman 

Nielsen) Paasche, Porosira glacialis  (Grunow) Jorgensen, Fragilariopsis cylindrus, 

Cylindrotheca closterium  Ehrenberg, Corethron criophilum  Castracane, Odontella  

weissflogii  (Jan.) Grunow, Proboscia  alata (Brightwell) Sunstrom, and the Chaetoceros  

Ehrenberg species C dichaeta  Ehrenberg, C. neglectum Karsten and C. socialis  Lauder 

(eg. Krebs 1983, Theriot & Fryxell 1985, Heywood & Priddle 1987, Kang & Fryxell 

1991, 1992, 1993). The prasinophyte Pyramimonas gelidicola  and cryptophyte 

Geminigera  spp. may also be contributors to ice-edge blooms (McFadden et al. 1982, 

Hewes et al. 1985, Bird & Karl 1991, McMinn & Hodgson 1993, Gibson et al. in prep). 

High concentrations of Gyrnnodinium  sp. have also been observed in brine channels and 

the surface-ice community (Stoecker et al 1992). Here again, heterotrophic 

nanoflagellates, dinoflagellates, choanoflagellates, ciliates and sarcodines are abundant 
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members of the protistan community (Buck & Garrison 1983, 1988, Marchant 1985, 

Garrison & Buck 1989a, b, Garrison et al 1991, Kivi & Kuosa 1994). 

The nanoplanktonic haptophyte, Phaeocystis antarctica  is arguable the single most 

abundant species of phytoplankton in Antarctic waters (Marchant 1993). P. antarctica 

forms dense, shallow blooms during austral spring, which can dominate the 

phytoplankton associated with the sea ice and in the MIZ (see above & Chapter 3). We 

shall also see (Chapter 4) that its blooms greatly influence the structure and function of 

the protistan community in Antarctic waters. Thus, P. Antarctica  ideally suits description 

as a key species of Antarctic marine phytoplankton. That blooms of this alga in Antarctic 

waters are often near-surface during spring indicate that it is likely to be exposed to 

increased levels of UVB radiation as a result of depletion of stratospheric ozone. 

Furthermore, the discovery that P. antarctica  contained high concentrations of UV—

absorbing compounds which afforded this species substantial protection from UVB 

radiation was instrumental in initiating the research contained within this thesis. 

Consequently, Chapter 3 provides a detailed examination of the biology and ecology of 

this remarkable alga. 
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CHAPTER 3 

The biology and ecology of Phaeocystis 
(Haptophyceae) 

1. INTRODUCTION 

Phaeocystis Lagerheim is a marine phytoplanktonic genus in which four species are 

presently recognised: P. pouchetii (Hariot) Lagerheim; P. globosa Scherffel; P. antarctica  

Karsten; and scrobiculata Moestrup. Fryxell and Kendrick (1988), Sournia (1988) and 

Davidson and Marchant (1992b) indicated that the status of the species P. Douchetii was 

uncertain. Recent resurrection of P. globosa and P. antarctica (Medlin et al. 1994) bear-

out this uncertainty. The study by Medlin et al. (1994) was, however, limited in its scope 

and the number of Phaeocystis species remains uncertain. In addition, while P. globosa 

and P. antarctica have now been resurrected, the prior taxonomic confusion has meant 

that authors have not differentiated between species. For the purposes of this thesis, P. 

scrobiculata is only referred to when specifically stated. All other species are collectively 

referred to as Phaeocystis unless the currently accepted taxonomic identity is known. 

Phaeocystis south of the Antarctic Convergence is referred to as P. antarctica. 

The uniqueness of the genus Phaeocystis rests not only with the vast biomass attained by 

its blooms but with its exceptional physiology. Phaeocystis can dominate entire 

ecosystems with significant socio-economic impacts on fisheries, aquaculture and 

recreation. Phaeocystis has a world-wide distribution. In high latitudes their blooms can 

attain concentrations as high as 6 x 107  cells per litre (Davidson & Marchant 1992a), 

dominating the phytoplankton over distances greater than 100 miles (eg. Savage 1930, 

Hart 1942, Lancelot 1983, Barnard et al. 1984, Chang 1984, Fryxell & Kendrick 1988, 

Eilertsen 1989, Lutter et al. 1989, Davidson & Marchant 1992a). Because of its 

abundance and the diversity of its extracellular products, Phaeocystis is one of the most 
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important phytoplanktonic organisms in polar and subpolar seas (Lancelot et al. 1987, 

Davidson & Marchant 1992a). So conspicuous are blooms of Phaeocystis that it is one of 

the very few phytoplanktonic organisms for which colloquial names been coined; being 

known variously as "Tasman Bay slime" (Chang 1983), "baccy juice", "fisherman's 

sign", "weedy water" and "stinking water" (Orton 1923, Savage 1930). 

Progressive eutrophication of the Wadden Sea has led to this alga increasing in 

abundance and lengthening the duration of its bloom to the extent that it has become a 

weed (Cad& & Hegeman 1974, 1979, 1986, Verity et al. 1988b). Blooms of 

Phaeocystis are avoided by fish, they clog commercial fishing nets (eg. Savage 1930, 

Chang 1983), are of low nutritional value and appear detrimental to the growth and 

reproduction of shellfish and metazooplankton (eg Walne 1970, Pieters et al. 1980). 

They also contaminate the sea floor and high tide mark with mucilage (Grontved 1960), 

which becomes anoxic with bacterial activity. This results in avoidance by fish and 

causes widespread mortality amongst the benthic infauna and littoral invertebrates 

(Rogers & Lockwood 1990). Sea foam, derived from the dissolved organic carbon 

released during collapse of Phaeocystis blooms, forms massive foam deposits that 

accumulate on beaches of Northern Europe (eg. Eberlein et al. 1985, Lancelot et al. 

1987) and smother appendicularians and nematodes (Armonies 1989). Blooms also 

release prodigious quantities of dimethylsulfide which may contribute significantly to acid 

rain over Scandanavia (Pearce 1988). The economic ramifications of these blooms, 

coupled with their ecological significance, maintain this species as the focus of 

considerable research effort. 

Phaeocystis remains an enigma with respect to its taxonomy, species succession, 

ecological role, antibiosis and the fate of its blooms (Fryxell & Kendrick 1988, Verity et 

al. 1988b). To this should be added its life cycle and aspects of its physiology. Thus, 

despite the obvious impacts of blooms of this alga (Lancelot et al. 1987, Davidson & 

Marchant 1992b, Rousseau et al. 1994) and the wealth of research published about it, 
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knowledge of its relationship with the biotic and abiotic environment remains relatively 

poor (Weisse et al. 1986). 

There are two main stages in the life history, a biflagellate motile stage and a colonial 

stage. With few exceptions, blooms of Phaeocystis are composed of colonial stage cells. 

This stage confers intriguing abilities to which Phaeocystis must owe much of its 

prevalence. Transition from the flagellate to the colonial phase results in each cell losing 

part of its autonomy (Verity et al. 1988b). Each colonial cell exudes large quantities of its 

photoassimilated carbon (eg. Lancelot 1984a), most as mucopolysaccharides, which 

perform both a structural function by contributing to the colony matrix and a 

physiological role by acting as a carbon source in dark catabolism (Lancelot & Mathot 

1985), a reservoir of phosphate (Veldhuis & Admiraal 1987) and a site of UV-B 

screening compounds (Marchant et al. 1991). Colony size and its low nutritional value 

result in decreased grazing pressure on this alga while its prolific release of compounds 

such as DMS (Andrae & Raemdonck 1983, Barnard et al. 1984, Gibson et al. 1990) and 

acrylic acid (Sieburth 1960) may also deter grazers (Estep et al. 1990) and hinder 

microbial decomposition (Sieburth 1960, 1961, Davidson & Marchant 1987). 

2. TAXONOMY 

Phaeocystis pouchetii and P. scrobiculata were the only species of Phaeocystis 

recognised until recently. However, taxonomic delimitation of P. pouchetii was uncertain 

(Parke et al. 1971, Fryxell & Kendrick 1988, Sournia 1988, Davidson & Marchant 

1992b). Taxonomic problems were exacerbated by the life cycle being polymorphic and 

the life history incompletely known (Fryxell & Kendrick 1988, Sournia 1988, Rousseau 

et al. 1994). On the basis of differences in periplast scales and thread-like arrays or 

"stars" produced by its motile cells there is little doubt (see Sections 3.1, 3.2.1) that P. 

scrobiculata (Moestrup 1979) is a separate species. Recent taxonomic studies using 

molecular biological techniques have resurrected E globosa  Scherffel and E. =Ito 
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Karsten (Medlin et al. 1994). However, the full extent of speciation in this genus remains 

to be ascertained. 

The first description of cells now known as Phaeocystis was made by Hariot in Pouchet 

(1892) as Tetraspora Poucheti sp. nov. Later, Lagerheim (1893) created the genus 

Phaeocystis then reclassified this alga as belonging to it (Lagerheim 1896). Nine species 

of Phaeocystis have been formally described. However, reviews of the genus 

(Kornmann 1955, Bourrelly 1957, Kashkin 1963) resulted in Phaeocystis globosa  

Scherffel, P. sphaeroides Buttner, P. amoeboidea Buttner, P. giraudyi (Derb. et Sol.), P. 

antarctica Karsten and P. brucei Mangin being relegated to synonymy with P. pouchetii  

because the nature and arrangement of cells within the colonies were not considered a 

criteria to justify their taxonomic separation. 

The organism described as Procytella primordialis (Haeckel 1890) may well be P. 

pouchetii, but if synonymy were ever established, it is recommended that this name be 

ignored in favour of Phaeocystis as "nomen conservandum" (Sournia 1988). The species 

name P. poucheti occasionally appears in the literature (eg Kornmann 1955, Guillard & 

Hellebust 1971); however the original Poucheti was amended to pouchetii to comply with 

the orthographic conventions of the International Code of Botanical Nomenclature (Voss 

1983, cited in Sournia 1988). Reference to Phaeocystis antarctica Karsten as a blue green 

alga (Richardson & Whitaker 1979) is erroneous. Its colonies, described as growing 

extensively in sea ice off Signy Island, are highly likely to be of Phaeocystis antarctica. 

The alga Corymbellus aureus Green is a colonial prymnesiophyte of similar cell size and 

gross morphology to Phaeocystis and it is possible that misidentification may have 

occurred (Fryxell & Kendrick 1988). The former, however, forms simple clusters of 

flagellate cells which are not bounded by a mucilaginous sheath (Green 1976). 

Phaeocystis is a cosmopolitan genus with occurrences reported from the tropics (Estep et 

a. 1984, Margalef 1978, Al-Hassan et al. 1990) to both northern and southern polar 

waters (eg. El-Sayed et al. 1983, Barnard et a. 1984). It has also recently been isolated 
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by Hallegraeff and Blackburn (pers. comm.) from equatorial waters off Palau. 

Phaeocystis have thermally distinct strains (eg. Kornmann 1955, Kayser 1970, Grimm & 

Weisse 1985, Weisse et al. 1986, Marchant et al. 1991) and fill different ecological roles 

(eg. Colijn 1983, Palmissano et al. 1986, Fryxell & Kendrick 1988). 

Phaeocystis globosa has long been a contender both for separate species status and 

potential taxonomic precedence over P. pouchetii. The description of P. globosa by 

Scherffel (1899, 1900) is more detailed than the description of P. pouchetii by Hariot in 

Pouchet (1892). Sournia (1988) considers that Scherffel better describes both a 

prymnesiophyte and Phaeocystis than do Harlot or Lagerheim's (1896) diagnoses. 

However, despite P. globosa being a more complete description of the species, P. 

pouchetii took taxonomic precedence and the former has fallen into disuse until recently. 

Studies by Rick and Aletsee (1989), Jahnke and Baumann (1986, 1987) and Baumann 

and Jahnke (1986) contend that differences in environmental optima and colonial 

morphology warrant the re-establishment of P. globosa as a separate species. The 

arguments presented for its re-establishment do not, however, contain ultrastructural data 

on the flagellate stage, upon which the taxonomy of the species of Phaeocystis are based. 

Numerous studies of the genus Phaeocystis have concluded that colony morphology was 

an insufficient criterion on which to separate Phaeocystis species and that the globosa - 

type colony was one of several morphological varieties of P. pouchetii (Kornmann 1955, 

Kashkin 1963, Parke & Dixon 1968, Chang 1983). Further, the suggestion by Rick and 

Aletsee (1989) that the geographic separation of the colony morphotypes in the North Sea 

with P. pouchetii to the north and P. globosa to the south was refuted by as early as 1930 

by Savage who found pouchetii-type Phaeocystis in the Southern Bight of the North Sea. 

This led Ostenfeld to rescind his claim made in 1910 (cited Savage 1930) that the species 

distributions were mutually exclusive. Analysis of the elemental composition and growth 

dependence of pouchetii-type and globosa-type Phaeocystis by Jahnke (1989) did little 

more than demonstrate already documented differences in thermal strain and physiology 

that result from inhabiting different environments. 
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18S ribosomal RNA sequencing of Phaeocystis conducted by Medlin et al. (1994) 

substantiated separation of Phaeocystis pouchetii into three species; retaining P. pouchetii 

and resurrecting P. globosa Scherffel and P. antarctica Karsten. This study also indicated 

that the cold water forms (. pouchetii and P. antarctica) evolved from the warm water 

species 	globosa) approximately 50 million years ago and relates this to climatic and 

tectonic events such as the isolation of the Arctic basin from the rest of the world's oceans 

and commencement of the circum-Antarctic circulation. While separation of these species 

have now been established, the prior taxonomic confusion has meant that authors have not 

differentiated between them. Thus, with few exceptions, the true taxonomic identity of the 

Phaeocystis in northern hemisphere studies remains unknown. So too does the extent of 

biological and ecological differences between these species. The fact that they remained 

inseparable until now suggests a high degree of similarity. Thus, consideration of 

physiology or interaction of Phaeocystis with the biotic and abiotic environment in this 

review differentiates little between individual Phaeocystis species. 

The chemotaxonomic study conducted by Medlin et al. (1994) was limited in scope as it 

contained only seven strains/species of Phaeocystis. Furthermore, the life history of the 

genus is poorly understood and its geographic range is enormous. Thus, more species of 

Phaeocystis may be recognised in the future. In Antarctic waters it remains unknown 

whether the morphologically similar P. globosa and P. antarctica coexist or whether other 

previously described species from Antarctic waters, such as P. brucei Mangin, are valid 

(Medlin et al. 1994). It is noteworthy that the related genus Chrysochromulina, which also 

has a global distribution, contains at least forty seven described species (Estep & MacIntyre 

1989). 

Baumann et al. (1994) augmented the separation of Phaeocystis species by Medlin et al. 

(1994) by defining the known structural, physiological and biochemical differences 

between these species. Differences cited include the morphology of the colonial stage, the 

thread-like arrays or "stars", organic scale shape and size and characteristics of the 
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haptonema and flagella of the single cells. Temperature tolerance and biochemical 

differences in the pigment and carbon content per cell are also cited. However, the lack of 

comprehensive data for all Phaeocystis  species (Lancelot & Rousseau 1994) and the degree 

of overlap of characteristics between species renders them of limited value in routine 

identification where distributions overlap. 

3. CELL STRUCTURE AND LIFE CYCLE 

3.1. P. scrobiculata 

It is yet to be reported whether P scrobiculata  has a colonial stage and if so whether it is 

distinguishable from other Phaeocystis  species. The only reports of this species are as 

preserved flagellates. These differ from other Phaeocystis  species in the structure and 

arrangement of its periplast scales and the arrangement of its thread-like stars (Fig. 1A, 

Table 1) (Moestrup 1979, Hallegraeff 1983). 

3.2. Phaeocystis spp. 

No description of the ultrastructural of P. antarctica  has been published and the only 

information available is that reported by Davidson (1985). The life cycle has only been 

reported for P. globosa  (Rousseau et al. 1994) and this is only partly resolved. It is 

known to contain at least two different planktonic phases and may also include a benthic 

stage (Kornmann 1955, Kayser 1970, Verity et al. 1988b, Rousseau et al. 1994). Each 

of these phases is apparently capable of vegetative reproduction. However, differentiation 

of one phase from another is not fully understood and surprisingly little ultrastructural 

work has been reported. 



Table 1. Scale and star morphology of Phaeocystis  species. * refers to data from Moestrup 1979. 

Phaeocystis "Stars" Scale Type Scale 
Dimensions 
(p.m) 

Scale Position 
(relative to cell) 

Scale Patterning 
Species 

P. scrobiculata 9 rayed Large oval 0.6 x 0•45* Distal Ventral: ridges radiating from plain centre. 
(Moestrup 1979, or 0.41 x 0.3 Dorsal: no decoration 
Hallegraeff 1983) 

Small 0.21 or Proximal Ventral: ridges radiating from plain centre. 
circular-oval 0.1 Dorsal: no decoration, patternless rim 

P. globosa  5 rayed - proximal Large 0.18 x 0.19 Distal Outward raised rim. -48 ridges radiating from 
(Parke et al. 1971) ends membrane bound circular-oval rectangular plain centre on both surfaces. 

Small oval 0.10 x 0.13 Proximal Inflexed rim. -30 ridges radiating from 
rectangular plain centre on both surfaces. 

P. pouchetii ? ? ? ? ? 
P. antarctica 5 rayed - proximal Large 0.19 x 0.18 Distal Outward raised rim. -45 ridges radiating from 
(Davidson 1985) ends membrane bound circular-oval rectangular plain centre on both surfaces. 

Small oval 0.08 x 0.12 Proximal Inflexed rim. Ridges radiating from rectangular 
plain centre on both surfaces. 
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3.2.1. Flagellate cells 

Using isolates from the English Channel, Parke et al. (1971) provide the only detailed 

ultrastructural description of Phaeocystis  motile cells and this was probably of E. 

globosa  (Baumann et al. 1994). These have an anterior depression, two golden brown 

plastids, the thylakoids of which are arranged in stacks of three with a girdle lamella. The 

two flagella are of equal length bearing hair points. Arising between the flagella but in a 

different plane from the flagella bases is a short, stiff, bulbous ended haptonema (Fig. 

2A, B). Cells bear a periplast of two layers of organic scales and threads arranged as a 

five armed "star" array. These differ in structure and arrangement from those off. 

5crobiculat4.  However, the few ultrastructural studies suggest they differ little between 

other species of Phaeocystis  (Table 1) (Parke et al. 1971). 

Each constituent thread of the "stars" is up to 20 gm long, tapering towards its tip (Parke 

et al. 1971). The proximal ends form a pentagon bounded by a membrane (Fig. 1B). The 

synthesis, release and function of the stars remains unsure. I have found in shadow cast 

preparations of Antarctic material that the threads are tubular in section and appear to 

consist of overlapping segments as well as single pieces (Fig. 1C). The flagellate cells 

reportedly possess at least two anterior, membrane bound discs which are circular to oval 

in shape and contain the threads (Parke et al. 1971, Pienaar 1991). Parke et al. (1971) 

described Phaeocystis  as possessing discs which may either become, or are released into, 

prominent vesicles which protrude from flagellate cells. Similarly, Davidson (1985) 

reports the occurrence of stars within these prominent vesicles, finding that threads were 

regularly arranged closely oppressed to the inside of the vesicle membrane of E. 

antarctica.  Once the vesicle of Phaeocystis  ruptures the arrays are released from the cells 

giving the characteristic appearance of threads apparently coiled about the cell (Parke et 

al. 1971, Hallegraeff 1983, Davidson 1985) (Fig. 2B). The arrays presumably then 

separate and the arms straighten, adopting their characteristic configuration (Fig. 1B, 

2A). 
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Fig. I. Electron micrograph of (A) Phaeocystis scrobiculata star (micrograph from Dr. 
G. Hallegraeff); (B) Phaeocystis antarctica star (micrograph from Dr. H. Marchant), and 
(C) detail of star arm showing the presence of overlapping segments. Scale bars = 21.1m, 
500 nm and 300 nm respectively. 
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Fig. 2. Nomarski light micrograph of the flagellate stage of E. antarctica  showing 
(A) flagella, haptonema and five armed stars, and (B) cells surrounded by thread-
like star arms (scale bars = 51.tm) 



54 

Cellular structures of Phaeocystis  including the pentagonal stars, scales and flagella 

exhibit very little variation over the organism's range (Booth et al. 1982, Buck & 

Garrison 1983, Hallegraeff 1983, Davidson 1985, Marchant & Nash 1986, Lancelot et 

al. 1987, Perrin et al. 1987). Reports indicate variation in the length of star arms which 

may reach 50 gm (Buck & Garrison 1983, Lancelot et al. 1987) to 100 gm (Fryxell 

1989) and circular plate scales which reach 0.25 gm diameter (Hallegraeff 1983). 

Kornmann (1955) suggested that the flagellates may be subdivided into three types, all of 

which are capable of vegetative multiplication namely: 

1.An asexual "swarmer" (between 4.5 to 8 gm diameter). 

2. A microzoospore (3 to 5 pm). 

3. A macrozoospore. 

Doubt exists as to the validity of these as separate stages. The macrozoospore is of 

unspecified size but reportedly produce colonial cells (Rousseau et al 1994). Kommann 

(1955) provides the only other record of this stage but claims that Scherffel (1899) also 

described a colony containing macrozoospores. Essentially all recent investigations fail to 

distinguish between the remaining two flagellate stages of Phaeocystis  on the basis of 

size. Flagellates reportedly range in size from 3 to 8 gm (Kornmann 1955, Parke et al. 

1971, Buck & Garrison 1983, Hallegraeff 1983, Fryxell 1989, Lancelot et al. 1987), the 

same as that reported by Verity et al. (1988b) for colonial cells. However, Kornmann 

(1955) proposed that this range in cell size contains the microzoospore and swarmer cell 

stages. 

The existence and importance of the microzoospore in the life cycle of Phaeocystis  has 

been demonstrated in flow cytometric studies by Cariou et al. (1994). These studies were 

conducted on P. globosa  and showed that microzoospores, which were formed during 

the senescent decline of colonies, were haploid. In contrast, motile swanners and non-

motile cells derived from swanners were diploid (Cariou et al. 1994, Rousseau et al. 

1994). This is the first indication of sexuality in the life cycle Phaeocystis.  

Microzoospores have also been observed for P. antarctica  (Davidson unpubl.). It is likely 
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that these are also haploid but their ploidy has not been ascertained. The process of 

microzoospore formation and the sexual process that forms the diploid non-motile or 

swarmer cell stages are not known. It is also unknown whether there is alternation 

between haploid and diploid colonies. Sexuality as a potentially common occurrence in 

the life cycle of Phaeocystis spp. would lend genetic plasticity to members of the genus 

and could help explain its world-wide distribution (Rousseau et al. 1994). 

3.2.2. Non-motile single cells 

In addition to these flagellate cells, Kornmann (1955), Kayser (1970) and Rousseau et al. 

(1994) report a solitary non-motile cell type. Kornmann (1955) described the formation 

of this stage from flagellate cells while Rousseau et al. (1994) report their formation by 

colonial the colonial stage. Kornmann (1955) reported that the non-motile cells formed 

colonies. In contrast, Kayser (1970) reported that this stage attaches to solid surfaces and 

releases new free single cells and colonies into the water column. These non-motile single 

cells were proposed as being benthic or attached to motile particles in nature. Whether or 

not all authors refer to the same cell type or Phaeocystis species is uncertain. 

3.2.1 Colonial Cells 

It is in the colonial form ("pahnella"-stage) that Phaeocystis blooms and is most 

conspicuous. Colonies may reach 2 cm in diameter (Gieskes & Kraay 1975, Verity et al. 

1988a) and exhibit the physiological peculiarities for which the species is renowned. In 

spite of the widespread occurrence and ecological importance of the colonial stage, there 

is only one report of its ultrastructure (Chang 1984). Colonial cells lack body scales, 

haptonema and flagella and are embedded in a mucilaginous matrix (Fig. 3A, B, C & D). 

Chang (1984) proposes that chrysolaminarin vesicles, which he observed protruding 

through the plasmalerruna, deposit a multi-layered mucilaginous envelope. Our 

observations of colonial Phaeocystis antarctica have revealed no indication of multiple 
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Fig. 3. Nomarski light micrograph of E. antarctica colonies showing (A), (B),  (C)  and (D) a 
range of colony diameter sizes (scale bars = 5, 5, 20 and 50 gm respectively),  (E)  a section 
of an elongate colony in which cells are differenciating into the flagellate stage (scale bar = 
151.1,m) and (F) part of a large senescent colony in which small colonies are being formed 
(scale bar = 30gm). 
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mucilaginous layers. Chang (1984) claims that in all other respects this stage is 

indistinguishable from the flagellate stage. 

The ultrastructural variability of colonial Phaeocystis  over its range remains unknown but 

gross colony structure and arrangement of cells can be extremely variable. Colonies range 

in size from approximately 10 gm containing a single cell to 2 cm containing thousands 

of cells (Gieskes & Kraay 1975, Verity et al. 1988a) (Fig. 3A, B, C & D). P. globosa 

and P. antarctica  colonies are characteristically spherical with cells randomly distributed 

within (Fig. 1A, B, C, D). P. pouchetii  colonies may be elongate, ovoid, (Fig 3E) or 

lobed (Kornmann 1955, Batje & Michaelis 1986) with cells clumped, usually in groups 

of four cells. Colonies can, however, vary greatly and may occur as irregular flat discs 

(Kayser 1970) or dense aggregated mats (Chang 1983, Nichols et al. 1991). Cells may 

be aggregated at one pole (Davidson unpubl.) or bereft of cells as a result of life-stage 

changes and emigration of cells as flagellates (Verity et al. 1988b). All of these colony 

morphologies and cell arrangements have been observed for P. antarctica  in cultures 

established from a single colony (Davidson unpubl.), suggesting a high degree of 

plasticity in colony morphology and/or strain/species variation between isolates. 

The cells of the colonial stage secrete 5-80% of their photoassimilated carbon (eg. 

Guillard & Hellebust 1971, Gieskes & van Bennekom 1973, Colijn 1983, Lancelot 

1983, Laandbroek et al. 1985, Veldhuis et al. 1986a), much of which is devoted to 

matrix formation (Lancelot & Mathot 1987). The rewards for this metabolic expense of 

colony formation are apparently considerable. The colony creates its own 

microenvironment in which it can manipulate trace metal concentrations (Lubbers et al. 

1990), protect against bacterial attack (Davidson & Marchant 1987), store photosynthate 

for catabolism in the dark (Lancelot & Mathot 1985) and retain UV-B absorbing 

compounds which shield the cells from damaging wavelengths (Marchant et al. 1991). 

Furthermore, the colony tends to function as a biological entity rather than a passive 

aggregation of cells (Lancelot & Mathot 1985, Veldhuis & Admiraal 1985, Lancelot et al. 
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1986, Veldhuis et al. 1986a). Verity et al. (1988a) showed that the colonies had 

endogenous regulation of formation, growth', senescence (Fig. 3F) but more importantly 

were capable of cleavage to produce smaller daughter colonies. Such sophisticated 

organisation of the colony is reminiscent of the green algal order Volvocales (Verity et al. 

1988a). 

3.2.4. Life Cycle Changes  

Differentiation of cell stage by PhaeocystiR  in culture is not entirely predictable. The 

currently known stages and relationships between stages in the life cycle of Phaeocystis  

are presented in Figure 4. Flagellate cells may persist indefinitely by vegetative 

reproduction, can be released by colonies (Fig. 3E) and the "swarmers" may reform 

colonies (Kornmann 1955, Kayser 1970, Parke et al. 1971, Verity et al. 1988b, Fryxell 

1989) (Fig. 3F). However, the regulation of differentiation is poorly understood. 

Colonial cells that experience a rapid decrease in temperature or chronic nutrient 

deprivation change to the flagellate cell stage and exit the colony (Verity et al. 1988b, 

Davies et al. 1992). Once initiated this process is irreversible. This exodus probably 

accounts for the high numbers of flagellates observed following the decline of colonial 

blooms (Veldhuis et al. 1986b, Davidson & Marchant 1992a) and may help explain the 

apparent sudden disappearance of colonial Phaeocystis  blooms (Orton 1923, Admiraal & 

Venekamp 1986). Similar to colonial cultures (see Section 3.1), colonial blooms in the 

field reportedly release "swarmers" (Jones & Haq 1963) or microzoospores (Veldhuis et 

al. 1986b, Verity et al. 1988b). Non-motile unicells may also contribute to the formation 

of new colonies (Chang 1983). 

The relative abundance of flagellates and colonies can be controlled by nutrient 

availability. Eutrophication (Guillard & Hellebust 1971) or high phosphate concentration 

alone (Veldhuis & Admiraal 1987) can induce the dominance of flagellates in culture. In 

comparison with the flagellates the colonial stage is reportedly a poor competitor under 

phosphate or ammonia limitation (Reigman et al. 1992, Cariou et al. 1994, Rousseau et 
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al. 1994) but dominated in nitrogen controlled environments (Reigman et al. 1992, 

Rousseau et al. 1994). Both high (>5 ilM) and low (<0.3gM) phosphate concentrations 

appear inhibitory to development of the colonial stage, thus flagellates dominate. Between 

these extremes exists a nutrient concentration window in which colonies flourish (Cariou 

et al. 1994). Anthropogenic enrichment of Dutch coastal waters, especially with 

phosphate, has changed the limiting macronutrient from phosphate to nitrogen. This 

change may explain the development of massive "nuisance" blooms of colonial 

Phaeocystis sp. in the region (Reigman et al. 1992). Differentiation of colonial cells to 

flagellates by high phosphate concentration can be inhibited by simultaneous addition of 

soil extract (Veldhuis & Admiraal 1987). However, the identity of the constituent/s of 

soil extract that influence differentiation are unknown. The change from the flagellate to 

colonial stage may also be stimulated by exudates from diatoms (Boalch 1987). 

Paperzak (1993) proposed that alternation between the colonial and flagellate stages in the 

life cycle of Phaeocystis were controlled by irradiance. Irradiances above 100 Watts h m-

2  day 1  supported the colonial life stage and below this irradiance supported the 

flagellate. This control was used to explain bloom initiation and the release of flagellates 

at the end of the bloom. Loss of buoyancy control by colonies during senescence would 

result in sinking and the consequent decline in irradiance would initiate release of the 

flagellate stage (Paperzak 1993). 

The over-wintering strategy of Phaeocystis is unclear. Davies et al. (1992) suggested that 

in the Southern North Sea it over-winters on the sea bed. Penetration of enough light to 

allow proliferation of these benthic cells the following spring (Joint & Pomeroy 1993) 

and grazing of Phaeocystis by benthic organisms suggests such an over-wintering 

strategy is unlikely. Only its flagellate stage is commonly observed to persist in the 

phytoplankton throughout the year (Parke et al. 1971, Boalch 1987). Their hardiness led 

Kornmann (1955), Nost-Hegseth (1982), Boalch (1987), Veldhuis et al. (1986b) and 

Verity et al. (1988b) to proposed that the flagellate represents a spore-like stage, a refuge 
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from conditions stressful or lethal to the colonial stage. In contrast, this stage is capable 

of rapid vegetative reproduction (Kommann 1955, Kayser 1970, Verity et al. 1988b), 

occasionally comprising the majority of the Phaeocystis  bloom (Moths 1971), and by 

returning to the colonial stage, may contribute to the colonial blooms (Kommann 1955, 

Jones & Haq 1963, Cad& & Hegemann 1986, Tande & Bimstedt 1987, Veldhuis & 

Admiraal 1987, Eilertsen 1989, Fryxell 1989, Davidson & Marchant 1992a). Such 

behaviour better befits description as escape from the confines of colonial metabolism to a 

proliferation and dispersal phase rather than a "spore" or "refuge". Alternatively, Jones 

and Haq (1963), Kayser (1970) and Verity et al. (1988b) suggest that the flagellate may 

be part of more complex life cycle changes that result in the development of resistant 

spores. The attached solitary cell stage has also been proposed as over-wintering form of 

Phaeocystis  (Kayser 1970, Sieburth 1979), a life cycle strategy that would, according to 

Sieburth (1979), restrict this alga to inshore or coastal waters. 

4. DISTRIBUTION AND ABUNDANCE 

Phaeocystis scrobiculata  has been reported off New Zealand where it was first described 

(Moestrup 1979), in the East Australian Current (Hallegraeff 1983) and from the 

equatorial Atlantic (Estep et al. 1984) (Fig. 5). The infrequency of reported occurrences 

of this species may reflect a limited geographic range, low abundance, or problems of 

distinguishing it from other Phaeocystis  species. 

Other species of Phaeocystis  are a minor component of the phytoplankton in warm 

temperate and tropical waters (Fig. 5). Guillard and Hellebust (1971) found that a tropical 

isolate of this alga from waters off Surinam grew rapidly in culture and noted, in the light 

of this finding, that the relative absence of Phaeocystis  in warm neritic waters was 

unexpected. Al-Hassan et al. (1990) subsequently reported a bloom of Phaeocystis  in 

Kuwait Bay in the Arabian Gulf, demonstrating that blooms of the species are not 

excluded from tropical waters. Interestingly, Al-Hassan et al. (1990) concluded that such 

near-surface summer blooms of Phaeocystis  were probably due to nutrient enrichment by 
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industries and sewage. Thus, in the absence of nutrient enrichment by human activity 

(Al-Hassan et al. 1990) or upwelling (Margalef 1978), oligotrophic tropical waters may 

not be an environment conducive to the development of its blooms. In comparison with 

the flagellate stage Verity et al. (1991) found that changes in photosynthesis and cellular 

excretion rates as a result of high light and temperature stressed the colonial stage of 

Phaeocystis. This they suggested may explain the relative absence of Phaeocystis colonial 

blooms in tropical and subtropical waters. Observations of Phaeocystis by Al-Hassan et 

al. (1990), Estep et al. (1984), Atkinson et al. (1978), Margalef (1978), Hallegraeff 

(1983), and Hallegraeff and Blackburn (pers. comm.) have extended the range of this 

species in the tropics beyond that reported in Kashkin (1963). 

Phaeocystis is most abundant in polar waters of both the northern and southern 

hemispheres (eg. Savage 1930, Lucas 1940, Hart 1942, Jones & Haq 1963, Kashldn 

1963, Iverson et al. 1979, Eilertsen et al. 1981, Bolter & Dawson 1982, Booth et al. 

1982, Chang 1983, von Bodungen et al. 1986, Garrison et al. 1987, Fryxell & Kendrick 

1988, Verity et al. 1988a, Holm-Hansen et al. 1989a) (Fig. 5). Its blooms frequently 

dominate the phytoplankton (eg. Joint & Pomeroy 1981, Buck & Garrison 1983) where 

it is reported by various authors as contributing 40-83% of the total phytoplankton 

numerical abundance during the productive period (Eilertsen et al. 1981, NOst-Hegseth 

1982), in excess of 90% of the total phytoplankton cell number at its peak (Joins et al. 

1982, Lancelot 1984b, Lancelot et al. 1986, Veldhuis et al. 1986b), and 65% of the 

annual primary production (Joins et al. 1982). In polar waters it is often the first species 

to bloom (eg. Hart 1942, Lutter et al. 1989, Davidson & Marchant 1992a) and frequently 

dominates the algal community within the sea ice (eg. Fryxell et al. 1984, Garrison et al. 

1987, Garrison & Buck 1989b, Gradinger & Baumann 1991, Kang & Fryxell 1993) 

from where it may seed the water column (Fryxell et al. 1984, Fryxell & Kendrick 1988, 

Garrison & Buck 1989b, Gradinger & Baumann 1991, Kang & Fryxell 1993) to 

dominate the ice-edge blooms (eg. Buck & Garrison 1983, Garrison et al. 1987, SooHoo 

et al. 1987, Gradinger & Baumann 1991, Kang & Fryxell 1993). The flagellate stage of 
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• 
P. antarctica is also a major contributor to the ice edge and open water phytoplankton 

community during the austral winter (Ashworth et al. 1990). 

In temperate waters the bloom of Phaeocystis usually occurs after that of diatoms (eg. 

Jones & Haq 1963, Gieskes & Kraay 1975, Cadge & Hegeman 1979, Colijn 1983, 

Cadge 1982, Weisse et al. 1986, Veldhuis et al. 1986b, Lancelot et al. 1987). Here it has 

received much attention from waters of the North Sea where its conspicuous blooms have 

been known since last century (Pouchet 1892, Scherffel 1899, 1900, Gran 1902, Wulf 

1934, Lucas 1940, Kiinne 1952, Kornmann 1955, Eberlein et al. 1985, Owens et al. 

1989, Riegman et al. 1990). These blooms may turn the sea oily, brown and smelly over 

areas more than 170 km across (Savage 1932) but are usually shortlived, collapsing a 

few days after their peak (Rogers & Locicwood 1990). Legendre (1990) proposed that 

avoidance of Phaeocystis by grazers (see Section 5) contributes to the widespread high 

concentrations of this species. 

Continuous plankton records from the North Sea indicate that the abundance of 

Phaeocystis has changed significantly between 1946 and 1987 (Reid 1975, Owens et al. 

1989). In the northeast Atlantic Ocean and North Sea its abundance of has declined 

considerably from their maximum in the late 1940's and autumnal and winter 

occurrences, which were frequent before the mid 1950's, have largely vanished. Van 

Bennekom et al. (1975) and Gieskes and ICraay (1975, 1977) also report a decline in 

Phaeocystis abundance between the 1950's and 1970's. Since 1980 though, the 

occurrence of Phaeocystis has apparently increased again. Owens et al. (1989) observed 

a three yearly cycle in Phaeocystis abundance that was due to large scale physical changes 

which impacted the entire phytoplankton and zooplankton communities. In contrast, 

Phaeocystis abundance in northern European coastal waters, particularly in the region of 

the Wadden Sea, appears to have increased (eg. van Bennekom et al. 1975, Cadge 1986, 

Cadge & Hegeman 1986, Lancelot et al. 1987). It appears that anthropogenic nutrient 

enrichment of stratified coastal waters off northern Europe (eg. Foster et al. 1983, 
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Lancelot et al. 1987) is causing Phaeocystis blooms to attain higher numbers and persist 

longer (Cadee & Hegeman 1986, Lancelot et al. 1987, Cadee 1991). In high latitudes, 

similar to occurrences in enriched waters, Phaeocystis attains very high numbers and 

numerically dominates the phytoplankton for most of the growing season (Eilertsen et al. 

1981, Davidson & Marchant 1992a). 

Phaeocystis is most abundant in spring but also occasionally appears in lesser numbers in 

autumn (Savage 1930, 1932, Jones & Haq 1963, Cad& & Hegeman 1986, Owens et al. 

1989). In contrast, Eilertsen et a. (1981) reported a remarkable year-round occurrence of 

Phaeocystis in Balsfjord, spanning a temperature range of 1 - 7°C while Verity et a. 
(1988a) also reported a winter bloom off Rhode Island. Savage (1930) mentions the 

occurrence of winter blooms in the North Sea. However, Phaeocystis colonies have 

reappeared as a feature of the winter phytoplankton in the Wadden Sea (Cad& & 

Hegeman 1986). This may again reflect the eutrophication of these waters. The seasonal 

span encompassed by this species again underlines its environmental plasticity. 

Blooms of Phaeocystis are frequently reported to occur close to the surface (eg. Margalef 

1978, Eilertsen et al. 1981, Palmissano & Sullivan 1985, von Bodungen et a. 1986, 

Fryxell & Kendrick 1988, Colijn et al. 1990) and many of its physiological adaptations 

point to it being well suited to a high light climate (see Section 6.4). In marked contrast, 

El-Sayed et al. (1983) found P. antarctica from the surface to 150 m depth adjacent to the 

Ross Ice Shelf, Antarctica. Here 25% of the total primary production in the water column 

occurred below the depths of 1% light penetration. In addition, Palmissano et al. (1986) 

found this alga could adapt to as little as 16 ilEm -2s-1  light when advected beneath sea 

ice. Thus, although characteristically recorded as a species that forms near-surface 

blooms, P. antarctica is not restricted to these depths. 
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5. GRAZING 

In northern European waters Phaeocystis blooms may contribute up to 99% of the total 

phytoplankton cell number (Lancelot 1984b) and 65% of the annual primary production 

(Joins et al. 1982). Reports from polar and subpolar waters indicate it plays a similarly 

important role (eg. Bolter & Dawson 1982, El-Sayed et al. 1983, von Bodungen et al. 

1986, Palmissano et al. 1986, Fryxell & Kendrick 1988, Davidson & Marchant 1992a). 

Such a major source of carbon is of considerable significance to higher trophic levels but 

evidence of the trophic fate of Phaeocystis appears contradictory. The complex sequence 

of morphotypes in the life cycle of Phaeocystis may facilitate escape from grazing by 

great changes in particle size (Putt et al. 1994). Furthermore, in excess of 80 - 90% of 

Phaeocystis colonies may be comprised of mucilage (Rousseau et al. 1990) and this 

material is apparently depauperate in nitrogen, phosphorus and nutrition (Billen & 

Fontigny 1987, Lancelot et al. 1987). Conversely, it may also facilitates selective feeding 

on specific types of Phaeocystis by a variety of heterotrophic organisms (Lancelot & 

Rousseau 1994). 

Phaeocystis is variously reported to be of low nutritional value (Sargent et al. 1985, Al-

Hassan et al. 1990, Claustre et al. 1990, Nichols et al. 1991, Bautista et al. 1992, Virtue 

et al. 1993b), incapable of supporting copepod growth and reproduction (Walne 1970, 

Gabbot & Walker 1971, Verity & Smayda 1989), avoided by invertebrates and fish 

(Orton 1923, Savage 1930, 1932, Bradstock & MacKenzie 1981, Martens 1981, Chang 

1983, Schnack 1983, Ainley et al. 1986, Verity & Smayda 1989, Hansen et al. 1990, 

Rogers & Lockwood 1990), inefficiently grazed (Dagg et al. 1982, Daro 1985, Verity & 

Smayda 1989, Hansen et al. 1990, Hansen & van Boekel 1991, Davies et al. 1992, 

Bautista et al. 1994, Marchant & Thomsen 1994) or incapable of being grazed (Pieters et 

al. 1980). In contrast, it is also reported that Phaeocvstis is grazed by protozoa (Admiraal 

& Venelcamp 1986, Weisse & Scheffel-Moser 1990, Davidson & Marchant 1992a, 

Hansen & van Boekel 1991, Hansen et al. 1993) and metazooplankton (Lebour 1922, 
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Nicholls 1935, Sieburth 1960, Maff 1962, Jones & Haq 1963, Fretter & Montgomery 

1968, Schnack 1983, Weisse 1983, Marchant & Nash 1986, Huntley et al. 1987, Tande 

& BAmstedt 1987, Sargent & Falk-Petersen 1989, Weisse & Scheffel-Moser 1990, 

Hansen et al. 1994), that its blooms are not avoided (Jones & Hag 1963, Fryxell et al. 

1984, Weisse et al. 1986) and may provide a substantial proportion of the carbon 

necessary to support heterotrophic production (Lutter et al. 1989). 

5.1. Shellfish 

Feeding studies have shown that few grazers are incapable of ingesting Phaeocystis. 

Pieters et al. (1980) reported that the feeding apparatus of Mytilus edulis became clogged 

with colony mucilage and that this probably resulted in starvation. Phaeocystis was also 

found to be a poor food for adult oysters (Gabbott & Walker 1971) and resulted in 

reduced bivalve spawning success (Walne 1974, Pieters et al. 1980). This suggests that 

the ciliary feeding mode of the bivalves is poorly suited to the ingestion of mucilaginous 

material. Blooms of this alga did not, however, reportedly cause adult bivalve mortality 

in British or New Zealand waters (Gabbott & Walker 1971, Pieters et al. 1980, 

Bradstock & Mackenzie 1981) indicating that normal feeding could resume after the 

Phaeocystis bloom receded. 

5.2. Fish 

Phaeocystis blooms, though reportedly not directly toxic to fish (Parke et al. 1971), are 

also avoided by fish (Orton 1923, Savage 1930, 1932, Bradstock & MacKenzie 1981, 

Chang 1983, Rogers & Lockwood 1990). Savage (1932) refers to the slimy and 

probably unpalatable character of its blooms. Rogers and Lockwood (1990) proposed 

that the sea floor becomes covered with an anoxic layer of senescent Phaeocystis. This 

was avoided by juvenile flatfish and caused widespread mortality amongst benthic 

infauna and littoral invertebrates. No other authors have ventured reasons for the 

observed avoidance. 



68 

5.3 Metazooplankton 

While euphausiids, copepods, cladocerans and meroplanktonic larvae have been shown 

to graze Phaeocystis  (Lebow-  1922, Nicholls 1935, Jones & Haq 1963, Fretter & 

Montgomery 1968, Hansen et al. 1994), the extent of their grazing provides a less 

coherent picture than those so far discussed. Blooms of this species are often massive but 

shortlived. The reproductive response time of metazoa, particularly at low temperatures, 

renders it highly improbable that such grazers as copepods could optimally utilise such a 

temporally transient substrate (Verity & Smayda 1989). Further, Weisse et al. (1986) 

states that the coincidence of Phaeocystis  blooms with an absence of copepods observed 

by Martens (1980, 1981) was not a causal one but instead reflects development of their 

populations in time. This may also explain the declining copepod numbers observed by 

Smayda (1973) during a Phaeocystis  bloom. 

A recurrent result of Phaeocystis  grazing studies is the determination that it is a 

suboptimal substrate. Biochemical analyses have shown that, in comparison with other 

phytoplankton, especially diatoms, Phaeocystis  contain low concentrations of 

polyunsaturated fatty acids, neutral lipids, essential fatty acids and vitamin C (Sargent et 

al. 1985, Claustre et al. 1990, Priscu et al. 1990, Nichols et al. 1991, Virtue 1993b). 

This may partly explain reports of poor growth and reproduction in shellfish (Walne 

1970, Gabbott & Walker 1971, Pieters et al. 1980) and copepods (van Rijswijk et al. 

1989, Verity & Smayda 1989). However, Virtue et al. (1993a) suggests that Euphausia 

5uperb4  may be able to compensate for the low nutritional quality of ,Phaeocystis  

antarctica  by using chain-elongation and desaturation of fatty acid to convert fatty acid 

components lacking in Phaeocystis  to those required for metabolism. It is unknown 

whether other grazers are capable of fatty acid conversion. 

The release of organic substances by Phaeocystis,  particularly DMS (Barnard et al. 1984, 

Gibson et al. 1990), acrylic acid (Seiburth 1960, Guillard & Hellebust 1971) and large 

quantities of carbohydrate (Guillard & Hellebust 1971, Lancelot 1983), may deter 
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organisms from grazing it (Verity & Smayda 1989, Rogers & Lockwood 1990, Hansen 

& van Boekel 1991, Bautista et al. 1994, Davies et al. 1992, Marchant & Thomsen 1994) 

or occupying the same watermass (Smayda 1973, Martens 1980, 1981). Verity and 

Smayda (1989), refute this proposition on the basis that if colonies are ingested by some 

large suspension feeding copepods they cannot be chemically undesirable to these species 

and may not be to any species. Recently however, Estep et al. (1990) found in field 

studies that predation on Phaeocystis  colonies by three copepods species was dependant 

upon the physiological state of the alga. The copepods Calanus finmarchicus,  C. glacialis  

and C. hyperboreus  avoided actively photosynthetic colonies but ingested senescent 

ones. Estep et al. (1990) also attributed this avoidance to the release of chemical 

deterrents by actively growing Phaeocystis,  possibly acrylic acid or DMS. These results 

are at variance with those of Tande and BArnstedt (1987) and Hansen et al. (1990) who 

found the same copepod species actively grazing freshly cultured Phaeocystis.  

As discussed earlier (see Section 3.2.1), flagellate Phaeocystis  are 3 to 8 tm in diameter 

(Kornmann 1955, Kayser 1970, Parke et al. 1971). The nutritional value of the 

flagellates is equivalent to Chaetoceros  for Calanus  spp. (Tande & Bamstedt 1987). 

Nichols et al. (1991) showed that the flagellate had a higher lipid and fatty acid content 

than the colonial stage, making it a better source of nutrition. The size of colonies ranges 

from little larger than the flagellate to 2 cm in diameter. Thus, alternation by Phaeocystis  

between the colonial and flagellate stages allows changes in size of over three orders of 

magnitude (Parke et al. 1971, Gieskes & ICraay 1975, Verity et al. 1988a). This would 

have profound effects on the capacity of zooplankton to graze its blooms and the 

efficiency with which they are grazed, potentially making this alga relatively unavailable 

to metazooplankton (Reynolds et al. 1982, Verity et al. 1988b). 

Schnack (1983) and Miller and Hampton (1989) reported that omnivorous copepods and 

those with a "mixed and raptorial feeding mode" in the Southern Ocean grazed P. 

antarctica  while filter feeders did not. In spite of the ability of krill to graze this alga, it 
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appears that diatoms make up most of the diet of krill in Antarctic waters (Meyer & El-

Sayed 1983, Miller & Hampton 1989). Raptorial grazing by copepods on Phaeocystis 

was reported by Weisse (1983) who found that colonies between 50 and 350 gm 

diameter were preferred. Calanus finmarchicus, C. hyperboreus and Thysanoessa spp. 

grazed Phaeocystis colonies from 30 to 100 gm diameter at the same rate as diatoms and 

tended to ignore large colonies (Hansen et al. 1990, 1994). They also found that animals 

at later developmental stages preferred the larger food particles. Large suspension feeding 

copepods also appear capable of grazing Phaeocystis (Huntley et al. 1987, Tande & 

Bamstedt 1987) while Miller and Hampton (1989) suggest that this alga is avoided by 

most small metazooplankton. Larger colonies escaped predation by copepods (Grineli et 

al. 1993). However, feeding and swimming activity of the copepods (Thysanoessa spp., 

Calanus hyperboreus and C. finmarchicus) is apparently responsible for fragmentation of 

colonies and release of solitary colonial cells (Hansen et al. 1994). The resulting changes 

in particle size change the availability Phaeocystis colonies to higher trophic levels. 

Calanus finmarchicus and C. hyperboreus can both grow on a diet of Phaeocystis (Tande 

& Bamstedt 1987) as can Acartia clausi and Ternora longicornis (Weisse 1983). 

However, Verity and Smayda (1989) found that grazing rates of Acartia hudsonica and 

A. tonsa on Phaeocystis flagellate cells and colonies were very low and that egg 

production was related to the concentration of diatoms alone. When offered only 

Phaeocystis, egg production of the copepods fell to the level of the starved controls. In a 

field study Claustre et al. (1990) found that, although Phaeocystis comprised 97% of the 

algal biomass, the diatoms comprised some 74% of the copepod diet. 

Lancelot and Rousseau (1994) propose that colonisation of decaying colonies by attached 

auto- and heterotrophic communities could considerably alter the nutritional quality of 

Phaeocystis colonies. Enhanced food quality as a result of such colonisation may explain 

the findings of Estep et al. (1990) that predation rate on Phaeocystis colonies changed as a 

function of their physiological state, increasing markedly during senescence. However, the 
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ability of colonies to bud and cleave (see section 3.3.3) escapes such microbial colonisation 

and may avoid grazing of potentially susceptible free living cells (Lancelot & Rousseau 

1994). Initiation of flagellate release upon the decline of Phae,ocystis blooms (see section 

3.2.4) would also reduce cell loss by sedimentation and grazing of senescent colonies. The 

growth rate of flagellate cells is apparently higher than the colonial life stage (Baumann et 

al. 1994). At the inception of blooms rapid growth and proliferation of flagellate cells may 

provide the initial buildup of Phaeocystis concentration. By forming colonies, these free-

living cells may escape being grazed (Verity et al. 1991). 

5.4. Microheterotrophs 

Microheterotrophs appear capable of grazing Phaeocystis (Hollowday 1949, Fryxell et al. 

1984, Admiraal & Venekamp 1986, Lutter et al. 1989, Wassmann et al. 1990, Weisse & 

Scheffel-Moser 1990, Davidson & Marchant 1992a, Hansen & van Boekel 1991, 

Hansen et al. 1993). Ciliates, heterotrophic dinoflagellates and choanoflagellates are well 

suited to rapid population increase in response to the spectacularly rapid development of 

Phaeocystis blooms and Admiraal and Venelcamp (1986) suggested that tintinnid grazing 

was sufficient to limit the duration of its bloom. Grazing of solitary Phaeocystis cells by 

protozoa reportedly greatly exceeds that by the copepod Temora longicornis (Hansen et 

al. 1993). However, T. longicornis grazes protozoa. The resulting decline in protozoan 

concentration reduces grazing pressure on Phaeocystis cells by 21 and 67% (Hansen et 

al. 1993). Thus, metazooplankton may enhance the relative abundance of Phaeocystis by 

preferentially grazing co-occurring phytoplankton species (Verity & Smayda 1989, 

Claustre et al. 1990) and by consuming organisms that graze Phaeocystis. Furthermore, 

utilisation of Phaeocystis blooms by microheterotrophs and the "microbial loop" may 

form an important link with higher trophic levels (Davidson & Marchant 1992a, Hansen 

& van Boekel 1991, van Boekel et al. 1992, Fernandez et al. 1992, Hansen et al. 1993, 

Thingstad & Billen 1994, Weisse et al. 1994). 
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In summary, proto- and metazooplankton will graze Phaeocystis (Table 2). The extent 

and rate of their grazing is limited by feeding behaviour and the structure and geometry of 

their feeding apparatus. These change with the developmental stage of a grazer and 

determine significantly the particle size available to it. The structural limitation of particle 

size available to a grazer is of particular importance when considering Phaeocystis  

because of the enormous potential range in size of this alga. However, zooplankton 

capable of consuming Phaeocystis colonies over a particular size range will do so (Table 

2). Thus, particle size alone may largely determine zooplankton grazing pressure on 

Phaeocystis blooms. Senescent decline of Phaeocystis colonies also reportedly 

ameliorates proposed chemical and nutritional deterrents to grazers. Clogging of feeding 

appendages (Martens 1981, Schnack 1983) is likely to effect those organisms using 

specific modes of feeding. Fragmentation of Phaeocystis colonies by swimming and 

feeding activity (Hansen et al. 1994) or other agents of mechanical disruption may release 

solitary colonial cells from the colony matrix and avoid clogging of the feeding apparatus. 

5.5. The fate of Phaeocystis  blooms 

Selective avoidance of Phaeocystis by grazers may contribute to the development of its 

blooms (Verity & Smayda 1989). Holligan (1987) and Paerl (1988) point out that it is often 

species like Phaeocystis and Gyrodinium aureolum, which are avoided by grazers, that 

form exceptional blooms. Claustre et al. (1990) found only 1.5% of the biomass of a 

Phaeocystis bloom was grazed by copepods, the remainder apparently being lost to the 

pelagic food web. The unique physiology of Phaeocystis and growth of this alga relatively 

unconstrained by grazing mortality results in massive accumulations of organic carbon and 

nitrogen (Wilier & Dawson 1982, Davidson & Marchant 1992a) which sediment within the 

euphotic zone to give the highest POC and PON sedimentation rates ever recorded 

(Wasstnann et al. 1990). However, its blooms apparently contribute little to direct carbon 

flux to the deep ocean as much of the carbon fixed by this alga is respired by 

microheterotrophs and bacteria in the upper 100 m (Wassmann et al. 1990, 1991, Davidson 



Table 2. Trophic and avoidance responses of organisms to Phaeocystis. Physical avoidance refers to organisms that avoid waters containing Phaeocystis 
blooms. Preferential avoidance refers to organisms that avoid grazing Phaeocystis but graze co-occurring phytoplankton species. Abbreviations: Acrylic 
acid (AA), dimethylsulfide (DMS), particulate and dissolved organic carbon (POC and DOC respectively) and NA means not applicable. 

Organisms Feeding Mode Avoidance Proposed 
Characteristics 
and Processes 

Effect Amelioration of Effect Recorded 
Grazers of 
Phaeocystis 

Proposed Reason 
for Grazing 

Fish Do not graze Physical Chemically and 
physically deter 
(AA, DMS and 
anoxia), mucilage 

Clogging of 
gills 

NA NA NA 

Shellfish Ciliary Preferential Mucilage cloggs 
feeding 
appendages 

Starvation Yes 

Benthic infauna (Rogers 
and Lockwood (1990) 

No report of 
grazing 

Unable to avoid Sedimented 
anoxic bloom 

Asphyxiation - 

Protozoa Ciliary, 
pseudopodia!, 
filter 

No 	, NA NA Senescent colonisation by bacteria and 
build-up of POC and DOC 

Yes Rapid division rates 
and abundant carbon 
substrate 

Metazooplankton 
(Euphausiids, copepods, 
cladocerans, meroplanktonic 
larvae) 

Filter and 
raptorial feeding, 
selective grazers 

Preferential Poor nutritional 
quality 

Reduced 
growth, egg 
production 

Senescent colonisation by bacteria and 
microheterotrophs 

Yes Increased nutritional 
quality 

Chemically deter 
(AA and DMS) 

Not toxic Senescent physiological state Yes Not deterrent 

Physical Trophic mismatch Sub-optimal 
grazing 

NA Yes 

Mucilage cloggs 
feeding 
appendages 

Inefficient 
grazing 

Disruption of colony Yes Releases solitary 
colonial cells from 
mucilage 

Particle size of 
colonies 

Escapes 
predation 

Swimming and feeding-induced 
colony fragmentation 

Yes Particles within 
structural limits of 
feeding apparatus 
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& Marchant 1992a, Riebesell 1993, Wassmann 1994, Passow & Wassmann 1994, 

Brussaard et al. 1995). Avoidance of Phaeocystis by grazing zooplankton would mean that 

this alga also contributes little to vertical carbon flux as faeces and moulted exoskeletons 

(Marchant & Davidson 1991). Thus, despite accounting for a significant proportion of the 

primary production in the higher latitudes, the poor pelagic to benthic coupling of 

Phaeocystis blooms means that it is unlikely to play an important role in sequestration of 

carbon from the atmosphere (Wassmann 1994). 

Some authors report that Phaeocystis spp. colonies are positively buoyant (Skreslet 1988, 

Reibesell 1993). While aggregate formation as a result of turbulent mixing may result in 

accelerated sinldng rates, the potential for Phaeocystis to form aggregates is apparently low 

in comparison with diatoms (Reibesell 1993). In contrast, Wassmann et al. (1991) 

observed very rapid sinking of a Phaeocystis bloom in the Barents Sea. This alga also has 

been found to contribute to carbon flux to deep Atlantic waters as a result of subduction of 

its blooms beneath Arctic surface water (Smith et al. 1991). Thus, Phaeocystis spp. blooms 

may contribute to deep carbon flux under specific conditions. The physical conditions 

responsible for the rapid sinking observed by Wassman et al. (1991). However, repeated 

observations that Phaeocystis blooms sink slowly (eg. Wassmann 1994) suggest that rapid 

sinking is uncharacteristic. 

6. PHYSIOLOGY 

Phaeocystis possesses a peculiar physiology (Lancelot et al. 1987) and it is in the colonial 

stage that these peculiarities are exhibited, enabling it to outcompete other algae. Despite 

the importance and ubiquity of Phaeocystis, its physiology, growth and metabolism are 

not well understood. 

6.1. Growth 

The factors that determine the growth rate of Phaeocystis are the subject of some 

conjecture. It has been found to depend on inorganic nutrient availability, irradiance, 
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and/or temperature (Batje & Michaelis 1986, Weisse et al. 1986, Lancelot & Mathot 

1987, Verity et al. 1988a). Lancelot and Mathot (1987) found that photosynthetic rate, 

mucilage production, and thus to some extent increase in colony diameter, are 

independent of both ambient nutrient concentration and temperature. However, Verity et 

al. (1988a) indicated that irradiance and nitrate concentration appear to be the two major 

determinants of growth and photosynthetic rates in Phaeocystis. 

In the only report describing the genesis of a Phaeocystis bloom, Batje and Michaelis 

(1986) reported isolated patches of red-brown discolouration which increase in diameter 

and spread over the entire area. Thus, the cells necessary as a seed source for the bloom 

as well as the conditions conducive to their proliferation occur simultaneously and 

independently over a considerable area. This gives rise to patches of Phaeocystis which 

coalesce during development of the bloom. Its outbursts have been attributed to various 

physical and biotic factors (see Section 6.3, 6.4) however, the factor/s initiating blooms 

are unclear (Cadee & Hegemann 1986, Weisse et al. 1986, Lancelot et al. 1987). 

Weisse et al. (1986) reported that Phaeocystis blooms occur between the spring diatom 

bloom and the development of the summer phytoplankton assemblage in temperate 

latitudes. They concluded that Phaeocystis does not replace other species but instead 

provides extra production to the system. This is not true of polar waters where 

Phaeocystis commonly precedes the diatom bloom (Gran 1929, 1930, Smayda 1980, 

Davidson & Marchant 1992a) and seems only partially sustainable in temperate latitudes 

where Phaeocystis is commonly observed to have an antagonistic effect on co-occurring 

phytoplankton. Proliferation of Phaeocystis inhibits the development of populations of 

other phytoplankton groups (Lucas 1940, Jones & Haq 1963, Smayda 1973, Barnard et 

al. 1984, Admiraal & Venekamp 1986, Batje & Michaelis 1986, Veldhuis et al. 1986b, 

Weisse et al. 1986, Davidson & Marchant 1992a). Thus, it is equally possible that the 

bloom of Phaeocystis interrupts or terminates the diatom bloom. Possible reasons for this 

limitation of other algae include preferential grazing by copepods on diatoms (eg. Verity 
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& Smaycla 1989, Claustre et al. 1990), the ability of Phaeocystis to outcompete other 

phytoplankton for macronutrients (Laandbroek et al. 1985), silicate depletion by diatoms 

(Verity et al. 1988a) and accumulation of trace metals by Phaeocystis (Davidson & 

Marchant 1987, Lubbers et al. 1990). These are discussed in more detail in Section 6.3. 

6.2. Temperature 

Phaeocystis grows in a wide variety of environments. Kashkin (1963) characterised this 

species by as eurythermal and reports indicate that Phaeocystis isolated from different 

thermal environments have different temperature tolerances (Table 3). Growth rates 

presented are merely indicative as they are not maximum growth rates; these also vary 

between strains. Originally, Phaeocystis was thought to have developed many thermally 

distinct strains. The extent of the thermal range, though still extensive, has been reduced 

by the taxonomic resurrection of P. antarctica and P. globosa. Baumann et al. (1994) 

attempt to define the thermal limits of the Phaeocystis species now recognised. P. 

antarctica tolerates temperatures down to -2°C and Baumann et al. (1994) state that the 

upper temperature tolerated is 2°C. However, isolates of P. antarctica from Prydz Bay, 

Antarctica, maintain healthy growth at 4°C (Marchant et al. 1991). Thus, the upper limit 

of temperature tolerance of this species remains unknown. P. pouchetii reportedly 

tolerates temperatures between -2 and 14°C and P. globosa tolerates temperatures 

between 0- 22°C (Baumann et al. 1994), though differences exist between isolates. The 

taxonomic identity and temperature tolerance of Phaeocystis reported from equatorial 

waters is unknown but it survives temperatures in excess of 36°C (Al-Hassan et al. 

1990). 

The range of temperature occupied by each species suggests that no absolute temperature 

can be proposed for bloom initiation throughout its range (Jones & Haq 1963, Weisse et 

a. 1986). Thus it appears that no one temperature initiates Phaeocystis blooms at a single 

site (Cadee & Hegeman 1986, Weisse et al. 1986). Strains of differing thermal tolerance 

would be expected to respond differently to temperature change. Thus, it may be the rate 



77 

or magnitude of the change in temperature that elicits a physiological response from the 

alga (Verity et al. 1988a). 

Table 3. The temperature tolerance and growth rates of different strains of Phaeocystis 
isolates from tropical, temperate and polar waters. 

Temperature at 

which growth rate 

calculated (°C) 

Temperature range 

of growth (°C) 

Growth rate 

(Doublings / Day) 

Author 

2-6 2-12 0.16-0.8 Verity et al. 1988a 

3-6 Not Given 0.4-1.1 Nost-Hegseth 1982 

4 Not Given 0.22 Marchant et al. 1991 

6 4-13 0.8-1.3 Guillard & 

Hellebust 1971 

15 5-18 Not Given Kayser 1970 

15 7-20 3.4 Grimm & Weisse 

1985 

20 17227 1.5-2.0 Guillard & 

Hellebust 1971 

6.3. Nutrients 

The concentrations of nitrate (Bougard 1979, Eilertsen & Taasen 1984, Batje & Michaelis 

1986, Reignian et al. 1990) or phosphate (Jones & Hag 1963, van Bennekom et al. 1975, 

Gieskes & Kraay 1975, Veldhuis et al. 1986b) have been suggested as significant 

determinants of the timing, extent and duration of the Phaeocystis  bloom. This alga is 

reportedly tolerant of low concentrations of phosphate (Weisse et al. 1986) which may be 

due to its reported ability to store phosphate in the colonial stage (Veldhuis & Admiraal 

1987). Unlike the flagellate stage, uptake of phosphate by colonial cells is maintained in the 

dark and the energy requirements for this dark assimilation are met by catabolism of 

intracolonial carbon (see Section 6.5) (Veldhuis et a. 1991). However, Cariou et al. (1994) 
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found that phosphate concentrations between 0.3 and 51.1M were required to support the 

colonial stage (see section 3.2.4). This apparent obligate requirement for moderate 

phosphate concentration by the colonial stage of Phaeocystis is supported by its ability to 

utilise organic phosphate substrates by alkaline phosphatase activity (APA) (van Boekel & 

Veldhuis 1990). APA hydrolyses the P-O-C bonds of organic phosphates, releasing 

inorganic phosphate for uptake by the cells. Many organic phosphate substrates supported 

equivalent growth of P. pouchetii to that of inorganic phosphate (van Boekel 1991). Thus, 

APA enhances phosphate availability to P. pouchetii colonies and may aid their persistence. 

However, APA synthesis decreased at inorganic phosphate concentrations below 0.511M 

(van Boekel & Veldhuis 1990) indicating that APA may do little to ameliorate phosphate 

limitation under conditions of severe inorganic phosphate depletion. APA also did not 

increase under elevated organic phosphate concentrations (van Boekel & Veldhuis 1990). 

High organic phosphate concentrations would therefore be under-utilised. 

Phaeocystis appears adept at growing under conditions of low nitrate concentration 

(Verity et al. 1988a). The colonial stage of this alga predominates in nitrogen controlled 

environments (see section 3.2.4). While providing both a store of nutrient and carbon 

substrate, the mucilaginous envelope of the colony does not greatly impede nutrient 

uptake rates (Veldhuis et al. 1987, 1991). Jaluike (1989) contends that Phaeocystis has a 

relatively poor capacity to store phosphate and indicates that it would not provide a 

competitive advantage over diatoms. However, the nutrient uptake dynamics reported by 

Veldhuis et al. (1991) may provide an advantage over organisms limited to nutrient 

assimilation during exposure to light. In contrast, the proposed tolerance of low 

macronutrient concentration does not explain the almost exclusive occurrence of flagellate 

Phaeocystis in oligotrophic waters (Estep et al. 1984) and nutrient enrichment resulting in 

the appearance of the colonial stage in tropical waters (Al-Hassan et al. 1990). 

The observed capacity of Phaeocystis to thrive at low macronutrient concentration (Jones 

& Hag 1963, Bougard 1979, Eilertsen & Taasen 1984) appears advantageous to the 
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species in temperate latitudes where its blooms occur after the diatom bloom (eg. Eberlein 

et al. 1985, Batje & Michaelis 1986, Veldhuis et al. 1986b, Weisse et al. 1986, Veldhuis 

et al. 1988). Apparently, nitrate in particular remains in the water column following the 

diatom bloom (Batje & Michaelis 1986, Weisse et al. 1986) and this nutrient may well 

determine the magnitude of the Phaeocystis bloom (Bougard 1979, Eilertsen & Taasen 

1984, Lancelot et al. 1986, Verity et al. 1988a, Colijn et al. 1990). Data from El-Sayed et 

al. (1983) indicate that P. antarctica blooms result in significantly greater depletion of 

nitrate than other phytoplankton species. Most authors (Jones & Haq 1963, van 

Bennekom et al. 1975, Gieskes & Kraay 1975, Cadee & Hegeman 1986, Weisse et al. 

1986, Veldhuis et al. 1986b, Veldhuis 1987) agree that phosphate depletion eventually 

limits the Phaeocystis bloom, others (Lancelot 1983, Lancelot 1984b, Lancelot & Billen 

1984, Lancelot & Mathot 1985) however, reported nitrogen as being the limiting nutrient. 

In contrast to diatoms, Phaeocystis has no nutritional requirement for silicate (eg. 

Codispoti et al. 1990, Stefansson & Olafsson 1990). This may account for the 

appearance of Phaeocystis blooms after diatoms in the temperate latitudes. Diatoms 

exhaust the available silicate during their blooms and several authors (Jones & Haq 1963, 

Jones & Spencer 1970, van Bennekom et al. 1975, Gieskes & Kraay 1975, Cadee & 

Hegeman 1979, 1986, Colijn 1983, Veldhuis et al. 1986b, Weisse et al. 1986, Veldhuis 

& Adnairaal 1987, Verity et al. 1988a) propose that this allows Phaeocystis to utilise the 

remaining macronutrients. Verity et al. (1988a) also showed that in mixed phytoplankton 

communities, replenishment of silicate results in co-occurrence of Phaeocystis and 

diatoms. In contrast, Laandbroek et al. (1985) reported that silicate remains in the water 

column during the Phaeocystis bloom and declined after its collapse. The fact that silicate 

remained unused by diatoms during the Phaeocystis bloom was considered evidence that 

Phaeocystis outcompetes diatoms for nutrients (I,aandbroek et al. 1985). 

No mechanism has been proposed to determine the position of Phaeocystis in the 

phytoplankton species succession in polar waters. Unlike cool temperate and sub-polar 
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waters, such as the North Sea and English Channel, blooms of Phaeocystis  do not 

develop following limitation of diatom abundance by silicate depletion. In polar waters 

Phaeocystis  is the first species to bloom (see Section 4). It remains to be seen what 

causes this fundamental difference in its behaviour in polar waters. 

The lack of dependence by Phaeocystis  on silicate concentration may be important in 

determining its proliferation in coastal waters of the North Sea. Agricultural runoff and 

domestic waste have enriched these waters with nitrate and phosphate but not silicate. 

This selectively advantages flagellates at the expense of diatoms (Owens et al. 1989) and 

at least some strains of Phaeocystis  appear well suited to proliferating in these eutrophic 

conditions (Lancelot et al. 1987). Nutrient enrichment increases the concentration and 

duration of blooms of this alga (eg. Lancelot & Billen 1984, Cad& & Hegeman 1986, 

Lancelot et al. 1987). Thus, Phaeocystis  can proliferate in a broad spectrum of nutrient 

environments from diatom depleted concentrations to the eutrophic levels encountered in 

Northern European coastal waters (Veldhuis et al. 1987). 

Nutrient stress has been observed in Phaeocystis.  At low concentrations it causes 

increased carbon to chlorophyll a, nitrogen and ATP ratios and, under conditions of 

chronic deprivation, results in the alga assuming the flagellate form (Verity et al. 1988b). 

Low phosphate concentrations also lead to increased carbon excretion rates (Veldhuis et 

al. 1986a), an increase in alkaline phosphatase activity (Adrniraal & Veldhuis 1987, 

Veldhuis & Admiraal 1987) and usage of enzymatically hydrolysable phosphorus 

(Veldhuis et al. 1987). Low nitrate concentration leads to decreased protein synthesis, 

increased production of polysaccharides (Lancelot et al. 1986), and a greater proportion 

of production being expended on secretion of mucilage than metabolism (Lancelot 1983, 

Lancelot & Mathot 1987). Such metabolic effects of nutrient deprivation may exclude 

Phaeocystis  from blooming in oligotrophic tropical waters. 

Highly nutrient enriched culture media have also been reported as increasing proportion 

of flagellates in cultured Phaeocystis  (Kayser 1970, Veldhuis & Admiraal 1985, 1987) 
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and data from Batje and Michaelis (1986) and Cad& and Hegeman (1986) suggest that 

the number of flagellate blooms in eutrophic waters of the coastal northern Europe has 

increased (Owens et al. 1989). Antarctic waters are rich in macronutrients (Jacques 1983, 

Holm-Hansen et al. 1977). However, blooms of Phaeocystis from these waters 

reportedly consist almost entirely of the colonial stage (eg. Buck & Garrison 1983, 

Fryxell & Kendrick 1988, Davidson & Marchant 1992a). Changes observed in the 

concentration of the flagellate life stage during the Phaeocystis bloom, are likely to reflect 

changes in life stage rather than being related to nutrient concentration (Davidson & 

Marchant 1992a). Colonial and flagellate cells have been observed at all nutrient 

concentrations that would support Cell growth (Veldhuis & Admiraal 1987, Verity et al. 

1988a). Thus, unlike temperature changes (Verity et al. 1988b), change in nutrient 

concentration did not elicit a change in cell stage by the entire Phaeocystis population. 

Instead it caused a shift in the ratio of flagellate to colonial cells (Kayser 1970, Veldhuis 

& Admiraal 1985). Verity et al. (1988b) proposed that such changes may also be 

determined by endogenous factors such as the possible development of sexuality, or 

behavioural factors including escape from conditions that are stressful to the colonial 

stage. 

Phaeocystis has been shown to accumulate trace metals (Morris 1971), particularly 

manganese (Davidson & Marchant 1987, Lubbers et al. 1990). This accumulation of up 

to 75% of the available soluble manganese is caused by photosynthetic CO2 uptake and 

02 evolution which increases the pH and Eh within the microenvironment of the colony 

(Lubbers et al. 1990). The increased pH results in oxidation of the manganese to an 

insoluble brown precipitate and Davidson and Marchant (1987) reported that it is the 

presence of these oxides in the colony matrix that accounts for the characteristic 

colouration of Phaeocystis blooms (eg. Savage 1930, El-Sayed et al. 1983). Colonial 

Phaeocystis also has a demonstrated bacteriocidal capacity (see section 6.9) which would 

result in limited remineralization of the accumulated manganese. Thus, by accumulating 

this micronutrient which is essential to plant growth (O'Kelly 1974) and limiting its re- 
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release this alga may mediate the phytoplankton species succession (Davidson & 

Marchant 1987, Lubbers et al. 1990)._ 

Although the availability of nitrogen and phosphorus clearly effects the onset of 

Phaeocystis blooms, there are no absolute concentrations that trigger their onset (Table 

4). They are a poor determinant of the relative proportions of each stage in the life cycle 

of natural blooms of this species. Thus, life stage and bloom development by this species 

is apparently mediated by a number of environmental factors, one of which is 

macronutrient concentration. 

Mixotrophy has been proposed for this alga (Chu 1946, Kornmann 1955, Jones & Haq 

1963, Foster et al. 1983, Weisse et al. 1986) but not demonstrated. Weisse et al. (1986) 

suggested utilisation of diatom ectocrines by Phaeocystis while Boalch (1984) found that 

formation of colonies from the flagellate stage of Phaeocystis was enhanced by chemical 

products of Chaetoceros. Weisse et al. (1986) also postulated the converse, namely that 

ectocrines from blooms preceding Phaeocystis were inhibitory to its development. No 

empirical data have been provided to support such an interaction and these suggestions 

perhaps better reflect the lack of understanding of Phaeocystis bloom initiation than any 

real mixotrophic activity. Addition of soil extract to cultures reportedly enhances growth 

of Phaeocystis and it has been suggested that this represents mixotrophic utilisation of 

terrigenous compounds (Chu 1946, Kommann 1955, Jones & Haq 1963). In contrast, 

Kayser (1970) found that Phaeocystis grew poorly in culture media containing soil 

extract. Such differences probably reflect the variability in soil quality but may be due to 

other differences in the culture medium. 

Our observations indicate Phaeocystis antarctica does grow well in media containing soil 

extract. However, no tnixotrophic nutrient sources are obligatory as the colonial stage 
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Table 4. Effect of macronutrient concentration on the physiology and life cycle of 

Phaeocystis.  

' 
Nitrogen Phosphorus 

Intracolonial 

Accumulation 

Yes Yes 

Low Concentration Tolerant Tolerant 

Effect at Low 

Concentration 

1.Decreased protein 
synthesis 
2. Decreased , 
polysaccharide production 
3. Increased proportion of 
production as mucilage 

1. Increased carbon 
excretion rates 
2. Increased alkaline 
phosphatase activity 
3. Use of enzymatically 
hydrolysable phosphate 

Limits Duration & 
Extent of Blooms 

Yes Yes 

In Culture 

Colonial Stage Favoured 
Flagellate Stage Favoured 

Low Concentration 
High Concentration 

Low Concentration 
High Concentration 

In u.itu 

Colonial Stage Favoured 

Flagellate Stage Favoured 

1.N controlled eutrophic 
northern european waters 
2. High N polar waters 
3.Eutrophic Tropical 
waters 

1.Low N oligotrophic 
warm temperate & tropical 
waters 
2. High N in eutrophic 
northern european waters 

1.High P:N ratio eutrophic 
northern european waters 
2. High P polar waters 
3. Eutrophic Tropical 
waters 

1.Low P oligotrophic 
warm temperate & tropical 
waters 
2. High P in eutrophic 
northern european waters 
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was successfully maintained over more than six culture generations in Aquil synthetic 

sea-water (Morel et al. 1979) from which soil extract and vitamins were omitted 

(Davidson unpubl.). Experiments using 1.97 and 0.21 micron diameter, protein-coated 

flourescently labelled microspheres and 9400 molecular weight fluorescent dextrans (after 

Marchant & Scott 1993) showed no evidence of uptake by Phaeocystis  motiles after 

incubation for 1 day at 2°C in the dark (Davidson unpubl.). 

6.4. Light 

Reported responses of Phaeocystis  to light intensity vary. Verity et al. (1988a) claim that 

it is able to utilise light at higher irradiances than other algae. This is consistent with 

reports of Phaeocystis  being commonly observed in surface waters. Again, however, this 

alga exhibits extraordinary environmental plasticity. It is reported to adapt to light 

climates ranging from 1600 gEm -2s-1  (Palmissano & Sullivan 1985) for P. antarctica  to 

16 gEm-2s4  (Palmissano et al. 1986). Eilerisen (1989) and Joint and Pomroy (1981) 

report high photosynthetic efficiency of both the colonial and flagellate Phaeocystis  at low 

light intensities. Palmissano et al. (1986) showed that P. antarctica  adapted to the low-

light conditions beneath sea ice by increasing its photosynthetic efficiency three to four 

fold per unit chlorophyll A and two to three fold per cell. This adaptation reportedly 

involved increasing its absorption of blue-green wavelengths (SooHoo et al. 1987). 

While able to adapt to low light intensities, saturating light intensities for Phaeocystis  are 

reportedly high (Colijn 1983). Lancelot and Mathot (1987) found that low light adapted 

Phaeocystis  suffered no significant light inhibition at high intensities and they proposed 

that this may be due to attenuation of light by the mucilaginous envelope. However, this 

is unlikely as Marchant et al. (1991) showed that the wavelengths absorbed by mucilage 

are too short for it to afford significant protection against solar radiation. 

The colonial stage of P. antarctica  strongly attenuated ecologically significant light 

wavelengths below 370 nm (Marchant et al. 1991) irrespective of past UV climate. 
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Production of UV-absorbing compounds could, however, be further enhanced by 

irradiation with UV-B light. Possession of these compounds by the colonial stage 

provides substantial protection against damage by UV-B radiation, however, the 

flagellate stage lacks the pigmentation and temperate, tropical and northern hemisphere 

colonial strains of Phaeocystis  contain 5 to 10 times less of these absorbing compounds 

and are correspondingly less able to survive UV-B exposure (Marchant et al. 1991). 

The ice-edge bloom provides much of the production in the Southern Ocean (Smith & 

Nelson 1986) which is a major nutrient source to sustain the abundant life at higher 

trophic levels. P. antarctica  is a significant contributor to these blooms (eg. SooHoo et al. 

1987, Garrison et al. 1987, Fryxell & Kendrick 1988) and producing UVB-absorbing 

compounds is consistent with its occupancy of these near surface waters. However, 

spring-time UV-B irradiances are increasing due to stratospheric ozone depletion 

(Stolarski et al. 1986) and these enhanced UVB irradiances coincide with the ice-edge 

bloom. This led Marchant and Davidson (1991) to propose that P. antarctica  could 

become increasingly dominant at the expense of diatoms in these waters. In contrast, 

Smith et al. (1992) showed that growth of P. antarctica  was significantly decreased by 

exposure to UVB radiation. Karentz and Spero (1995) found that the concentration of P. 

Antarctica  in the Bellinghausen Sea was positively correlated with changes in ozone and 

813C of seawater CO2;E 	and concluded that P. antarctica  is rapidly and adversely 

effected by UVB exposure. However, the physiological state of cells in the study by 

Smith et al. (1992) is unknown and the study by Karentz and Spero (1995) did not 

measure other possible causes for P. antarctica  mortality such as colony disruption or 

grazing. 

Competition experiments were conducted using P. antarctica  mixed with selected species 

of Antarctic diatoms and exposed to natural Antarctic solar irradiance (Davidson et a. in 

press). These showed that P. antarctica  dominated at the expense of diatoms in treatments 

exposed to UVB wavelengths. This could profoundly effect the food web function, 
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nutritional status and production of higher trophic levels (Section 5.). In addition, P. 

antarctica appears to contribute less than diatoms to the direct vertical flux of carbon to 

deep water and the sea floor (see section 5.5) and would contribute little to carbon flux as 

faeces and moulted exoskeletons as Phaeocystis is reportedly poorly linked to higher 

trophic levels (Claustre et al. 1990). This may significantly reduce the capacity of the 

Southern Ocean to act as a sink for atmospheric CO2 (Marchant & Davidson 1991). 

6.5. Biochemical Composition 

The commonly used technique of filtration to separate particulate from dissolved organic 

matter and cellular from extracellular material results in loss of colony matrix and contents 

to the filtrate (Bolter & Dawson 1982, Lancelot 1984b, Veldhuis & Admiraal 1985, 

Veldhuis et al. 1986a, Lancelot & Mathot 1987, Verity & Smayda 1989, Rousseau et al. 

1990, Davidson & Marchant 1992a). Thus, it is difficult to discriminate between P. 

pouchetii cell contents, colony contents and extracolonial excretion (Wilier & Dawson 

1982, Eilertsen & Taasen 1984, Lancelot 1984b, Veldhuis & Admiraal 1985, Verity & 

Smayda 1989). 

As discussed earlier (Section 3.2.3) the extent of extracellular release by P. pouchetii  

reportedly ranges from 5 - 80% of its photoassimilated carbon. In addition, the amount of 

extracellular release by a population also varies over time (Veldhuis et al. 1986a). The 

majority of the substances released are low molecular weight mucopolysaccharides 

(Guillard & Hellebust 1971, Lancelot & Mathot 1987, Fernandez et al. 1992). These may 

comprise around 40% of the primary production and are mainly utilised as colony matrix 

(Lancelot 1984a, Lancelot & Mathot 1987). As a consequence colonies have high carbon: 

nitrogen and carbon: chlorophyll ratios (Verity et al. 1991). The colony matrix forms a 

biofilm in which mutually dependent biological and chemical processes are occurring for the 

benefit of the aggregated biological entity (Lancelot & Rousseau 1994). For this energetic 

expense the colony acquires an environment sufficiently isolated from the surrounding 

medium in which a unique biochemical environment can be created (see section 3.2.3). The 
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colonial habit also limits its availability to grazers (see section 5) and provides buoyancy 

(Skreslet 1988). Gelation of the mucopolysaccharides that forms the colony matrix is 

apparently due to the formation of magnesium and calcium salt bridges between 

carboxylated and sulphated polysaccharide chains (van Boekel 1992). The structural 

resilience of the colony matrix decreases with increasing colony size. The mucilage gel of 

large colonies may no longer provide enough support to protect the internal liquid volume 

against physical disruption (van Boekel 1992). The resilience of the colony mat be further 

reduced by catabolism of the polysaccharide matrix at low light (van Boekel 1992). 

High light intensities reportedly cause inhibition of mucilage secretion, suggesting that it 

may suppress one of the steps in mucilage production (Lancelot & Mathot 1987, Verity et 

al. 1991). Consequently, exposure to high light may explain why some cultures form 

colonies with high cell densities and little mucilage (Nichols et al. 1991). Jahnke (1989) 

also implicated temperature in the carbon balance of the cells as cultures exposed to a rise 

in temperature decreased in carbon content. 

Early growth of the Phaeocystis  bloom exhibits rapid photosynthesis and protein 

synthesis being greater than carbohydrate production. By the peak of the bloom, 

carbohydrate was the dominant end product of photosynthesis (Veldhuis et al. 1986a). 

Supporting these findings, Hickel (1984) found that the ratio of particulate nitrogen to 

carbon fell sharply during the Phaeocystis  bloom. However, Verity et al. (1988a) 

showed that Phaeocystis,  in spite of its prolific release of photoassimilated carbon, had a 

carbon to nitrogen ratio similar to that of other non-gelatinous phytoplankton. According 

to Eberlein et al. (1985) breakdown of colonies released large amounts of dissolved 

organic nitrogen. This is at variance with reports of low nitrogen content of colonies 

(Hickel 1984) and low nitrogen content of the mucilage (Billen & Fontigny 1987, 

Lancelot et al. 1987, Rousseau et al. 1994). Veldhuis et al. (1986a) proposed that change 

in metabolism toward carbohydrate synthesis may represent the formation of storage 

products for the colony. Such intracolonial storage of macromolecules and their 
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catabolism during dark periods have also been proposed (Lancelot & Mathot 1985, 

Veldhuis & Admiraal 1985). Thus, the excretion of macromolecules is more than a means 

of building the colony matrix, it also participates in the energy balance of the constituent 

cells. This extracellular but intracolonial storage of photosynthate for catabolism is a 

metabolic pathway which is facilitated by possession of a colonial phase and highlights 

the function of the colony as a biological entity rather than a simple aggregation of cells. 

Dark catabolism of colony mucilage has been proposed as a significant feature in 

allowing Phaeocystis antarctica to occupy low light environments (Kang & Fryxell 

1993). However, recent study by Matrai et al. (1995) indicates that P. antarctica does not 

utilize newly photoassimilated carbon in dark catabolism. Such contrasts in the 

physiology of P. antarctica with northern hemisphere members of the genus may reflect 

species differences or the extended polar day length or differences experimental methods. 

The colony matrix also acts as a store for trace metals and phosphate and accumulation of 

these essential nutrients within the colony is apparently reversible, thereby making the 

store available to the cells (van Boekel 1992). These characteristics of the colonial stage, 

together with other recorded benefits such as production and maintenance of a UV screen 

and bacteriocide production (see sections 6.4, 6.9) provide a competitive edge for the 

colonial life stage. 

Despite the benefits of colonial metabolism, the growth rate of flagellate cells apparently 

exceeded that of the colonial stage (Baumann et al. 1994). This could reflect the metabolic 

expense of forming and maintaining the colony matrix, the matrix acting as a diffusion 

barrier (van Boekel 1992) or a deficiency in mucilaginous energy reserves metabolised by 

the cells (Baumann et al. 1994). The photosynthetic rate of the flagellate stage reportedly 

exceeds that of the colonial stage (Verity et al. 1991). Coupled with the smaller biomass 

of the flagellate stage this would allow faster growth. 

Polyunsaturated fatty acids in Phaeocystis vary considerably in composition and quantity 

(Sargent et al. 1985, Al-Hassan et al. 1990, Claustre et al. 1990, Nichols et al. 1991). 
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This variation may reflect differences in strains or species. It may also result from the 

differing physiological strictures, such as maintaining membrane function with changing 

temperature and increasing unsaturation of fatty acids at lower temperatures (Al-Hassan et 

al. 1990, Claustre et al. 1990). Lipid synthesis accounts for a relatively constant 20% of 

carbon fixed (Lancelot 1984b), however, as discussed in Section 5.3, P. pouchetii is low 

in neutral lipids, polyunsaturated fatty acid and vitamin C. As a consequence this alga is 

characterised as being of low nutritional value to grazers (Claustre et al. 1990). 

Differences in the fatty acid and lipid composition between stages in the life cycle of this 

alga suggest that the flagellate is marginally more nutritious than the colonial stage 

(Nichols et al. 1991). 

Protein may account for between 20 and 42% of the total photoassitnilated carbon 

(Lancelot 1984b). The rate of protein synthesis is, however, variable and is dependent on 

light history (Lancelot et al. 1986) and nitrate concentration (Lancelot 1984b). While 

Phaeocystis blooms are associated with high DON concentration (Eberlein et al. 1985) 

they also coincide with the lowest seasonal concentrations of dissolved free amino acids 

(DFAA) (Laandbroek et al. 1985) and low concentrations of ammonia (Eberlein et al. 

1985, Laandbroek et al. 1985). These authors proposed that the low concentrations of the 

latter could be caused by either antibiosis of Phaeocystis blooms resulting in decreased 

heterotrophic decomposition of the available DFAA or the increased ammonia uptake and 

regeneration by this alga. 

One conceptual feature of research into Phaeocystis colonies that has emerged recently is 

the appreciation of the colony as an integral unit rather than being a collection of 

autonomously functioning cells (Lancelot & Mathot 1985, Veldhuis & Admiraal 1985, 

Lancelot et al. 1986, Veldhuis et al. 1986a, Verity et al. 1988a). The same is also true of 

the colonial Phaeocystis biomass and production. Biovolume and colonial carbon 

biomass (Rousseau et al. 1990) rather than cell number appear to provide a far better 
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indication of production by Phaeocystis blooms (Lancelot & Mathot 1985, Veldhuis & 

Admiraal 1985, Veldhuis et al. 1986a). 

6.6. Photosynthetic pigments 

The concentration of some minor components of the pigments array in strains of 

Phaeocystis from opposite hemispheres reportedly differ. Chlorophyll 0 is ubiquitous in 

P. pouchetii (Vesk & Jeffrey 1987), but the major carotenoid concentrations were found 

to vary between strains. Bjornland et al. (1988) found that the main carotenoid pigments 

in tropical Phaeocystis were fucoxanthin, 19'-hexanoyloxyfucoxanthin and 19'- 

butanoyloxyfucoxanthin. Fucoxanthin dominated in the northern hemisphere strains with 

trace quantities of 19'-acyloxyfucoxanthins (Claustre et al. 1990, Gieskes & Kraay 1986) 

while in the southern hemisphere the dominance of these pigments was reversed with 

19'-hexanoyloxyfucoxanthin comprising the majority (Wright & Jeffrey 1987, Nichols et 

al. 1991). Bj0mland et al. (1988) claimed the presence of 19'-acyloxyfucoxarithins 

distinguished the tropical strain from other Phaeocystis strains and proposed that this is 

further evidence of Phaeocystis being composed of more than one species. However, 

these carotenoids do occur in other strains (Gieskes & Kraay 1986, Wright & Jeffrey 

1987) and their differing abundance could be construed as changes in biochemistry with 

environment and/or strain. Furthermore, Bjornland et al. (1988) proposed that the 

acyloxyfucoxanthins comprised a chemosystematic marker. These pigments also occur in 

Emiliania huxleyi, Pelagococcus subviridis, (Wright & Jeffrey 1987), Corymbellus  

aureus (Gieskes & Kraay 1986) and some dinoflagellate genera (Marchant & Wright 

unpubl.) and, not being confined to Phaeocystis, they are not definitive of the species. 

However, Phaeocystis has an antagonistic effect on blooms of other algae (Section 6.1) 

and other acyloxyfucoxanthin-containing algae are sparse in the Southern Ocean. Thus 

these pigments may be useful as markers when combined with microscopic examination. 

The chlorophyllase activity also varies between strains/species of Phaeocystis. Percent 

conversion of chlorophyll a to chlorophylide s a was five times greater in P. antarctica than 
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Phaeocystis isolated from the East Australian Current (Jeffrey & Hallegraeff 1987). The 

reported differences in pigment complement and chlorophyllase activity may be due to 

genetic differences at the population or species level but may equally be due to 

physiological differences imposed by the ambient environment. 

6.7. Extracolonial release 

Phaeocystis blooms are often associated with very high DOC concentrations (eg. Bolter 

& Dawson 1982, Eberlein et al. 1985, Davidson & Marchant 1992a). Extracolonial 

release of carbon has been referred to as the only "true excretion" by Phaeocystis (Verity 

et al. 1988a). Carbon released in this way constitutes around 2-14 % of the 

photoassimilated carbon in naturally occurring populations (Laandbroek et al. 1985, 

Veldhuis et al. 1986a, Lancelot & Mathot 1987) and cultures (Veldhuis & Admiraal 

1985, Veldhuis et al. 1986a). Thus, extracolonial excretion accounts for a relatively small 

proportion of total production (Cadee 1982). The DOC responsible for the spectacular 

occurrences of sea foam at the end of Phaeocystis blooms in the coastal zone of northern 

Europe (Eberlein et al. 1985, Batje & Michaelis 1986) appears likely to be derived from 

collapse and decay of ungrazed production by this alga (Cad& 1982, Verity et al. 1988a). 

6.8. Dimethylsulfide production 

A cellular product of marine microorganisms, dimethylsulfoniopropionate (DMSP), 

which is thought to have an osmoregulatory function but may also be used as a 

cryoprotectant, structural component of cells, a buoyancy aid or a bacteriocidal agent 

(Sieburth 1961, 1964, Barnard et al. 1984, Variavamurthy et al. 1985, Karsten et al. 

1995), can be cleaved to form acrylic 'acid and dimethylsulfide (DMS) (Sieburth 1960) 

(Fig. 6). DMS and its precursor DMSP are ubiquitous in the biosphere and are a 

common product of algae (Green 1962, Lovelock et al. 1972, Barnard et al. 1984, 

Variavamurthy et al. 1985). Enzymatic cleavage of DMSP to form DMS occurs both 

intra- and extra- cellularly (Liss etal. 1994) and occurs when algae die, are exposed to air 
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or as a consequence of normal metabolism (Barnard et al 1984, Variavamurthy et al. 

1985). Substantial release of DMS is restricted to a few classes of phytoplankton, mainly 

belonging to the Dinophyceae and Prymnesiophyceae (Keller et al. 1989). Such members 

of the Prymnesiophyceae as Hymenomonas carterae and Phaeocystis produce three 

orders of magnitude more DMS per cell than most other groups of phytoplankton 

(Barnard et al. 1984). DMS and DMSP production by Phaeocystis may represent as 

much as 20% its photoassimilated carbon (Matrai et al. 1995). 

The abundance of Phaeocystis at higher latitudes correlates with greatly elevated 

concentration of this sulfur compound in the water column (Andreae & Raemdonck 

1983, Barnard et al. 1984, Pearce 1988, Crocker et al. 1995), particularly in Antarctic 

waters (Deprez et a. 1986, Gibson et al. 1990). Phaeocystis reportedly possesses a very 

active DMSP-Iyase enzyme which is specific to this alga (Stefels et al. 1995). 

Furthermore, cleavage of DMSP is apparently enhanced at low temperatures (Baumann et 

al. 1993) and high pH (Liss et al. 1994). High pH has been reported in Phaeocystis  

colonies (Davidson & Marchant 1987, Lubbers et al. 1990). The coincidence of an active 

DMSP-lyase, high colonial pH and cold temperatures at polar latitudes may contribute to 

Phaeocystis from Arctic and Antarctic waters being one of the most prolific producers of 

DMS. Most algal species release greatest quantities of DMS upon senescence (Kwint & 

Kramer 1995, Thingstad & Billen 1994). Stefels & van Boekel (1993) observed greatest 

release of DMS during exponential growth while other .  authors have observed highest 

concentrations of DMS (Matrai et al. 1995) and DMSP (Matrai et al. 1995, Liss et al. 

1994) during the collapse of the bloom. 

Biogenic DMS production may account for as much as 50% of the natural sulfur 

emission and 21% of the total global sulfur flux (Andreae & Raemdonck 1983). DMS is 

rapidly oxidised in the atmosphere to S02, methanesulfonate and sulfate (Hatakeyama et 

al. 1985, Yin et al. 1986). It is proposed that sulfate particles act as cloud condensation 

nuclei thereby establishing a mechanism for regulation of global albedo, and thus climate, 
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by marine biological activity (Charlson et al. 1987, Bates et al. 1987a) (Fig. 7). 

Additional ecological significance of these sulfate aerosols is evidenced by their 25-50% 

contribution to the total sulfur acids in Scandinavian air during North Sea phytoplankton 

blooms (Pearce 1988, Pain 1989). 

DMS is also used by the microbial community. Microbial processes in the equatorial 

Pacific may remove DMS from the water column between 3 and 430 times faster than it is 

ventilated to the atmosphere (Keine & Bates 1990). During Phaeocystis blooms DMS 

production is between 1.5 and 4.5 times higher than the loss to the atmosphere (Stefels et 

al. 1995). Such differences between the proportion of DMS released to the atmosphere 

are dependent on the concentration, structure and function of the pelagic community 

including microbes, phytoplankton and grazers (Murray et al. 1992). Oxidation of DMS 

by bacteria and photochemical processes may lead to concentrations of DMSO exceeding 

those of DMS (Andreae 1980) and further oxidation of DMSO to sulphate would proceed 

around 500 times slower than for DMS (Brimblecombe & Shooter 1986). UV light is 

largely responsible for the photo-oxidation of DMS (Brimblecombe & Shooter 1986) and 

evidence of such photo-oxidation of DMS is reported by Crocker et al. (1995). During a 

Phaeocystis antarctica bloom in the Bellingshausen Sea, Antarctica, Crocker et al. (1995) 

observed lower concentrations of DMS in the upper 10 to 15 m of the water column 

despite P. antarctica exhibiting a surface maximum in abundance. These authors also 

observed diurnal changes in DMS concentration in surface waters. Maximum 

concentrations of around 125 riM DMS were observed at sunrise while minimum 

concentrations near 20 nM occurred around noon. The results indicate the potential for 

sunlight mediated changes in DMS concentration which may effect the flux of this 

compound to the atmosphere. 

The world average DMS concentration in sea-water is approximately 2 nM (Bates et al. 

1987b), however Gibson et al. (1990) measured concentrations as high as 290 nM 

during a near-shore bloom of Phaeocystis antarctica. Such extraordinarily high 
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concentrations of DMS in the water column led Gibson et al. (1990) to estimate that up to 

10% of the global DMS flux to the atmosphere may emanate from Antarctic seas. Turner 

et al. (1995) claimed that DMS release from the Southern Ocean was currently uncertain 

and, although the flux rate they obtained for the region was similar to those previously 

published, may be up to 5.5 times higher than previously estimated, thereby increasing 

global DMS emissions by 25%. The rate of DMS production by Phaeocystis, its 

dominance of the water column and the widespread occurrence of this alga in high 

latitudes make it a major contributor to the global sulfur budget and therefore possibly 

able to influence global climate. 

6.9. Acrylic acid and antibiosis 

Photosynthetic products excreted by Phaeocystis to form the matrix and contents of its 

colonies are readily utilised by bacteria (Hickel 1982, Eberlein et al. 1985, Vekihuis et al. 

1986b, Davidson & Marchant 1987, Verity et al. 1988a). However, these products 

largely avoid degradation in surface waters (Thingstad & Billen 1994). By enzymatically 

cleaving DMSP to produce DMS, Phaeocystis also release equimolar quantities of acrylic 

acid (Sieburth 1960) and this has been shown to inhibit bacteria (Sieburth 1960, 1961, 

1979, Barnard et al. 1984). This is supported by the observation that colonies devoid of 

cells supported bacterial numbers two orders of magnitude greater than those containing 

cells (Verity et al. 1988b). Davidson and Marchant (1987) demonstrated bacterial 

inhibition in culture and showed that this bacterial defence was confined to the vicinity of 

each colony rather than throughout the entire culture. Eberlein et al. (1985) proposed 

suppression of bacterial growth by actively growing Phaeocystis as the reason for the 

accumulation of very high concentrations of organic carbon during its blooms and 

suggested that the proliferation of saprophytic bacteria in sea foam derived from 

Phaeocystis blooms (Eberlein et al. 1985, Gunkel 1982) represents loss of the alga's 

antibiosis upon the collapse of the bloom. Inhibition of bacteria would also result in the 

reduced decomposition of dissolved free amino acids and the low ammonia 
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concentrations observed by Eberlein et al. (1985). Antibiosis has been reported from field 

observations of P. antarctica blooms (Burkholder & Sieburth 1961, Davidson & 

Marchant 1992). Bacterial uptake rates reportedly increase during the bloom of 

Phaeocystis spp. but peaked as the bloom declined (Laandbroek et al. 1985, Lancelot & 

Billen 1984). This may reflect antibiosis during active growth of Phaeocystis spp. but 

may also be a temperature mediated lag between production and utilisation. 

Some doubt surrounds the "antibiosis" of Phaeocystis colonies as a result of their acrylic 

acid production. Bacteria have been observed in close association with Phaeocystis  

blooms (Putt et al. 1994, Thingstad & Billen 1994) and acrylic acid concentrations 

reportedly seldom reach sufficient concentrations to inhibit bacterial production (Slezak et 

al. 1994). Billen and Fontigny (1987) claim close linkage between the bacterial biomass 

and substrate availability from a Phaeocystis bloom. Slezak et al. (1994) demonstrated 

that acrylic acid concentrations need to rise to 1 mM or above to inhibit bacterial 

production by 50% and it is claimed that, while healthy colonies of Phaeocystis are 

remarkably free of bacteria, these concentrations are not reached during Phaeocystis 

blooms (Thingstad & Billen 1994). In addition, Ledyard and Dacey (1990) suggest that, 

at the pH of sea water, low concentrations acrylic acid are an excellent substrate for 

bacterial growth. However, a bloom of Geminigera criophylla, a species not commonly 

regarded as a major DMSP producer, reportedly released concentrations of acrylic acid up 

to 2.47 niM in near-shore waters off Davis Station, Antarctica (Gibson JAE 1995 pers. 

comm.). Furthermore, such concentrations may regularly be reached in microzones 

within and surrounding Phaeocystis colonies or marine snow (Slezak et al. 1994). 

Thingstad and Billen (1994) did not consider such microzonal effects. 

In excess of 80 - 90% of Phaeocystis colonies may be comprised of mucilage (Rousseau 

et al. 1990) and this material is apparently depauperate in nitrogen and phosphorus 

(Billen & Fontigny 1987, Lancelot et al. 1987). This nutrient deficiency may reduce the 

biodegradability of Phaeocystis material (Billen & Fontigny 1987, Lancelot et al. 1987, 
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Thingstad & Billen 1994). The proposed nutrient deficiency is supported by the 

observations of Rousseau et al. (1990) that mucilage synthesis is enhanced at low 

nutrient concentrations. However, Hickel (1984) refutes this claim,  citing the observed 

proliferation of saprophytic bacteria in sea foam produced by Phaeocystis.  Senescent 

colonies of Phaeocystis  are also known to be heavily colonised by bacteria (Eberlein et al. 

1985, Laandbroek et al. 1985, Veldhuis et al. 1986b, Davidson & Marchant 1987, 1991, 

Verity et al. 1988a, Thingstad & Martinussen 1991). Thingstad and Billen (1994) claim 

this does not reconcile with acrylic acid being used as a protectant against bacteria as 

production of DMS, and thus acrylic acid, is commonly at its highest during algal 

senescence. Matrai et al. (1995) reported that concentrations of DMS and DMSP in 

Phaeocystis  colonies were highest during stationary phase and lowest during 

exponentially growth. However, Stefels and van Boekel (1993) found that DMS 

production by axenic cultures of Phaeocystis  was highest during exponential growth and 

declined during stationary phase. Pelagic and epiphytic forms of bacteria reportedly 

proliferate throughout a Phaeocystis  bloom (Putt et al. 1994) but the physiological state 

of the individual colonies supporting epibacteria in the study by Putt et al. (1994) remains 

unknown. 

While published opinions concerning the effectiveness of the antibiosis vary, the bacterial 

defence mechanism proposed by Davidson and Marchant (1987) may reconcile these 

opposing views. Bacterial biomass and incorporation rates are dependent on the 

equilibrium between actively growing and senescent colonies at any stage in the 

population dynamics. Thus, bacterial numbers and incorporation rates may still be 

relatively high (Billen & Fontigny 1987) while allowing antibiosis of actively growing 

colonies. Thus, it appears likely that colonial Phaeocystis  protects its energetic investment 

in the colony matrix against bacterial attack by producing acrylic acid and such protection 

allows the alga to benefit from the various attributes associated with this cell stage. If this 

is the case, as proposed by Barnard et al. (1984), the prolific release of DMS by this 
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alga, which has attracted much attention, is nothing more to the alga itself than a by-

product of its protective mechanism. 

6.10. Sea foam 

A few days after the peak of a Phaeocystis bloom the colonies begin to break up. At this 

time characteristic development of sea foam is observed, forming long streaks on the 

open ocean (Eberlein et al. 1985, Rogers & Lockwood 1990). The foam results from 

dissolved organic carbon, composed of proteins and polymeric carbohydrates, released 

into the water column from decomposition of the massive POC generated during a bloom 

of Phaeocystis (Guillard & Hellebust 1971, Lancelot 1983, Veldhuis et al. 1986a). In 

contrast Eberlein et al. (1985) observed close correlation between Phaeocystis numbers 

and the concentration of DOM and concluded that the latter must result from direct 

exudation. The time of appearance of the sea foam would, however, indicate that the 

necessary concentrations of dissolved organics are reached only following collapse of the 

bloom. Blooms of Phaeocystis have been observed in the North Sea for a long time but 

the appearance of foam is a recent phenomenon, having first occurred in 1978 (Batje & 

Michaelis 1986). This has been ascribed to the anthropogenic enrichment of northern 

European coastal waters (eg. van Bennekom et al. 1975, Reigmann et al. 1992) which in 

turn increases the frequency, abundance and duration of its blooms suggesting that 

strains of this alga are physiologically adapted to proliferation in nutrient enriched 

environments (Lancelot et al. 1987). Foam deposits reach depths of up to two metres on 

beaches in the area (Eberlein et al. 1985, Batje & Michaelis 1986, Lancelot et al. 1987) 

being of substantial nuisance value (Lancelot et al. 1987). Harpacticoid copepods either 

passively or actively occupy the foam while appendicularians and nematodes are 

smothered by it (Armonies 1989). 
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7. CONCLUSION 

Phaeocystis has become a nuisance alga in the North Sea (Lancelot et al. 1987) where the 

occurrence, abundance and duration of its blooms have increased (eg. Cad& & Hegeman 

1986, Lancelot et al. 1987) in response to the anthropogenic enrichment of these coastal 

waters (eg. Bennekom et al. 1975). Hitherto, few occurrences of Phaeocystis have been 

reported from tropical waters, however, the appearance of blooms of this alga in the 

Arabian Gulf coincide with nutrient enrichment of these waters by sewage and industries 

(Al-Hassan et al. 1990). Based on its possession of UVB absorbing compounds 

Marchant and Davidson (1991) predict that this species could increase in dominance in 

Antarctic waters. Thus, it would appear that anthropogenic alteration of the environment 

enhances the abundance, dominance and distribution of Phaeocystis allowing them to 

display their prominence by forming essentially monospecific blooms. It remains to be 

seen whether future human alteration of the marine environment causes Phaeocystis  

increasingly to prosper at the expense of other phytoplankton. If this does occur, 

ecosystem structure and function in the areas where the species abounds will be strongly 

influenced by its unique physiology (Lancelot et al. 1987, Davidson & Marchant 1992a), 

potentially causing reduced secondary production (eg. Claustre et al. 1990), reduced 

vertical carbon flux (Marchant & Davidson 1991) and causing changes in the composition 

of food webs (Lancelot et al 1987, Davidson & Marchant 1992a) (Fig. 8). 

Members of the genus Phaeocystis continue to inspire increasing scientific curiosity. The 

exponential increase in the number of publications over the last hundred years referring to 

Phaeocystis attest to its importance and fascination to biologists from many disciplines 

(Fig 9). Results of the research continue to reveal the complex physiology, life history, 

taxonomy and interaction with the biotic and abiotic environment. Intriguingly, published 

results are sometimes contradictory and while much is now known about Phaeocystis, 

much remains to be learnt. 
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It is, however, clear that Phaeocystis  blooms have pervasive effects of on the biotic and 

abiotic marine environment. Chapter 4 demonstrates the effects of P. antarctica  blooms in 

Antarctic waters and stresses the importance of any UVB—related change in its absolute or 

relative in abundance in Antarctic. Phaeocystis  is often reported as dominating the 

phytoplankton (Chapter 3, section 4). However, the unique physiology of Phaeocystis  

means that blooms of this alga create an equally unique marine environment; one rich in 

particulate and dissolved organic matter but poorly linked to metazoan grazers (see 

section 5). Such a trophic function contrasts with the classical view of the Antarctic 

pelagic food web in which phytoplankton are grazed by krill, which are in turn consumed 

by such predators as whales, seals, penguins and sea birds (Marchant 1993). However, 

protozoa are able to utilise the abundant carbon produced by Phaeocystis  (Chapter 3 

section 5.4). The contemporary view of Antarctic marine microbial food web recognises 

that protozoan microheterotrophs such as choanoflagellates, dinoflagellates, ciliates, 

bodonids and euglenoids are abundant and important contributors pelagic trophic 

processes (eg. Garrison et al. 1983, 1991, Hewes et al. 1985, Marchant 1985, 1993, 

Lessard & Rivkin 1986, Bjornsen & Kuparinen 1991, Garrison 1991a, Marchant & 

Murphy 1993). Chapter 4 examines the influence Phaeocystis Antarctica  exerts over the 

bacterial and protistan community structure, function and the carbon dynamics at an 

inshore site near Davis Station, Antarctica. 
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CHAPTER 4 

Protist abundance and carbon concentration 
during a Phaeocystis—dominated bloom at an 

Antarctic coastal site 

1. INTRODUCTION 

Numerous studies have been conducted at Antarctic coastal sites and at ice edges to 

ascertain the species composition and abundance of protists (eg. Hoshiai 1977, Buck & 

Garrison 1983, Garrison et al. 1987, Lipski 1987, Perrin et al. 1987, Fryxell & Kendrick 

1988, Garrison & Buck 1989a, Tanimura et al. 1990, Mathot et al. 1991, McMinn & 

Hodgson 1993, Kang & Fryxell 1993, Kivi & Kuosa 1994, Kang & Lee 1995). 

However, few reports have addressed the interactions between the various protists, 

bacteria and available carbon sources. Such studies suffer the inevitable limitation of not 

being able to follow a discrete, naturally occurring assemblage through time. However, 

though there need be no continuity between sample times, the protist species composition 

and chemical characteristics within each sample reflect the processes determining 

community structure and function. Comparisons with previous studies at this site (Perrin et 

al. 1987, Gibson et al. 1990, Marchant & Perrin 1990) indicate a high level of interannual 

consistency in bacterial abundance and the dominant phytoplankton and choanoflagellates. 

Thus, the processes determining community composition at this site repeatedly produce a 

similar sequence of species and abundance of organisms. 

Primary production of the Southern Ocean supports substantial bacterial production. A 

clear relationship has been determined between bacterial and phytoplanktonic biomass at 

various localities around the Antarctic continent at different times of the year (eg. Fuhrman 

& Azam 1980, Hanson et al. 1983a, b, Kogure et al. 1986, Billen et al. 1987, Billen & 

Becquevort 1991, Thingstad & Martinussen 1991). However, little attention has been 
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given to changes in the abundance of Antarctic marine bacteria at a single location with 

time. Kottmeier and Sullivan (1990) suggest that bacterial growth in pack ice may mediate 

concentrations of nutrients and microheterotrophs and show that bacterial production is a 

significant source of carbon in the ice edge zone. Patterns of bacterial abundance in the 

water column vary but are reportedly dependant on substrate availability rather than limited 

by low ambient temperature (Billen & Becquevort 1991, Thingstad & Martinussen 1991). 

Satoh et al. (1989) found a single peak in bacterial numbers in December near Syowa 

station, while Gibson et al. (1990) described a double peak with maxima in November and 

February near Davis station with the concentration at the end of December being the lowest 

for any time of the year. Here I report the variation in bacteria, protists and carbon 

concentrations through the summer in Antarctic coastal waters near Davis and indicate the 

pivotal role of Phaeocystis antarctica in determining their abundance in this environment. 

2. MATERIALS AND METHODS 

Sampling was conducted in Prydz Bay at a site 5 km offshore from the Australian Antarctic 

station of Davis (68° 30' S, 77° 50' E). Temperature profiles from surface to the bottom 

depth of 100 m were obtained using a Yeo-Kal Model 606 Submersible Data Logger. 101 

water samples were obtained at a depth of 15 m by Nislcin bottle at approximately weekly 

intervals between 15/11/88 and 21/2/89. All apparatus used for sampling water destined for 

chemical analysis was soaked in 5% Decon 90 detergent for no less than one week, 

thoroughly rinsed in MilliQ or Elgastat deionised water, then soaked in 5% HC1for the 

same time rinsing repeated. The contents of the Nislcin bottle were thoroughly mixed 

before removing subsamples for counts of bacteria, phytoplankton and chemical analysis. 

All water samples were handled in a laminar flow hood. 

Five hundred ml of sea-water was fixed with acid Lugol's solution and volumes between 

15 ml and 500 ml were sedimented. Cells greater than 3 pm diameter were counted in 

fifteen replicate fields of view using an inverted microscope at 200 x magnification and the 

mean and standard deviation calculated. Eighty ml of water was fixed with 4% 
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glutaraldehyde and stored in sterile bottles. One to 20 ml subsamples, depending on 

bacterial concentrations, were stained with 4',6-diamidino-2-phenylindole (DAPI) (Porter 

& Feig 1980), filtered onto 0. 1m Nuclepore filters and total bacteria (epibacteria and 

bacterioplankton) counted by epifluorescenfmicroscopy at 1000 x magnification. 

Nonmetric multidimensional scaling (MDS) and cluster analysis were carried out on 

species abundance data (Field et al. 1982). Data for those autotrophs and heterotrophs 

occurring at more than 4% total abundance at any one sample time were used. As all data 

scales were identical, log data transformation (Yij=log(Xij+1)) was used when comparing 

samples and data were relativized (Y 1j=100.X1j / Ej.ln.Xij) for the inverse comparison of 

species. The Bray-Curtis index of similarity was used and the data classified using group 

average sorting. The MDS starling configuration was generated by principal co-ordinates 

analysis and run over 75 iterations. 

Two and a half litres of water, or at higher cell densities, until the filter clogged, were 

passed through 0.45 m pore size acid-cleaned Millipore filters. Two 5 ml rinses of 3.6% 

w/v (NH4)2CO3 and one of 1 inM Na2 EDTA in 3.6% w/v (NH4)2CO3 were then passed 

through the filter. The filter was then divided into eight, and two opposite segments 

analysed for carbohydrates (CHO) using the phenol sulphuric method (Marshall & Orr 

1962). Another 500 ml of water was passed through 25 mm diameter Whatman GF/F 

filters that had been fired at 450°C for 16 hours. This filter was sectioned into eight and 

two of the segments analysed for carbon and nitrogen using a 185B Hewlett Packard 

Carbon Hydrogen Nitrogen analyser with a 3380A Hewlett Packard Integrator. A catalyst 

of 3 parts Mn02: 1 part Cr203: 1 part diatomaceous earth was used to enhance oxidation at 

the furnace temperature of 800°C with a combustion time of 50 s. Approximately 20 ml of 

filtrate was stored at 4°C in glass vials with teflon lid inserts that had been cleaned with 

Decon 90 and acid prior to analysis for DOC. 

DOC was measured using a Technicon Auto Analyzer II sampler, La Jolla P0-24 Photo- 

oxidation unit and Horiba PIR-2000 infrared gas analyser. Oxidation of DOC to CO2 by 



107 

UV light was enhanced by saturation with ultra pure 02. Ultra pure N2 was used as the 

carrier gas to the infrared gas analyser. 

3. RESULTS 

3.1. Water Column Characteristics 

Sea ice cover was 100% until 3/1/89 after which it declined to approximately 70% cover 

until 24/1/89 and approximately 50% thereafter (Fig. 1). Ice was completely absent by 

1/2189 but 70% cover had reformed by 21/2/89. 

The temperature profile (Fig. 1) shows that the water column was unstructured until after 

7/12/88. Between 22/12/88 and 17/1/89 surface temperature rose to its maximum of 1.13°C 

and the depth of warming increased with time. This thermal structuring of the water 

column occurred despite there being 70% - 100% ice cover and indicates the movement of 

water from nearby ice free areas to the sample site. Surface water temperature had begun to 

fall by the time the ice was absent from the sampling site. 

3.2. Abundance of Organisms 

Bacterial abundance was essentially bimodal with a smaller peak in November (Fig. 2A). 

The concentration increased until mid-December then declined rapidly until the end of the 

year whereupon it increased again to the highest values for the summer between 24/1/89 

and 1412/89 before again decreasing in late February. 

Phaeocystis antarctica  occurs both as motile, scale-covered flagellates and in gelatinous 

colonies. The colonial stage was observed in low numbers from the beginning of sampling 

and, although dominating phytoplanlcton numbers, remained in low abundance until mid 

December. Its abundance then increased dramatically to 6x107  cells.1-1  on 3/1/89 before 

decreasing at about the same rate (Fig. 2B) but still remained numerically dominant until 

8/2/89. Motile cells of P. antarctica  increased in number at the same time as the colonial 
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form but declined until 10/1/89, during the bloom of the colonial stage, whereupon they 

increased to 3.4 x 105  cells.!- ' in late January (Fig. 2B). 

The total diatom concentration began to increase at the same time as the colonial P. 

antarctica  bloom, but their concentration did not increase between 27/12/88 and 3/1/89, the 

time when colonial P. antarctica  was approaching and at maximum abundance. Diatom 

concentration continued to increase after the decline of the P. antarctica  bloom, with a 

maximum of 5.9 x 10 6  cells.!- ' on 17/1/89 (Fig. 2C). 

Taxonomic groups whose members consist partly or wholly of heterotrophs followed 

similar trends in abundance over the summer. Dinoflagellate concentration increased at the 

same time as colonial P. antarctica  to approximately 7 x 104  cells.1-1  and persisted at 

around this concentration for the remainder of the summer with the exception of a further 

dramatic increase to a peak abundance of 5.4 x 10 5  cells.!- ' immediately after the P. 

antarctica  bloom on 10/1/89 (Fig. 2D). Their numbers then declined to mid-Phaeocystis  

bloom concentrations by 17/1/89. Choanoflagellates bloomed between 27/12/88 and 

24/1/89 reaching a maximum concentration of 1.2 x 106  cells.1-1  on 3/1/89. Their changes 

in abundance closely followed P. antarctica  but persisted after its bloom (Fig. 2E). The 

principal ciliates were tintinnids and Strombidium  Clarapede & Lachmann spp. (Fig 2F). 

The tintinnid population was dominated by Eutintinnus  Kofoid & Campbell spp. while 

Codonellopsis  J6rgensen sp. was occasionally observed. Eutintinnus  was not seen before 

3/1/89 when its concentration rose to 1.6 x 105  cells.1-1 . Its concentration then rapidly 

declined and beyond 10/1/89 remained less than 5 x 10 3  cells.!-1 . 

Strombidium  spp. (mainly a. sulcatus  Claparede & Lachrnann) were the only other ciliates 

observed and differed from other heterotrophs in not reach maximum concentrations during 

or immediately after the bloom of P. antarctica  (Fig. 2F). Concentrations were never 

significantly above zero but low numbers were first observed on 3/12190, increasing to 

approximately 5 x 103  cells.!- ' after the onset of the P. antarctica bloom and remained at 
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around this level for the remainder of the sampling time with a peak on 24/1/89 of 10 4  

cells.1-1 . 

Various species of diatoms proliferated at different times during the summer. Earliest was 

Entomoneis kjellmanii (Cleve) Poulin & Cardinal, a major component of the sea-ice 

community, which peaked on 3/12/88 but rapidly declined and was not seen for the rest of 

the summer (Fig. 3A). Nanoplanktonic Fragilariopsis and Nitzschia Hassan spp. 

concentration reached its maximum shortly before the bloom of colonial P. Antarctica. Their 

concentration began to decline at the onset of the bloom of P. antarctica and continued to 

decline throughout the remainder of the summer (Fig. 3A). Cylindrotheca closterium  

Ehrenberg (Fig 3B) was exceptional among the diatoms in that it reached maximum 

concentration between 28/12/88 and 17/1/89, during the bloom of P. antarctica 

Nitzschi4  seriata Cleve is not recognised as an Antarctic species in the current taxonomic 

literature (Hasle & Medlin 1990). This was not the case at the time of this study. Thus, this 

species will be referred to as Iliv_sc,th sp. c.f. seriata, and refers to the Nitzschia genus 

that form colonies, united into chains by overlapping cell apices. The concentration of 

morphologically similar chain-forming diatoms grouped within the species Nitzschia sp. 

c.f.rsejjata increased in concentration _during the onset of the E. antarctica bloom and 

attained maximum abundance on 17/1/89 (Fig. 3C), immediately followed by 

Fragilariopsis curta (V. H.) Hasle. N. sp. c.f. seriata and F. curta were the major 

constituents of the diatom bloom. The minor constituents of the diatom assemblage, 

Chaetoceros dichaeta Ehrenberg, C. neglectum Karsten and C. simplex Ostenfeld, were 

most abundant during the E. antarctica bloom. Fragilariopsis cylindrus (Grunow) Hasle, 

Rhizosolenia Brightwell spp. and Nitzschia &Sala Manguin contributed to the assemblage 

after the peak in E. antarctica concentration. 

Peak abundance of the prasinophyte Pyramimonas gelidicola McFadden, Moestrup & 

Wetherbee (1.6 x 105  cells.r 1 ) coincided with the bloom of the colonial stage of P. 

antarctica and persisted longer (Fig. 3D). Auto- and heterotrophic flagellates, of which 
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most were nanoplanktonic and the most numerous was Micromonas  Manton & Parke sp., 

increased in concentration at the same time as P. ntmc.tca , reaching a peak concentration 

of 2 x 105  cells.!-1  on 17/1/89 (Fig. 3E). The choanoflagellate population was dominated 

by Bicosta spinifera  (Thronsden) Leadbeater, Crinolina  ape= (Leadbeater) Thomson, 

Calliacantha  Leadbeater spp. and Parvicorbicula socialis  Thomson, the latter commonly in 

aggregates (Fig. 3F). The concentration of B. spinifera  increased during the onset of the 

Phaeocystis  bloom and B. spinifera  and the previously unobserved P. socialis  attained 

maximum concentrations during the peak in P. Antarctica  on the 3/1/89, whereupon they 

declined rapidly. Q.  aperta  and calliacantha  spp. persisted longer than B. spinifera  and P. 

socialis  and peaked in abundance upon the decline of P. antarctica  on the 10/1/89. 

3.3. Assemblages of Organisms 

Figure 4A and B show the samples which were grouped together from their species 

abundance using cluster analysis and MDS respectively. Separation of sample dates at a 

similarity of 0.87 in cluster analysis gave identical groupings to that obtained by MDS. 

MDS results are adequately depicted in 2 dimensions (2-D) as stress only rose from 5.18 to 

8.33 when passing from 3-D to 2-D plotting. Group 1 contained samples between 

15/11/88 and 5/12/88 where auto- and tnicroheterotroph concentrations were low and 

bacterial concentrations moderate. Group 2 comprised two samples, 13/12/88 and 

20/12/88, when phytoplankton concentrations were increasing towards the bloom of 

colonial P. antarctica  but microheterotroph concentration was low and bacterial 

concentrations increased. Group 3 contained samples from 27/12/88 to 14/2/89 and 

encompassed the bloom of phytoplankton and heterotrophs. The sole sample in group 4 

was taken on the 2112/89, the last sample of the summer when P. antarctica  was absent for 

the first time. Pyramimonas gelidicola  and tintinnids were also absent and bacterial 

concentrations declined from their peak. 

Inverse analysis gave species groups using cluster analysis (Fig 4C) and MDS (Fig 4D). 

Delineation of species groups at a similarity index of 0.69 gave six groups again identical 
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to those obtained by MDS. 2-D was an adequate depiction of MDS as stress only rose from 

5.23 to 8.13 on going from 3-D to 2-D. Group 1 consisted of E. leellmanii alone. This 

was the only species to attain maximum numbers in group 1 of the sample comparisons. 

Group 2 contained those species that had a relatively brief peak in abundance about the time 

of the peak of colonial P. antarctica  and which were present in most samples but at much 

lower concentrations than their peak abundance. These species were colonial P. antarctica, 

Cylindrotheca closterium, Pyramimonas gelidicola, Bicosta  spinifera,  Parvicorbicula 

socialis  and Calliacantha  spp. Those partly or wholly autotrophic taxa of which the 

populations declined or increased only slowly during the P. antarctica  maximum comprised 

group 3 namely, Nitzschia  sp. c.f. seriata,  dinoflagellates, nanoplanktonic Nitzschia  spp. 

and unidentified flagellates. Crinolina aperta  and tintinnids were very closely related to 

form group 4. Both species were essentially absent until their peak on the 3/1/89 followed 

by a rapid decline. Group 5, containing flagellate P. Antarctica  and Fragilariopsis  curta 

showed the same decline in growth rates as group 3 but their peak in abundance occurred 

on 24/1/89, three weeks after the peak in colonial P. antarctica.  Species group 6, which 

was composed of Strombidium  and bacteria, persisted from early season until the end of 

sampling with peak abundance in January and February. 

3.4. Organic Carbon and Nitrogen 

Three main peaks of DOC occurred during the summer (Fig. 5A). The first on 24/11/88 

occurred before the appearance of any major primary producers in the summer and is likely 

to have been released from the sea-ice. At the time of this DOC peak is also a peak of POC 

(Fig. 5B) and PCHO (Fig. 5C). The major peak of DOC, which reached a maximum in 

excess of 100 mg.1-1 , POC and PCHO coincided with the bloom of colonial P. antarctica 

and persisted from around 20/12/88 to 31/1/89. The third peak of DOC (80 mg.1 -1 ) 

occurred on 14/2/89, a time of declining POC and PCHO. The concentration of POC and 

PON declined steadily from the major peak of 760 mg.1-1  and 107 14.14  respectively on 

10/1/89 (Fig. 5B). Before 20/12/88 concentrations of POC and PON were too low to 
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calculate the C:N ratio. After this the molar C:N ratio was approximately 7:1, 

approximately that of the Redfield ratio, and remained at this value until 8/2/89 after which 

it increased to around 13:1 (Fig. 5B). 

4. DISCUSSION 

The timing of peaks in abundance of bacteria, autotrophic and heterotrophic protists and 

changes in the concentration of DOC, POC and PON appear closely related during summer 

at this coastal Antarctic site. The interarumal recurrence of similar species and abundance 

(Perrin et al. 1987, Gibson et al. 1990, Marchant & Perrin 1990) suggest that the biotic 

and abiotic events determining the community at this site are not spatially or temporally 

isolated. It also demonstrates that this study, based on a single site and depth, is 

representative of protistan community dynamics in this area. The concentrations changed 

rapidly on occasions during this study. This clearly does not infer rates of production from 

repeated sampling of a discrete population but instead indicate associations of organisms in 

water masses as they pass the fixed sampling site. This does not preclude discussion of 

successional sequences as planktonic succession is, by necessity, defined in these terms. 

Nor does it preclude discussion of the interactions between species as it is those 

interactions that determine the composition of the community within each sample. Such 

single point sampling has been used to ascertain successional sequence in other sites from 

which species interactions have been inferred (eg. Jeffrey 1981). 

4.1. Bacterioplankton 

The November peaks of bacteria, Entomoneis kjellmanii  DOC, POC and PCHO, when the 

sea was entirely ice covered and the water column was thermally unstructured, was 

probably due to release of organic substrates from the sea-ice (Garrison & Buck 1989b). 

Phaeocystis  secrets a large proportion of its photoassimilated carbon (Guillard & Hellebust 

1971) and these extracellular products are a suitable substrate for bacteria (Eberlein et. al. 

1985, Veldhuis et. al. 1986b, Davidson & Marchant 1987, Verity et al. 1988b). However, 
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the bloom of this alga after 20/12/88 coincides with a decline in bacterial concentration 

confirming observations by Laanbroek et al. (1985) and Lancelot and Billen (1984) that 

bacterial concentrations are depressed by actively growing Phaeocystis.  However Gibson 

et. al. (1990) found that the December minimum in bacterial numbers were not concurrent 

with the peak of this alga and was attributed to grazing alone. Bacterial abundance is 

reportedly related to substrate availability and is relatively unaffected by the low ambient 

temperature in Antarctic waters (Billen & Becquevort 1991, Thingstad & Martinussen 

1991). Thus, the decline in bacterial abundance between 20/12/88 and 17/1/89, likely to 

result initially from the release of a bacteriocide by actively growing P. antarctica  (Sieburth 

1960, Davidson & Marchant 1987) followed by microflagellate grazing, occurred at the 

time of PCHO abundance and the seasonal maximum of DOC. The abundance of DOC (in 

excess of 100 mg.1 -1 ) during the P. antarctica  bloom demonstrates the incapacity of 

bacteria to fully utilize this substrate. 

The January increase in bacterial concentration accelerated greatly after the 

microheterotroph bloom. This agrees with Fenchel (1982), Garrison and Buck (1989a) and 

Sherr et al. (1989) who have shown microheterotroph grazing is a principal determinant of 

bacterial mortality. The coincidence of the peaks of DOC and bacteria in early February 

indicates that a direct relationship between the two is sustainable when microheterotroph 

grazing is minimal. 

The delay between the substrate production by phytoplanIcton and the bacterioplankton 

peak at a single sample site was found to be about 10 days in the North Sea (Billen & 

Fontigny 1987), 11 to 18 days off Newfoundland (Pomeroy & Deibel 1986) and about one 

month in Antarctic waters (Billen et al. 1987). The discrepancy in correlation of phyto- and 

bacterioplankton biomass showed that, in comparison with temperate waters, bacterial 

in . 	. 	- response to substrate availability  polar and subpolar waters was delayed. My data also 

showed a one month delay between the peak concentration of phytoplankton and bacteria at 

the sample site but clearly indicate that the relationship is not simple. 



119 

4.2. Protists 

Protist abundance attained its maximum as sea-ice cover declined. Major release of organic 

carbon and inoculation of the water column with protists from the ice biota has been 

observed (Garrison & Buck 1989b, Garrison & Gowing 1992). Such a release could have 

contributed significantly to the sudden increase in concentration of Phaeocystis antarctica,  

organic carbon and protozoa that was observed during the ice breakup in early January. 

However, Riebesell et al (1991) and Mathot et al. (1991) found negligible seeding of the 

water column with phytoplankton as a result of ice melt and observed that most ice algae 

sedimented or were grazed. Thus, high concentrations of E. =aka and organic carbon 

may be a §_i_til production transported to the sample site from the east by coastal currents. 

The high concentration of flagellate E. antarctica  early in the season followed by a decline 

during the bloom of the colonial stage support observations by Kornmann (1955) and 

Kayser (1970) that they may be a source of colonies. In addition, as reported by Verity et 

al. (1988b), the flagellate stage was observed being liberated from colonies at the end of 

the colonial bloom. This life-cycle change led to the increase in flagellate concentration in 

late January. 

The peculiar physiology of Phaeocystis  is regarded as strongly influencing the structure 

and function of ecosystems in which it predominates (Lancelot et al. 1987). The data 

presented in this chapter support the observation of previous authors (eg. Jones & Haq 

1963, Smayda 1973, Chang 1983, Barnard et al. 1984, Admiraal & Venekamp 1986, 

Batje & Michaelis 1986, Veldhuis et al. 1986b, Weisse et al. 1986) that Phaeocystis  has an 

antagonistic effect on other phytoplankton species. This effect was sufficiently pronounced 

to cause those autotrophs whose numbers remained constant or declined during the E. 
=atch.ca bloom to be separated by cluster analysis and MDS. Production of UV-B 

absorbing pigments by colonial E. antarctica  (Marchant et al. 1991) may have profound 

effects on the timing of the abundance in these waters. In addition, manganese and iron 

concentrations in Southern Ocean are very low (Martin et al. 1990) and the high manganese 
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accumulation reported for colonial Phaeocystis (Morris 1971, Davidson & Marchant 1987, 

Lubbers et al. 1990) may mediate the succession of Antarctic marine autotrophs. 

At the time of greatest protist abundance (cluster and MDS sample group 3) species were 

divided into groups 4,2 and 3 representing those species that peaked during the P. 

antarctica maximum only, high P. antarctica and post—P. antarctica bloom environment 

respectively. While the abundance of most autotrophic populations did not increase during 

the bloom of P. Antarctica, protozoa proliferated. The coincidence of the Phaeocystis and 

tintinnids peaks has also been observed by Admiraal and Venekamp (1986) who reported 

blooms of tintinnids immediately following Phaeocystis blooms, demonstrated that they 

were grazing Phaeocystis and concluded that microfaunal grazing may limit the duration of 

the Phaeocystis bloom. Choanoflagellates attained concentrations approximately an order 

of magnitude higher than those reported for the Weddell Sea by Buck and Garrison (1988). 

Dinoflagellates, of which a large proportion may be heterotrophic (Garrison & Buck 

1989a), also peaked at this time. 

After the peak of P. antarctica, microheterotroph concentrations declined sharply. This was 

not due to insufficient carbon as the DOC and POC concentrations in these samples was 

only slightly lower than those in early January. Direct uptake of primary production by 

microheterotsophs has been reported (Fenchel 1987) including utilization of DOC sources 

(Sherr 1988, Marchant 1990, Marchant & Scott 1993). The microheterotroph maximum at 

the time of highest organic substrate availability and low bacterial abundance strongly 

suggests direct uptake of these substrates. Hewes et al. (1985) suggested that 

microzooplankton form a important link to higher trophic levels in Antarctic waters and 

what Lampert (1978) described as "sloppy feeding" by zooplankton may have contributed 

to the increase in DOC at the time of low microheterotroph abundance. P. antarctica, by 

simultaneously producing copious organic carbon and inhibiting of bacterial growth, 

appears to increase the emphasis on microheterotrophs as the link to higher trophic levels. 
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The ciliate Strombidium  is the exception to the pattern observed in the other heterotrophic 

groups. MDS and cluster analysis demonstrate that this organism is only poorly linked 

with the abundance of other protists. This probably reflects the range of particle size 

available to it, making it less dependent on the trophic strictures applied to the other 

heterotrophs, together with its capacity to function as a facultative mixotroph (Stoecker et 

al. 1987). 

4.3. Organic Compounds 

Discrimination of POC and DOC produced by Phaeocystis  is equivocal. Most of the 

biovolume of its blooms is due to the colony matrix of which significant proportions can be 

lost by filtration (Verity & Smayda 1989, Veldhuis & Admiraal 1985, Lancelot 1984b, 

Bolter & Dawson 1982). Filtration to dryness and rinsing with ammonium carbonate 

employed in this study would probably have lost much of the mucilage in the particulate 

fraction, hence significantly underestimating the POC. This is borne out by the relatively 

low PCHO concentration given that the DOC indicates very high carbon exudation rates. 

Though filtration pressures were low (below 100 mm Hg) mucilage is likely to have been 

lost to the DOC fraction. However, this effect was minimised by obtaining the DOC 

sample before the filter dried. The extremely rapid changes in organic carbon and nitrogen 

(requiring production rates around 20 g C.m -3.day-1 ) are unrealistically high, 

demonstrating that this production did not occur in 

Measured POC and PON concentrations obtained during this study are similar to those 

obtained during a bloom of 2.8 x 107  cells.1-1  along the North Wales coast (Claustre et al. 

1990). DOC concentrations of up to 20 mg.14  were measured during a P. antarctica  bloom 

by Bolter and Dawson (1982) and cell concentrations in this study are greater than any 

previously reported. POC concentrations were over two orders of magnitude less than the 

DOC at the peak of the P. antarctica  bloom and this persisted, though to a lesser extent, for 

the remainder of the period when P. antarctica  dominated. It is evident from the 

accumulated POC, PCHO and DOC concentrations were observed that organic substrates, 
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particularly DOC, are available far in excessof its utilization. Claustre et al. (1990) also 

found that the greatest part of the biomass of Phaeocystis  blooms was lost from the food 

web linking phytoplankton to copepods. Wassmann et al. (1990) concluded that grazing on 

Phaeocystis  was insufficient to control the magnitude of its bloom. In Antarctica Bolter and 

Dawson (1982) also found that heterotrophy was insufficient to utilize the DOC pool 

during the periods of intense primary production of a P. antarctica  bloom. This study 

showed that more than 99% of the organic carbon existed as DOC and that this was largely 

unutilized at the sample site. Thus, previously published models of carbon flux which 

include Phaeocystis  blooms (Billen & Fontigmy 1987, Billen et. al. 1987) and those 

describing flux within individual colonies (Lancelot & Mathot 1985) differ greatly from 

this study. 

It has been suggested that P. antarctica  blooms result in the limitation of other autotrophs 

by depletion of trace metals (Davidson & Marchant 1987). Using the PON concentration 

and extrapolating from that of DOC to dissolved organic nitrogen, this study also indicates 

that nitrogen limitation would be expected during the bloom. Major depletion of nitrate was 

observed at the sample site about the time of the P. =mica peak (A. McTaggart pers. 

comm.). Thus, though Antarctic phytoplankton are classically regarded as not being 

macronutrient limited, like McMinn and Hodgson (1993) in coastal fjords and Nelson and 

Treguer (1992) at the ice edge, brief periods of very high cell concentrations such as those 

observed during this study may well result in macronutrient limitation of phytoplankton 

growth. 

5. CONCLUSION 

Phaeocystis antarctica  apparently influences the abundance of autotrophic species. The 

massive concentrations of carbon present during a P. nmEpLca bloom are apparently not 

significantly exploited by bacteria as their numbers are low at this time. The bloom of 

choanoflagellates, dinoflagellates and tintinnicis during and immediately following the P. 

antarctica  maximum suggests that a large proportion of the carbon passing to higher trophic 
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levels is channelled through the microheterotrophs. Heterotrophy is advantageous to 

Antarctic organisms surviving some nine months of the year in a substantial absence of 

light. When light and carbon are at their maximum these organisms are apparently able to 

utilize this resource, largely unconstrained by bacterial activity. As a dominant member of 

the phytoplankton, a major source of carbon and a bacteriocidal source P. antarctica  is also 

a crucial determinant of the heterotrophic community. This study emphasises the 

importance of this species in Antarctic coastal waters. 

The effect of UVB radiation on phytoplankton has been reviewed (Chapter 1). So to has 

the biology and ecology of phytoplankton in Antarctic waters (Chapter 2), with special 

reference to the exceptional role of Phaeocystis  (Chapters 3 & 4). Thus, the foundation 

upon which the following experimental studies of the UVB photobiology of Phaeocystis 

and selected Antarctic marine diatoms has been established. Subsequent chapters have 

been published since 1991 and reflect the status of UV—related research at the time. The 

thesis text has been updated to include pertinent research since publication. 

Like many phycologists, the physiological peculiarities of Phaeocystis  have fascinated me 

for many years. We have seen that P. antarctica  is frequently the first species to bloom in 

Antarctic waters were it is often reported as forming dense blooms in shallow waters (eg. 

Buck & Garrison 1983, Palmissano & Sullivan 1985, Fryxell & Kendrick 1988, 

Davidson & Marchant 1992b). This apparent vulnerability to UV exposure should have 

aroused suspicions that this alga possessed effective UV tolerance mechanisms. 

However, a casual inquiry by Dr. Graham Kelly led to the first discovery of high 

concentrations of UV—absorbing compounds in P. antarctica  and this thesis being 

undertaken. Chapter 5 reports the discovery of UV—absorbing compounds and relates 

their concentration to life stage, geographic location and survival when exposed to UV 

radiation. 
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CHAPTER 5 

UVB protecting pigments in the marine 
alga Phaeocystis antarctica  

1. INTRODUCTION 

Ozone depletion over Antarctica has occurred between September and November since 

the mid-1970s (Stolarski et al. 1986) and now persists until February (Jones & Shanldin 

1995). This depletion has increased UVB irradiances (280 - 320 nm) reaching the Earth's 

surface during spring and summer (see Chapter 1, section 3). Solar UVB radiation 

penetrates seawater to depths that are able to influence the growth of macrophytes and 

phytoplankton (Jerlov 1950, Calldns & Thordardottir 1980, Worrest 1983, Maske 1984, 

Wood 1989); reaching depths in excess of 50 m in Antarctic waters (Gieskes & Kraay 

1990, Karentz & Lutze 1990, Smith et al. 1992). 

Phytoplankton production in the Southern Ocean occurs in environments vulnerable to 

UVB radiation at a time when irradiances at these wavelengths are enhanced by 

stratospheric ozone depletion. Sea-ice around Antarctica commences the southward 

retreat from its maximum extent in late September (Jacka 1983). Increasing insolation at 

this time leads to proliferation of algae both within the sea-ice and the marginal ice-edge 

zone where the development of a shallow pycnocline limits vertical mixing and promotes 

the development of blooms high in the water column (Smith 1987). Sea-ice algae 

contribute 10- 50% of the primary production in some areas (Voytek 1989) but Antarctic 

sea ice in spring can be sufficiently transparent to UV that biologically significant doses 

are received by the ice algal community (Trodahl & Buckley 1989, Ryan 1992, Ryan & 

Beaglehole 1994). Melting sea-ice forms a shallow pycnocline in the marginal ice zone 

(MIZ) which may confine phytoplankton to depths of 20 m or less for up to 6 days 

(Mitchell & Holm-Hansen 1991, Veth 1991). Phytoplankton inhabiting the shallow 
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mixed depths of the marginal ice zone (MIZ) support 25 - 67% of the phytoplanktonic 

production in the Southern Ocean (Smith & Nelson 1986). 

Survival, growth and photosynthesis of phytoplankton in the MIZ are reduced by UVB 

exposure (see Chapter 1, section 6.1.1 & 6.1.2) as they coincide with the springtime 

ozone depletion (Helbling et al. 1994). However the impact of UV radiation on Antarctic 

marine phytoplankton is equivocal (Roberts 1989, Voytek 1990). Opinions regarding the 

magnitude of the effect range from insignificant (Holm-Hansen et al. 1989b) to 

catastrophic (El-Sayed et al. 1990). The impact of ozone depletion on phytoplankton will 

depend on the magnitude and duration of exposure to UVB, their present tolerance and 

their ability to adapt to higher levels of UVB (Bidigare 1989, Karentz 1991). 

Many organisms that inhabit environments subjected to high incident UV radiation produce 

UV—absorbing pigments to shield them from exposure to these wavelengths (see Chapter 1, 

section 5.2). The nanoplanktonic haptophyte Phaeocystis antarctica is abundant in Antarctic 

waters (Fryxell & Kendrick 1988, Vincent 1988, Davidson & Marchant 1992a, Marchant 

1993) and is one of the first organisms to bloom in the ice and in the upper 10 m of the 

water column following the breakup of the sea-ice (Garrison et al. 1987, Fryxell & 

Kendrick 1988) and is arguably the most abundant and widespread phytoplankter of the 

Antarctic marine ecosystem. This chapter reports the finding of UV—absorbing pigments in 

Phaeocystis antarctica and demonstrate that they mitigate UV damage to this alga. 

2. MATERIALS AND METHODS 

A predominantly flagellate (strain DE10) and two colonial axenic strains (A1-3 & A1-4) of 

Phaeocystis antarctica, isolated from Prydz Bay, Antarctica (Antarctic Division Culture 

Collection, Hobart, Tasmania) and a unialgal strain (165-7) isolated from the East 

Australian Current (CSIRO Culture Collection of Micro-algae, Hobart, Tasmania) were 

maintained in GP5 medium (Loeblich & Smith 1968) in glass flasks at 4 and 20°C 

respectively on a 12 h light : 12 h dark cycle under cool white fluorescent tubes at an 
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intensity of 6.19±0.76 W.m2  with no UVB enhancement. An aliquot of 50 ml was 

removed from each strain at mid-exponentially growing phase and was concentrated to 5 

ml by centrifugation at 200 x g for 50 min at their incubation temperature. The 

predominantly flagellate strain was first filtered through 20 gm mesh netting to remove any 

colonies before the cells were similarly concentrated by centrifugation. Absorbance was 

measured by monochromatic scanning using an Hitachi 3200 spectrophotometer. 

The proportion of viable Phaeocystis Emactica cells in Axenic Colonial A1-3, Axenic 

Flagellate DE10 and Colonial 165-7 strains was examined following exposure to enhanced 

levels of UV radiation. Cultures in exponential phase were illuminated with either 

increasing total irradiance or increasing UVB only (omitting Strain DE10). Cool-white 

fluorescent tubes and FS2ff12-UVB Westinghouse Sunlamps (Fig. 1A) gave 

photosynthetically active radiation (PAR) of 3.99±1.00 x 10 W.m 2, UVA at 0.70±0.36 

W.m2  while the intensity of UVB was varied by attenuation with glass screens and the 

polystyrene culture flask (Lux) in which the organisms were grown (Fig. 1B). Spectral 

emission of UVB the Sunlamps (Fig. 1A) was measured at 1 nm intervals from 250 to 400 

nm using a Macam spectroradiometer. An Haraeus CPS Suntest Xenon arc UV/white light 

source which simulates the spectral distribution of solar radiation was used to generate 

increasing total irradiance (Fig. 1A). The spectral emission of the Haraeus lamp is obtained 

from instrument specifications as the emission at the time experiments were conducted is 

unknown. The irradiance to which the cultures were exposed was measured with an 

International Light IL 1700 Radiometer equipped with detectors to measure PAR. UVA and 

UVB (Fig. 1C). The IL 1700 measures broad-band irradiance and erythemally weighted 

UVB. Though relatively inexpensive, rugged and easily operated in the laboratory and field 

it does not give accurate spectral data for calculation of UV dose. Primary calibration of 

detector response was made using a National Institute of Standards and Technology 

intercomparison package (NIST Test # 534/240436-88) with further calibration using four 

International Light primary transfer standards. Control cultures were unirradiatal with UV. 

After incubation for 48 h under the 12 h light : 12 h dark regime (ie. 6, 12 and 6 h light 
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Fig. 1. Emission spectra of (A) Haraeus Suntest UV/white light source and FS20T12-UV-B 
Westinghouse sunlamps (redrawn from instrument specifications) and (B) Spectral distribution 
experienced by algae in experiments with increasing UV-B only. Relative irradiance was calculated 
from relative emission (maximum emission = 1) of UV-B fluorescent tubes (Westinghouse 
instrument specifications) x spectrophotometric transmittance of attenuating screens used in the 
experiments including attenuation due to polystyrene culture flask. Curve 1 polystyrene flask alone, 
curves 2 - 6 increasing attenuation by glass screens. All experimental UV-B irradiances were 
obtained using a single UV-B fluorescent tube except the two highest irradiances (not plotted) which 
had spectral distributions 1 and 2 but required two UV-B tubes. (C) The wavelength response of 
detectors used to measure PAR, UV-A and UV-B (redrawn from instrument specifications). 
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exposures with intervening 12 h dark periods) aliquots of culture were fixed with Lugols 

iodine, sedimented and the percentage of living cells and standard error determined using a 

minimum of 300 cells over 5 replicate fields of each treatment. 

The long-term viability of irradiated cells was tested using four exponential-growth-phase 

cultures of Phaeocystis antarctica (Strain At-3), which were exposed to irradiances 

spanning the UVB irradiances range under the same irradiation regime as used above plus 

an unirradiated control. A 30 ml aliquot from each irradiance treatment was added to 70 ml 

of fresh medium and the number of live cells in 15 replicate fields counted on days 0 and 

13. Growth rates of all treatments were calculated (Verity et al. 1988a) and that of the 

unirradiated control used to predict the initial concentration of viable cells in irradiated 

treatments from the observed final cell concentration. 

Quantitative measurements of UVB absorption were made using samples concentrated by 

centrifugation and extracted for 30 min at 50°C in growth medium (Scherer et al. 1988). It 

was established that 30 min was the extraction time at which there was maximum recovery 

of UVB—absorbing compounds. Peak height from these extractions was obtained by 

measuring the absorbance at 271 and 323 nm and subtracting the absorbance at these 

wavelengths from a line tangential to the absorbance minima around 250 and 380 nm. This 

removed the non-labile background absorbance observed in Fig. 2B. 

Exponentially growing colonial Phaeocystis antarctica (A1-3), and Phaeocystis from 

Tasmanian coastal waters (PE2, CSIRO Culture Collection of Microalgae, Hobart, 

Tasmania), East Australian current (165-7) and the North Sea and English Channel (Strains 

Veldhuis and 540, Plymouth Culture Collection, England) were grown as for aqueous 

concentrates (ie with no UV radiation), and were extracted at 50°C for 30 min in the culture 

medium; the 323 tun absorbance was calculated per unit chlorophyll a concentration of the 

culture. Chlorophyll a was extracted with methanol (Wright & Shearer 1984) and its 

concentration calculated from Lorenzen's (1967) equations. 
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Colonial cultures A1-3 and 165-7 were exposed to various UVB irradiances with constant 

PAR and UVA (see paragraph 2 above), and then extracted at 50°C for 30 min in the culture 

medium; 323 nm absorption was calculated per live cell to ascertain whether exposure to 

UVB influenced production of UV—absorbing compounds. 

Xenic and axenic colonial strains of Phaeocystis antarctica A1-3, A1-4, DE10, and RG1.2 

were also extracted and absorbance at 323 nm per unit chlorophyll calculated. Absorbance 

per unit chlorophyll a was compared at 271 and 323 nm by a paired I-test. The value 

obtained for the A1-3 strain was also used to predict the attenuation of UVB radiation in 

Antarctic coastal waters. 

3. RESULTS AND DISCUSSION 

UV—absorbing substances are produced by various organisms, including eye lens tissue of 

fish (Dunlap et al. 1989), higher plants (Caldwell 1981), the cyanobacterium Nostoc  

commune (Scherer et al. 1988), corals (Dunlap et al. 1986), seaweeds (Sivalingam et al. 

1974, Wood 1989, Karentz et al. 1991c) and phytoplanlcton (eg Sivalingam et al. 1974, 

Carreto et al. 1990, Karentz et al. 1991c). There is considerable evidence that these 

compounds shield the organisms from UV damage (eg. Caldwell 1981, Dunlap et al. 

1989, Wood 1989, Karentz et al. 1991b, Vernet et al. 1994). 

Aqueous concentrates of the colonial stage of Phaeocystis antarctica exhibited strong 

absorbance at 323 nm, a shouldered peak at 271 nm and a third peak at 211 nm (Fig. 2A). 

These absorbances greatly exceeded that of chlorophyll a at 680 nm and carotenoids. The 

colourless UVB absorbing compounds were fully soluble in water at 50°C, as evidenced 

by the lack of any absorbance in resuspended concentrate from this extraction. These 

UVB—absorbing compounds have also been found in field samples from Antarctic coastal 

waters (Davidson unpublished data). 

Only the absorbance peak at 211 nm was present in aged axenic cultures in which no living 

cells remained (Fig. 2B). Thus, this peak represented the absorbance of the colony matrix 



130 

0 

300 	400 	500 	600 
	

700 
	

800 

WAVELENGTH I nm I 
ND-137 

Fig. 2. Absorption spectra of cell concentrates from (A) colonies of an axenic isolate of 

Phaeocystis antarctica  with a prominent peak at 323nm (closed arrow) and shouldered 

peak at 271 nm (open arrow), unmarked peak at 211 nm, and peak at 680 nm from 

chlorophyll a; (B) dead axenic colonies of  Phaeocystis antarctica  possessing only the 211 

nm peak; (C) colonies from an East Australian Current  Phaeocystis isolate; (D) axenic 

motile cells of P. antarctica.  
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which constituted most of the algal volume (Davidson & Marchant 1987) and any residual 

material from dead cells. Absorbance at wavelengths shorter than 280 nm is unlikely to 

have conferred protection because of the marked attenuation of such short wavelengths by 

the atmosphere and water (Smith & Baker 1979), but provided a background absorbance 

on which was superimposed that of the protective compounds. The disappearance of the 

271 and 323 nm peaks from the aged axenic cultures showed that they were labile in the 

absence of bacteria. Absorption maxima were significantly higher at both 271 and 323 nm 

in late stationary—phase axenic cultures than those of the same strain and culture age 

containing bacteria (0.025<P<0.050, n=8), indicating that the alga was producing the 

compounds and that bacteria were involved in their decomposition. The ability of 

Phaeocystis antarctica to inhibit bacterial growth within the immediate vicinity of growing 

colonies (Sieburth 1960, Davidson & Marchant 1987) such that their number, in the order 

of 108  cells 14  (approximately an order of magnitude less than that during stationary 

phase) would prolong retention of the UVB absorbing compounds by this life stage. That 

these compounds were labile and degraded by bacteria indicates that they are likely to be 

only short-lived outside growing colonies. 

Phaeocystis from the East Australian Current could not be maintained in axenic culture. 

Thus, bacterial decomposition of the UV—absorbing compounds may contribute to the 

lower absorbance found in this strain (Fig. 2C). Bacterial impact was minimised, 

however, by using cultures in the exponential growth phase. Davidson and Marchant 

(1987) reported that bacterial numbers were more than an order of magnitude less in the 

mid—exponential growth than in the stationary phase. Cells of the flagellate stage in the life 

cycle of Antarctic strains contained negligible concentrations of these compounds (Fig. 

2D). The absorbance at 323 nm of the media containing cultures of flagellates in log phase 

of growth was low (50.0034 cm -1 ). Cultures of colonial Phaeocystis from near Tasmania, 

the North Sea and the English Channel, grown under identical conditions, in exponential 

growth phase, and having the same morphology, were similar to the East Australian 

Current material in having substantially less of the 323 tun absorbing material per jig of 
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chlorophyll a than the Antarctic strain (Table 1). The marked difference in the amount of 

UVB absorbing compounds is likely to reflect differences in Phaeocystis species (Medlin 

et al. 1994). However, the reason that P. antarctica contains much higher concentrations 

than cool temperate and northern hemisphere strains/species is uncertain. 

Table 1. Absorbance at 323 nm of 50°C—extracted 323 nm absorbance per unit 

chlorophyll a of colonial Phaeocystis antarctica  (A1-3), and Phaeocystis  strains from Port 

Esperance, Tasmania (PE2), East Australian Current (165-7) and English Channel (Veldhuis 

& 540) 

Strain Absorbance 

A1-3 0.1173 

PE2 0.0195 

165-7 0.0143 

Veldhuis 0.0048 

540 _ 0.0047 

Determination of both the proportion of undamaged cells following exposure to enhanced 

UV irradiation and their viability indicated that the UV—absorbing compounds provided 

substantial protection to colonial phaeocystis  Datamdca cells. Viability studies showed that 

the live cell concentration, predicted from the growth rate of the unirradiated control, were 

well within the standard deviation of the observed cell concentration (Table 2). The 

exception, at an irradiance of 0.28 W pr2, was probably due to the counting procedure. 

This was the only culture in which the observed growth rate was negative between Days 0 

and 2, by which time the predicted value fell within the standard deviation of the observed 

cell concentration. Thus, the characterization of chlorotic and greatly vesicularized cells as 

"dead" in the survival studies shown in Fig. 3 provided valid criteria by which to quantitate 

the viable cells in culture after UVB irradiation. 
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The efficacy of the UV—absorbing compounds in protecting colonial Phaeocystis cells from 

UV radiation is apparent from Fig. 3. The percentage of undamaged (live) cells in cultures 

of colonial East Australian Current and Phaeocystis antarctica motile cells decreased 

markedly with increasing total irradiance (Fig. 3A). In contrast, colonial P. antarctica cells 

were apparently unaffected when the total irradiance was lower than 13.27 W nr 2, 

corresponding to an experimental UVB irradiance of 0.32 W nr2. This irradiance is 

approximately 60% of peak and 150% of average surface irradiance measured at the 

Australian Antarctic station of Casey at Latitude 67 °S (Wood WF 1991, pers. comm.). At 

higher irradiances, mortality of colonial cells increased at about the same rate as motile 

cells. The percentage of live East Australian Current colonial cells was equivalent at each 

UVB irradiance, irrespective of whether this was under increasing total radiation (Fig. 3A) 

or UVB alone (Fig. 3B). This contrasted with the colonial strain of P. antarctica. Under 

increasing total irradiance the proportion of live cells declined to approx 40% when 

exposed to a total irradiance of 24.5 W m-2, of which 5.81 x 10-1  W m-2  was UVB (Fig. 

3A). Increasing UVB irradiance alone produced no significant mortality until irradiance 

exceeded 0.60 W m-2  (Fig. 3B), suggesting inhibition by elevated PAR under increasing 

total irradiance, or sustained greater cell damage since the UVB spectrum was only 

attenuated to Distribution 6 (Fig. 1) in all cases. This UVB irradiance approximates peak 

Antarctic coastal surface irradiance (Wood WF 1991 pers. comm.). 

Table 2. Test of viability using growth rate of colonial cells. Growth rate of unirradiated 
control was 0.22 doublings per day; concentration of organisms is cells x l0 -3  ml-1±SD 

UVB Irradiance (x10-1  
w.m-2) 

Observed Live 

Cells at Day 0 

Observed Live 

Cells at Day 13 

Predicted Viable 

Cells at Day 0 

0 (Control) 17 ±6.7 111 ± 62.3 - 

0.286 51 ± 25.2 99 ± 28.1 14.1 

0.598 29 ± 7.8 184 ± 109.2 26.1 

1.310 14± 13.7 78 ± 34.3 11.1 

2.059 - 	0.3±0.5 3 ± 2.76 0.5 
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Hg. 3. (A) Percentage of live cells of East Australian Current colonial (E. Aust. Curr. 
Col.), Phaeocystis antarctica  colonial (Antarctic Col.) and flagellate (Antarctic Flag.) 
cultures of Phaeocystis  exposed to increasing light intensities provided by a Suntest 
UV/white light source; and (B) in Antarctic and East Australian Current colonial 
cultures irradiated with various intensities of UVB and constant photosynthetically 
active radiation (PAR) and UVA. Error bars represent standard errors calculated after 
Zar (1984). 
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Production of UV protecting pigments is enhanced by exposure to UV radiation in higher 

plants (Caldwell 1981) and the cyanobacterium Nostoc commune  (Scherer et al. 1988). 

Sublethal irradiance of colonial Phaeocystis antarctica  with UVB was also found to 

significantly increase the absorbance per cell at 323 nm (Fig. 4). Only three of the 

experimental irradiances were sublethal to East Australian Current colonial Phaeocystis,  

but these appeared to reduce rather than promote pigment production. Thus, the rate of 

UV—absorbing compound production by the colonial stage of P. antarctica  is responsive to 

ambient UVB climate. The data showed that the resulting increase in UVB absorbance by 

the P. antarctica  would enhance their survival. Should the UVB screening prove 

insufficient, cells were damaged or died and production rates of UVB-absorbing 

compounds would decline, increasing the vulnerability of the reminder of the population to 

further UVB damage. However, the colonial stage of P. antarctica  carried a substantial 

complement of UV—absorbing material irrespective of past UV climate (Fig. 2A) which 

would help mitigate such breakdown of UVB protection in the wild. In contrast, the East 

Australian Current colonial Phaeocystis  strain produced less pigment and was apparently 

unable to increase the rate of production under UVB stress. 

The absorption of colonial Phaeocystis antarctica  Strain A1-3 at 323 nm was 1.219 cm-1  at 

a chlorophyll concentration of 810141 -1 . In the marginal ice edge zone near the Antarctic 

coast, the concentration of colonial stage P. antarctica  reached 6 x 107  cells 1-1 , which 

corresponds to a chlorophyll a concentration of 4.59 gg 1- 1  (Davidson & Marchant 1992a). 

Relating the chlorophyll a normalized absorbance in culture to the chlorophyll a 

concentration of an Antarctic P. antarctica  bloom indicates that, at such a concentration, 

absorbance would be about 80% m -1  at 323 nm. Although this predicted value is only 

approximate (combining data from different laboratory and field studies), it does indicate 

that P. antarctica  is likely to protect other organisms present in the waters column at the 

same time against UVB. 
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Australian Current Colonial Phaeocystis  (E. Aust. Curr. Col.) was not. 
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Vernet et al. (1994) correlated increased in situ UV—absorption with elevated concentrations 

of 19'-hexanoyloxyfucoxanthin; a pigment which, in Antarctic waters, strongly indicates 

the presence of Phaeocystis antarctica  (Davidson & Marchant 1992b). Subtidal and 

intertidal Antarctic fish, invertebrates and algae also commonly contain UV—absorbing 

mycosporine amino acids (Karentz et al. 1991b). While numerous authors report that 

natural Antarctic plankton contain UV—absorbing substances, these studies do not identify 

the species responsible for this absorbance (Mitchell et al. 1989, Vernet et al. 1989, 

Gieskes & Kraay 1990). Thus, the extent to which key Antarctic phytoplankton species 

possess UV—absorbing compounds is largely unknown. Still less is known about the UVB 

photobiology of these key species. The following chapter examines UV—absorption, 

survival and growth amongst eight commonly occurring species of Antarctic marine 

diatoms exposed to a range of UVB irradiances. Results are compared with those for 

Phaeocystis antarctica.  
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CHAPTER 6 

Effects of UV-B irradiation on growth and survival 
of Antarctic marine diatoms 

1. INTRODUCTION 

The effect of increasing solar UVB flux on Antarctic phytoplankton and higher trophic 

levels is equivocal (El-Sayed et al. 1990, Karentz 1991, Villarane et al. 1995, Davidson 

et al. 1996 see also Chapter 1 section 6.1.2 and 6.2). Calkins and Thordardottir (1980) 

found that the tolerance of six high latitude marine diatoms to UVB was similar and 

concluded that most organisms would adapt to enhanced solar UV through increased 

protective pigmentation, repair, or avoidance mechanisms. Other authors have proposed a 

shift in species composition, favouring those species with greater tolerance of UVB 

(Hader & Worrest 1991, Karentz 1991, Marchant & Davidson 1991, Vincent & Roy 

1993, Davidson et al. in press). The mechanisms of UVB protection in Antarctic 

phytoplankton species are largely unknown, although UV—absorbing compounds and 

DNA repair mechanisms have been reported for some species (Karentz 1988, Bidigare 

1989, Mitchell et al. 1989, Marchant et al. 1991, Karentz et al. 1991a, c). 

Phytoplankton form the base of the Antarctic food web and sustain the wealth of life for 

which the Southern Ocean is renown (Ainley et al. 1986). Information on the effects of 

UVB on growth and survival of Antarctic marine phytoplankton is integral to 

understanding the impact of elevated UVB exposure on the Southern Ocean ecosystem. 

Species specific investigations on the impact of UVB are necessary to predict the effect of 

ozone depletion on these primary producers;This chapter examines the effect of UVB 

exposure on the growth rates, survival and UV—absorption of five species of Antarctic 

marine diatoms. Their UVB tolerance is compared with that of Phaeocystis antarctica.  
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2. MATERIALS AND METHODS 

2.1. Light measurements 
All measurements of irradiance were Made with an International Light IL 1700 

Radiometer equipped with detectors to measure photosynthetically active radiation 

(PAR), UVA (320 to 400 nm) and UVB (see Chapter 5, Fig 1). A National Institute of 

Standards and Technology intercomparison package (NIST Test #534/240436-88) was 

used to calibrate each light sensor. 

2.2. Cell isolation and culture 

Unialgal cultures of the diatoms Nitzschia lecointei  V. H., Proboscia (Rhizosolenia)  alata 

(Brightwell) SundstrOm, Proboscia (Rhizosolenia) inennis  (Castracane) Jordan and 

Ligowsld, Thalassiosira tumida  (Jan.) Hasle; Stellarima (Coscinodiscus) microtrias  

(Ehrenberg) Hasle and Sims, Odontella weisflogii  (Jan.) Grunow, Fragilariopsis  curta 

(V. H.) Hasle and Chaetoceros simplex  Ostenfeld were isolated from sea ice collected in 

Prydz Bay, Antarctica during the 1990/91 austral summer. Cultures were maintained in 

250 ml glass flasks using f/2 growth medium (Guillard & Ryther 1962) at a temperature 

of 4 ± 2°C. Cool white fluorescent lights provided photosynthetically active radiation 

(PAR) intensity of 11.80 J.m-2 .s-1  (58.85 I.LE.m-2.s4 ), with no UVB enhancement, on a 

12 h light : 12 h dark cycle. 

2.3. UVB enhanced treatments 
50 ml Lux tissue culture flasks (which completely absorbed wavelengths below 295 nm) 

were filled from a single parental culture in exponential growth phase and irradiated for 

24 hours in a 48 hour experimental period (6 h light : 12 h dark : 12 h light : 12 h dark : 6 

h light). Day 0 in data calculations occurs at the end of this irradiance period. Exposures 

were conducted in a Thermoline controlled environment cabinet at 4 ± 2 °C with cool 

white fluorescent tubes to provide PAR and UVA (320 - 400 nm), with UVB provided 

by FS2OT 12 UVB Westinghouse sunlamps. PAR and UVA irradiances were 12.13± 

2.13 W.m-2  (60.5 ± 10.4 gE.m-2.s-  1 ) and 1.19 ± 0.68 W.m -2  respectively. The spectral 
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distribution and UVB irradiance were varied by attenuation with glass filters (Marchant et 

al. 1991). The zero UVB irradiance treatment was screened by mylar which excluded 

light below 320 nm. Sensors were covered by each attenuating glass screen and a single 

layer of Lux culture flask to measure the experimental irradiances to which the diatoms 

were exposed. UVB irradiances of 0.10 to 3.40 W.m -2  were chosen to span the range of 

20% to 650% of peak UVB exposure as measured at an Antarctic coastal site (Casey 

station, 66°S) in the 1989 summer (C. Roy, unpublished data). A single culture of each 

species was incubated at each of these irraliances and a control culture of each species 

was returned to culture maintenance conditions and received only PAR. 

2.4. Calculation of viable cell concentration 
Immediately after irradiation (Day 0) 5 or 10 ml (depending on cell concentration) of the 

control culture was sedimented with Lugol's iodine and the concentration of cells with 

cytoplasmic contents (live cells) was calculated from counts over 15 replicate fields, 

using an Utermohl settling tube and inverted microscope. The mean cell concentration in 

the control culture at Day 0 was then calculated (N0 control). Also on Day 0, a 5 ml 

aliquot of each irradiated culture and the control were inoculated into 30 ml of f/2 medium 

in a glass flask and returned to the culture maintenance conditions described previously. 

These subcultures were incubated for up to 10 days and the concentration of live cells 

counted at 2 to 4 day intervals depending on their growth rate. The growth rate of the 

control culture of each species (K control) was calculated using the equation of Verity et 

al. (1988a) (equation 1). Equation 2 was then used to calculate the viable cell 

concentration on Day 0 (No irradiated) using the cell concentration for each of the 15 

replicate fields after ongrowth (Nt) the growth rate of the control (K control) and the time 

of culture ongrowth (t) 

K =1/t x log2 Ei 	 (1) 
NO 

No irradiated — Nt  irradiated 
2K 	

(2) 
control x t  
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S% = No irradiated x 100 	 (3) 
No control 

where K = growth rate, t = number of days of growth, Nt = number of cells at time t, 

No= number of cells immediately after irradiation (Day 0) and S% = percent survival. 

The calculated viable cell concentration of each replicate field at Day 0 (No irradiated) 

was then converted to percent survival (S%) in comparison with the unirradiated control 

at Day 0 (No control) using equation 3. In cases where the cell number in irradiated 

cultures was greater than that in the control culture, computed survival could not exceed 

100 % . The percent survival in each replicate field was arcsine square root transformed, 

the mean and standard error of the replicate fields computed and the mean and upper and 

lower confidence intervals sine squared to revert the data to percentages (Zar 1984). 

Equation 1 was then used to calculate the growth rate of all ongrown irradiated cultures. 

Growth rates were calculated for each species from the day at which the cell 

concentration in culture had reached a sufficient concentration to allow statistically 

acceptable mean estimates (No) and the concentration four days later (Nt). to for each 

species were:- Nitzschia lecointei - Day 4, Proboscia alata  - Day 6, Proboscia inermis - 

Day 6, Thalassiosira /umida  - Day 8, Stellarima microtrias  - Day 8. 

2.5. Removal of dark period from irradiance cycle 
Nitzschia lecointei and Stellarima microtrias were exposed to the same experimental light 

irradiances as described above but with the dark period of the cycle removed, giving 24 

hours of constant illumination. These two species were chosen as they exhibited different 

responses to treatments which included a dark period. The same procedures were 

followed as described above for determining survival and growth rate. 

2.6. Measurement of UV absorption 

A known volume of culture was filtered through 2.5 cm diameter Whatrnan GF/F filters. 

Filters were cut up into an homogeniser and 1.5 ml of 4: 1, methanol : tetrahydrofuran 
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(MeTHF) added. The sample was then homogenised using a glass tube and teflon grinder 

for 30 seconds at approximately 1000rpm and decanted into a centrifuge tube. A further 

0.5 ml of MeTHF was added to rinse the homogeniser, this was again decanted into the 

centrifuge tube and the sample centrifuged at 480 x g for 10 min at 0°C. The absorbance 

of the supernatant was measured between 250 and 800 nm using a Hewlett Packard 

8450A spectrophotometer. If measurements were not carried out immediately the extracts 

were stored at -120°C for no more than 4 weeks. The wavelength of maximum UV 

absorbance was identified and the peak absorption height above the adjacent minima 

measured for each extract. Data were then averaged over all cultures that received 

sublethal irradiances. Average absorbance was then normalised to chlorophyll a peak 

height at 665 urn. Cell carbon content was calculated for each species using cell 

concentration, volume and carbon conversion equations of Eppley et al. (1970) and the 

absorbance normalised to cell carbon concentration (C). The amount of UV—absorbing 

pigment was calculated per unit cell C to allow comparison between species that varied in 

volume from around 7.90 x 102 )=3  to 1.92 x 105  }tm3  for Nitzschia lecointei  and 

Proboscia inermis  respectively. UV absorbance was also normalised to cell 

concentration. Regression analysis of log absorbance per cell for each species was used 

to ascertain whether the concentration of UV—absorbing compounds was promoted by 

increased UVB irradiance. 

Absorption by UVB pigments, extracted cell contents and frustules was measured in 

exponentially growing cultures of Nitzschia lecointei, Proboscia alata, Thalassiosira  

tutnida Odontella weisflogii  , Fragilariopsis curta,  and Chaetoceros simplex,  grown in 

f12 medium under culture maintenance conditions (as above). Seven hundred ml of each 

culture was centrifuged at 200 x g for 40 mins at 0°C to concentrate the cells and the 

supernatant discarded. Two ml of 4: 1, MeTHF was then added, the cells resuspended 

and the intracellular pigments allowed to extract overnight at 0 °C. The centrifugation was 

repeated and the absorption of the supernatant measured as above. To remove any 

contamination from intracellular UV—absorbing compounds, the extracted material was 
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rinsed 3 times by addition of 2.0 ml of MeTHF, resuspension and centrifugation at 200 g 

for 10 min at 0°C. The material was then resuspended in a further 2.0 ml of MeTHF and 

the absorbance measured as above. 

To clear diatom frustules of organic contents, a known volume of the above MeTHF 

extracted cell concentrate was centrifuged at 480 x g for 10 mins and the MeTHF 

supernatant discarded. The sample was then digested for 24 hours in 5 ml of 30% H202 

and 25g of K2Cr207 added to oxidise and clean the frustules. The solution was diluted 

to 15 ml with Milli Q water, centrifuged at 480 x g for 1 hour and the supernatant again 

discarded. Microscopic examination of samples showed that this was sufficient to remove 

the cell contents from all species except Thalassiosira  tumida two treatments were 

necessary to clear the frustules of this species. Samples were resuspended twice in 15 ml 

of Milli Q centrifuged at 480 x g for 1 hour and the supernatant discarded. Finally, the 

cleared frustules were resuspended in a volume of MeTHF equal to that of the initial 

MeTHF extract and the absorbance measured (as above). 

3. RESULTS 

3.1. UVB absorbance 

Only compounds with absorption >290 am were investigated. Pigment extracts of 

Nitzschia lecointei, Proboscia  alata, Proboscia inermis, Thalassiosira  tumida Stellarima  

microtrias  and Fragilariopsis curta  had chlorophyll A absorbance peaks at 665 nm and 

chlorophylls and carotenoids at around 440 nm (Fig. 1). None of the species investigated 

had any pronounced absorbance peaks in the UVB region of the spectrum. There was, 

however, increasing background absorption in the UV region of the spectrum and distinct 

absorbance peaks between 325 and 342 nm for each species (Table 1), the shoulder of 

which absorbed at UVB wavelengths (Fig. 1). The ratio of UV—absorbing compound 

peak height to that of chlorophyll a at 665 am for the diatoms is 2.1:1 or less. Most of the 

absorption was at UVA wavelengths and absorption in the UVB region by the shoulder 
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of these peaks was much less. 

Table 1. UV—absorbing compounds in Antarctic marine diatoms and Phaeocystis giving 

wavelength of peak UV absorbance, the ratio of UV—absorbing compound peak height to 

chlorophyll a peak height at 665 nm and the UV—absorbance per jig cell carbon. * value 

calculated from data in Marchant et al. (1991). Data presented are mean values of all 

sublethal irradiances 

Species Peak absorbance (nm) UV Abs : chi a ratio UV Abs / p.g cell C 

Nitzschia lecointei 325 0.9 1.10 x 10-6  

Proboscia alata 336 1.7 6.86 x 10-5  

Proboscia inermis 340 2.1 6.17 x 10-5  

Thalassiosira tumida 342 1.2 5.08 x 10 -5  

Stellarima microtrias 342 1.8 5.91 x 10-7  

*Phaeocystis cf. pouchetii 323 27.5 1.04 x 10-2  

As the concentration of chlorophyll A changes in response to UVB exposure (Bidigare 

1989) it was not used in normalising UVB-induced changes. Log absorbance per unit cell 

C for each species over the range of UVB irradiances is shown in Fig. 2. Data from 

Phaeocystis antarctica  (Marchant et al. 1991) using similar methods is included for 

comparison. Regression analysis of the UV absorbance peak height per cell against sub-

lethal irradiance showed that increased UVB flux elicited no significant response in UV 

absorbance in any diatom and the F-test shows that the regression slopes were not 

significantly different from zero (Table 2). 

Absorption of MeTHF insoluble material by Nitzschia lecointei, Proboscia  e_ata, 

calotadia weisflogii, Fragilariopsis  cuaa and Chaetoceros simplex  (Fig. 3A-B, D-F) 

gradually decreased with increasing wavelength while that of I, tumida  remained 

approximately constant (Fig. 3C). Absorption by cleared frustules of each species also 

decreased with increasing wavelength but only accounted for between 13 and 29% of the 
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total UVB absorption by the cells (Fig. 3 & 4). Total cellular UVB absorption peri.ig cell 

carbon varied between 3.4 x 10 -5  for T. tumida  to 8.2 x 10-4  for N. lecointei  (Fig. 4). 

MeTHF—soluble pigments comprised between 12 and 26% of this absorption. The 

exception was L rumida,  where it accounted for 45 % of UVB absorption. The majority 

of UVB absorption was due to MeTHF insoluble cell contents except for T. tumida  were 

the proportion was slightly less than that of the MeTHF soluble material (Fig. 4). 

Table 2. Regression statistics obtained in linear regression of UV absorbance per cell 
against sublethal UV-B irradiance for Antarctic marine diatoms. 

Species , P(r) P(F) 

Nitzschia lecointei .2>x>.1 .1955 

Proboscia alata .2>x>. 1 .1009 

Proboscia inermis .5>x>.2 .2732 

Thalassiosira tumida .5>x>.2 .2542 

Stellarima microtrias _ >0.50 .5851 

3.2. UVB response - survival and growth rate 

Survival of diatoms exposed to UVB differed between species (Fig. 5). Diatoms 

screened with Mylar received no UVB (irradiance 0, Fig. 5) but received unattenuated. 

UVA and exhibited low survival (9- 32%). Survival of Nitzschia lecointei, Proboscia 

plata and Etabascia inermis  at sublethal irradiances approximated 100 % survival (Fig. 5 

A - C) but that of Thalassiosira  na_uLda and Stellarima  ntm2Was at sublethal irradiances 

ranged from 51 to 85 % and 59 to 75 % respectively (Fig. 5D, E). At 1.75 J.m -2  s-1  the 

survival of lecointei,  and Ea. Alata  fell to 17 and 14% respectively and survival was 

negligible at 3.4 J.m-2  s-1 (Fig. 5A, B). No significant change in survival of E. inermis,  

L tumid a,  and I microtrias  occurred until a UVB irradiance of 3.4 J.nr2  s-1  at which 

irradiance their survival fell to 25% (Fig. 5C, D, E). In contrast, the survival of Antarctic 

colonial Phaeocystis antarctica  (Fig. 5F) was reduced to 30% at a UVB irradiance of 1.0 



Ab
so

rb
an

ce
  ( x

  1
0-

4)
  / 

pg
  C

el
l C

a r
bo

n  

9.0 

8.0 

7.0 

6.0 

5.0 

4.0 — 

3.0 

2.0 — 

1.0 

0.0 	 

149 

     

111  MeTHF Soluble 

Frustule 

I MeTHF Insoluble 

  

  

 

  

     

as 	o 
as 	7 	.7/5 rc 	E 	a) 

d 

Species 

Fig. 4. Average UV-B (280 - 320 nm) absorbance of MeTHF soluble 
compounds (MeTHF Soluble), MeTHF insoluble matter (MeTlIF 
Insoluble) and cleared frustules (Frustules) per pg cell carbon for 
Nitzschia fecointei,  Eroboacia alata, Thalassiosira  tuniida, Odontella  
weisflogii, Chaetoceros simplex  and Fragilariopsis curta. 



100 7 
	 150 

80 
60 -_ 
40 — 
20 7 

0 	  

100 7 
80 7 
60 7 
40 — 
20 7 

0 	  

F  100 - 
80  
60: 
40: 
20: 	 I 

0 	I 	 I 	I — 	I 	I 
0.0 	0.5 	1.0 	' 1.5 	2.0 	2.5 	3.0 

UV - B Irradiance (J.rn -2 .s-1 ) 

0 
	

10 	15 	20 	25 
Total UV-B Dose (kJ.m -2) 

Fig. 5. Percent survival of (A) Nitzschia lecointei,  (B) Proboscia  alata, (C) 
Proboscia inermis,  (D) Thalassiosira tumida,  (E) Stellarima microtrias  and (F) 
Phaeocystis antarctica*  irradiated for 24 in 48 h against UV-B irradiance. * 
Data from Marchant et al. (1991). Error bars represent standard errors 
calculated from Zar (1984). 



151 

7.m-2  s-1  with survival reduced to 0% at a UVB irradiance of 2.1 J.m-2  s (Marchant et 

al. 1991). 

Regression analysis showed that there was no significant relationship between the growth 

rate after irradiation of the diatoms and the UVB irradiance they received (Table 3). The 

growth rate of Nitzschia lecointei  appeared to decline as UVB irradiance increased and 

this was not observed until the highest irradiance (3.4 J.m -2  s4 ; Fig. 6). Growth rates 

for irradiated cultures of Proboscia alata, Proboscia inennis, Thalassiosira tumida,  and 

Stellarima microtrias  were comparable to those occurring in the PAR control. 

Table 3. Regression statistics obtained in linear regression of post-irradiation growth rate 
against UV-B irradiance for Antarctic marine diatoms. 

Species P(r) 

Nitzschia lecointei 0.1<x<0.05 

Proboscia alata 0.2<x<0.1 

Proboscia inermis 0.1<x<0.05 

Thalassiosira tumida 0.5<x<0.2 

Stellarima micmtrias 0.2<x<0.1 

3.3. Dark period removal 

Removal of the dark period from the irradiance of both Nitzschia lecointei  and Stellarima 

microtrias  elicited a different survival response (Fig. 7) from those treatments 

incorporating a dark period. L lecointei  cells survived an irradiance incorporating dark 

periods of 1.75 J..m-2  s-1  (Fig. 5A) but survived all but the maximum irradiance when 

exposed without dark periods (Fig. 7A). In contrast with N. lecointei,  survival of S. 

microtrias  during irradiation including a dark period did not decline significantly until 

receiving 3.2 J.m-2  s4 . When the dark period was removed, survival of S. microtrias  

declining to 23% at an irradiance of 1.75 J.m -2  s-1 . In addition, survival of S. tnicrotrias 
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over the lower range of UVB irradiances was approximately 20% lower in exposures 

with a dark period (Fig 5E) than those without (Fig. 7B). 

4. DISCUSSION 

This study was structured to approach natural conditions so that some insights into basic 

responses of diatoms to UVB exposure could be revealed. Experimental limitations 

included the inability to replicate the dynamic nature of the light climate of the Antarctic 

marine ecosystem in the laboratory and that the period over which the UVB irradiation 

treatments took place (48 hour period with 24 hour exposure to UVB) were relatively 

short. However, UVB exposure of 24- 48 h reportedly produces significant changes in 

phytoplankton photosynthetic (Bidigare 1989) and UV—absorbing pigmentation 

(Marchant et al. 1991). Numerous Antarctic marine organisms have been shown to 

produce UV—absorbing compounds (Mitchell et al. 1989, Vernet et al. 1989, Karentz et 

al. 1991b, Marchant et al. 1991) and there is now a substantial literature indicating that 

such compounds, principally mycosporine-like amino acids (MAAs), can provide 

protection against UVB damage (eg Vernet et a. 1989, Carreto et al. 1990, Karentz et al. 

1991b). Marchant et al. (1991) reported a high concentration of UV—absorbing 

compounds in the colonial stage of the Antarctic prymnesiophyte Phaeocystis antarctica 

and demonstrated that the colonial stage of this alga survived higher levels of UVB 

irradiation than either the motile stage, or the colonial stage of temperate strains of this 

alga which lacked or contained much lower concentrations of these compounds. 

Only compounds with absorption at wavelengths greater than 290 nm were considered in 

this study as shorter wavelengths are not encountered in the marine environment (Smith 

& Baker 1979, Baker et al. 1980) and would be of no ecological significance in UV 

protection. The diatoms examined in this chapter have compounds that absorb at UVA 

wavelengths with only low absorbance by the shoulders of these peaks at UVB 

wavelengths. The concentrations of UV—absorbing compounds in the diatoms were 

approximately two to five orders of magnitude less per unit cell C than in Phaeocystis  
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antarctica  and, unlike P. antarctica  , the concentration of UV—absorbing compounds did 

not increase significantly as irradiance increased. Therefore, it appears that these diatoms 

are not using pigments as protection from UVB to the same extent as Phaeocystis.  It 

remains possible that absorbance at these wavelengths is an incidental consequence of 

possessing certain cell proteins or metabolites which constitute a target rather than a 

protective mechanism. Thus, the significance of UV—absorbing compounds in the 

diatoms as a screen remains uncertain but appears low. 

Phaeocystis antarctica  contained high concentrations of UV—absorbing compounds 

(Marchant & Davidson 1991). The reports of substantial levels of UV—absorbing 

compounds in mixed phytoplankton from Antarctic waters by Mitchell et al. (1989), 

Vernet et al. (1989), and Gieskes and Kraay.(1990) do not conflict with my data. Their 

unidentified samples could have contained P. antarctica,  an abundant component of the 

Antarctic phytoplankton community or other as yet unidentified species which also 

possess such UV—absorbing compounds. However, data presented here demonstrates 

that diatoms, which contain little if any of these compounds to shield them from UVB 

exposure, are capable of surviving higher levels of UVB exposure than P. antarctica.  

Smith et al. (1992) also found that the rate of cell division of another diatom, Chaetoceros 

socialis in the Southern Ocean was less affected by a given solar irradiance (including 

UVB) than P. antarctica.  

With the exception of Thalassiosira tumida,  absorption of UVB by cell concentrates from 

which MeTHF soluble pigments had been extracted was considerably greater than the 

maximum UV absorption by Mel'HF—soluble pigments. Absorption of UVB by the 

frustule was similar to or greater than absorption by the MeTHF soluble pigments. Most 

of the UVB absorbance in all species except L tumida  was due to oxidisable cell 

contents. The location of these absorbing compounds and structures such as membranes, 

proteins and carbohydrates within the cell in relation to UV targets within the cell would 

determine their value as an intracellular screen against UVB damage. The low absorption 
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by MeTFIF soluble pigments supports the argument that they are not primarily UVB 

protective compounds. Further, the UVB irradiance at which each species showed a 

significant decrease in survival did not correlate with absorption by MeTHF soluble 

pigments, frustules or MeTHF insoluble cell contents. This suggests that none of these 

fractions provide significant protection from UVB radiation and that processes other than 

UVB screening are responsible for survival of diatoms at elevated UVB irradiances. 

The pycnocline in the MIZ may be 20 m or less for periods of up to 6 days (Mitchell & 

Holm-Hansen 1991, Veth 1991). Thus, phytoplankton in this environment may receive 

high UVB irradiances for prolonged periods. These results indicate that diatoms and 

Phaeocystis antarctica are able to survive and grow at UVB irradiances approximately 

twice, and in the case of Proboscia inennis and Stellarima tnicrotrias, over three times the 

peak surface irradiance currently experienced in Antarctic waters for at least 24 hours. 

Their capacity to withstand UV exposure may reflect changes in species composition or 

selection of UV resistant strains over the 20 years of known existence of ozone depletion. 

Alternatively, high UVB environments may have existed for substantial periods in their 

evolution, thus pre-adapting these organisms (Yentsch & Yentsch 1982). Smith et al. 

(1992) found that the growth rates of phytoplankton after irradiation were independent of 

the depth from which the samples had been taken and depended only on the dose received 

at the depth of incubation. This evidence lends further weight to the idea that these 

organisms are pre-adapted to a relatively high UVB environment. These results also 

suggests that the impact upon diatoms of increased UVB irradiance as a result of ozone 

depletion may be minimal. 

The survival of Thalassiosira tumida and Stellarima microtrias was less than 100% at 

UVB irradiances between 0 and 1.75 J.m-2  s-1 . However, the survival at these 

irrakiiances did not appear to correlate with UVI3 irradiance and S. microtrias did not 

show any significant decline in survival until the highest UVB irradiance. Thus, the 

lower maximum survival probably reflects subculturing disturbance or overestimation of 
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the Time 0 population of the PAR-irradiated control culture. The low survival observed in 

all species under Mylar screens, which received no UVB but unattenuated UVA, 

indicates that UVA is also potentially lethal to phytoplankton but this damage is 

ameliorated by UVB. While photorepair of UVB-induced damage has been reported 

(Harm 1980, Karentz 1988, Karentz et al. 1991a), UVB-facilitated repair of UVA-

induced damage has not. UVA is largely responsible for the inhibition of carbon fixation 

(Bi1hlmann et al. 1987) but it would appear unlikely that photoinhibition alone could be 

responsible for the observed mortality in Mylar screened treatments. The short 

wavelength UVA emitted from the UV lamps used in these experiments may have been 

affecting other cellular processes or constituents. 

Ongrowth of cultures irradiated over 24 to 48 h indicated that the growth rate of most 

species was unaffected by the UVB irradiance to which they were subjected. This was 

observed even at irradiances which resulted in high mortality. Results indicate that cells 

which survived, sustained their metabolism during irradiation and were then able to 

resume normal growth, making their growth rate indistinguishable from both control 

cultures and those which received much lower UVB irradiances. Thus, their contribution 

to the population after irradiation is dependent upon their survival rather than any 

persisting consequence of the UVB dose received. 

Estimates of mixing times from the surface layer to a depth of 10 m range from 30 

minutes to hundreds of hours (Denman & Gargett 1983, Karentz 1991). Because of the 

stability of the MIZ, phytoplankton experience little or no darkness during late spring and 

summer (Sakshaug & Skjoldal 1989, Lizotte & Sullivan 1991, Veth 1991). 

Phytoplankton above the pycnocline will be exposed to changes in UVB irradiances over 

periods greater those used in the experiments (24 h). Therefore, these experimental 

results can only be considered as indicative of natural conditions. The two diatom species 

that received continuous irradiation at various UVB irradiances for a 24 hour period show 

a high tolerance to such an exposure. Dark—dependent DNA repair processes have been 
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cited as fundamentally important to many organisms (prokaryotes, plants and animals) 

for repair of UVB induced damage (Harm 1980). Over the 24 h duration of this 

experiment they appear to play little part in the survival and reproduction of Nitzschia  

lecointei and Stellarima microtrias denied a dark period. 

Karentz et al. (1991a) found that smaller cells with a greater surface area : volume ratio 

were more sensitive to UV than larger cells. Results presented here are not consistent 

with this proposal. Survival of smaller species such as Nitzschia lecointei with a surface 

area to volume ratio approximating 0.94 was equivalent to that observed for Proboscia 

inermis with a surface area to volume ratio of around 0.20. The observations of ICarentz 

et al. (1991a) may be due to cell size and volume affecting sinking rates, which in turn 

affects their relative exposure to UVB (Denman & Gargett 1983, Karentz 1991, Veth 

1991, Thompson et al. 1991). 

5. CONCLUSION 

The results show that over a 24 to 48 hour period at least some diatoms tolerate levels of 

UVB considerably higher than irradiances received in Antarctic surface waters in the 

austral spring 1989. The concentration of UV—absorbing compounds in the diatom 

species investigated was much less than that observed in the haptophyte Phaeocystis  

antarctica, but their UVB survival tolerance exceeds that of P. antarctica. Thus, it cannot 

be assumed that survival of phytoplankton in high UV environments will be greater for 

species possessing UV—absorbing compounds. The high tolerance of UVB radiation of 

the phytoplankton species that were studied suggests that major changes in phytoplankton 

species composition as a result of extensive UVB induced mortality appears unlikely. 

Similarly, there is little direct evidence of changes in species composition in the Southern 

Ocean. 

Photobiological responses to UV radiation are strongly influenced by dose rate and 

wavelength structure (eg. Smith & Baker 1979, Karentz 1991, Vincent & Roy 1993). 
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Laboratory experiments presented in Chapters 5 and 6 simulated or contained exposure 

times, wavelength structures and absolute irradiances that could be experienced in 

Antarctic waters. However, the inhibitory effect of UV radiation is a function of both UV 

dose and dose rate (Cullen & Lesser 1991) and such laboratory experiments cannot 

recreate natural diurnal and seasonal variations in irradiance and wavelength structure that 

result from physical and biological factors such as ozone concentration, solar elevation, 

cloud, ice cover and self-shading (Hardy & Gucinski 1989, Smith & Baker 1989, El-

Sayed et al. 1990, Karentz 1991, Gautier et al. 1994). Chapters 7 and 8 report the results 

of experiments conducted at Davis Station, Antarctica, to examine the photobiological 

responses of Phaeocystis antarctica  and selected species of Antarctic marine diatoms to 

natural or in sit_u. Antarctic UV radiation. 
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CHAPTER 7 

Comparative impact of in situ UV exposure on 
productivity, growth and survival of Antarctic 

Phaeocystis  and diatoms 

1. INTRODUCTION 

Many authors have shown that UVB radiation (280 - 320 nm) reduces the survival, 

growth, and production of phytoplankton (See Chapter 1 section 6.1.1 & 6.1.2). Calldns 

and Thordardottir (1980) suggested that temperate and sub-polar diatoms possess little 

reserve capacity to cope with increased UVB exposure. El-Sayed et al. (1990) concluded 

that Antarctic phytoplanlcton are currently UV stressed and are likely to be seriously 

affected by any increase in UVB radiation. In contrast, studies of North American 

phytoplankton by Gala and Giesy (1991) and Hobson and Hartley (1983) found little 

inhibition of production by UVB and, in Antarctic waters, Helbling et al. (1994) 

calculated a negligible loss of phytoplankton production as a result of increased UVB. 

Davidson et al. (1994) found that selected species of Antarctic diatoms, though variable 

in their response, sustained no significant mortality until UVB exposures were increased 

to levels 2 to 3 times greater than those currently experienced in Antarctic surface waters. 

While the prospects for diatoms under increasing UVB irradiances are uncertain, 

tolerance of nanoplankton to UVB exposure is little known but apparently low (El-Sayed 

et al. 1990, Karentz et al. 1991a). 

Marine phytoplankton productivity in surface waters is reduced under ambient and 

elevated levels of UV (eg. Worrest et al. 1981b, Biihlmann et al. 1987, El-Sayed et al. 

1990, Smith et al. 1992, Behrenfeld et al. 1993, Prezelin et al. 1993, Helbling et al. 

1994, Neale et al. 1994,). However, UVA wavelengths are not enhanced by ozone 

depletion and they have been found to be a major factor in depressing rates of 
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photosynthesis and growth (eg. Jitts et al. 1976, Jokiel & York 1984, Maske 1984, 

Biihlmann et al. 1987, Holm-Hansen et al. 1989, Helbling et al. 1992, 1994). Holm-

Hansen et al. (1989) found that in near-surface Antarctic waters approximately 50% of 

inhibition of photosynthesis was due to UVA. UVB in near-surface waters may inhibit 

photosynthesis by between 15 and 60% (Worrest 1983, Maske 1984, Holm-Hansen et 

al. 1989, Helbling et al. 1992, Smith et al. 1992). However, the greater penetration of 

the water column by UVA than UVB meant that UVA was responsible for most of the 

photoinhibition in these waters (Holm-Hansen 1990). Long-term exposures of 

phytoplankton have also shown UVA is responsible for almost all inhibition of 

phytoplankton growth (Jokiel & York 1984). 

While laboratory studies are necessary and important in revealing UVB tolerance 

mechanisms, ecologically relevant data can only be gathered using natural solar 

irradiances on natural phytoplankton populations. However, it is difficult to discern 

subtle phytoplankton responses to UVB exposure amongst the spatial and temporal 

variability of natural phytoplankton communities (eg. Vincent & Roy 1993). This chapter 

examines the in situ primary production, growth and survival of cultured Antarctic 

isolates of P. antarctica and selected species of diatoms at an Antarctic coastal site and 

their growth rate after irradiation. 

2. MATERIALS AND METHODS 

Unialgal cultures of Chaetoceros simplex, Stellarima microtrias, Frazilariopsis curia and 

Phaeocystis antarctica were isolated from Prydz Bay, Antarctica in 1991/92 and were 

maintained in culture under cool white fluorescent light at photosynthetically active 

radiation (PAR) intensity of 5.11 W.m-2. C. simplex, S. microtrias and F. curta were 

grown in f/2 medium (Guillard & Ryther 1962) and a mixed flagellate and colonial life 

stage culture of P. antarctica was grown in GP5 (Loeblich & Smith 1968). An 

exponential-growth-phase culture of each species was diluted 1:6 with fresh nutrient 

medium two days before in sim incubation. Immediately before irradiation the cultures 
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were thoroughly mixed and 250 ml of each species transferred to each of three Whirlpak 

bags which transmitted light above 220 nm (PAR, UVA and UVB treatment). One bag 

remained unscreened while the remainder were screened with mylar (which transmitted 

wavelengths above 320 nm - PAR and UVA treatment) or polycarbonate (which 

transmitted wavelengths above 370 nm - PAR treatment). Like Prezelin and Smith 

(1993), no evidence of inhibition of growth or photosynthesis by UVB induced toxicity 

of Whirlpalcs was found (Holm-Hansen & Helbling 1993). Interspecific differences in 

growth and photosynthesis were species specific rather than treatment dependant. Bags 

were then incubated at 0.30 m depth in near-shore waters off Davis between 19th Feb 

and 26th Feb 1992. 

A further seven 50 ml subsamples of each species were transferred to 100 ml Whirlpak 

bags for primary production incubations. Three bags were screened as above, one was 

screened with opaque black plastic as a dark bag control and a further three were 

immediately acidified with 200 gl of 6 N HC1 as time zero blanks. Primary production 

was estimated using the methods of Schindler et al. (1972) modified after Griffith (pers. 

comm.). At the conclusion of the production incubation a 7 ml subsample from each 

Whirlpalc was transferred to a 20 ml scintillation vial and acidified as above. The vials 

were then shaken at 200 rpm for 2 hours to remove inorganic 14C. Counts were 

performed in Lumagel using a LKB 1215 Rackbeta II liquid scintillation counter. 

Estimates of count efficiency were performed each sample day before performing decay 

counts. The mean of triplicate time zero blanks and dark bag uptake were subtracted from 

counts in calculation of primary production. In situ incubations were performed at 0.30 m 

depth for 4 hours between 10.30 and 12.30 solar time. Determination of primary 

production by each species and under each light treatment were repeated after 4 and 8 

days of in situ incubation. The light treatment of each primary production incubation was 

the same as that from which the subsample was removed. 
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Surface UVA and erythemal UVB irradiance was integrated in situ  using an International 

Light IL 1700 Radiometer. Primary calibration of detector response was made using a 

National Institute of Standards and Technology intercomparison package (NIST Test # 

5341240436-88) with further calibration using four International Light primary transfer 

standards. A secondary calibration of the sensors to solar irradiances was conducted 

using the sensor response curve and a Macam spectroradiometer and erythemal UVB 

biometer respectively. 

A 5 ml subsarnple of each in situ  incubated treatment for each species was inoculated into 

30 ml of fresh growth medium. These cultures were returned to culture maintenance 

conditions for estimation of growth rate and survival and will henceforth be referred to as 

"ongrowth" cultures. A further 10 ml was removed at each sample time and fixed with 

Lugors iodine for estimation of cell concentration using inverted microscope cell counts 

over 15 replicate fields. Cell concentration in ongrown cultures was estimated 3 and 9 

days after subculturing and the growth rate of the control culture then used to calculate the 

number of surviving cells immediately after irradiation from the final cell concentration in 

irradiated treatments (Davidson et al. 1994). Calculations ensure that only viable cells 

capable of contributing to population growth are included in the survival of each species 

under each light treatment. After 2, 4, and 8 days in situ  exposure subsamples were 

removed from each 250 ml Whirlpak and the in situ  cell concentration, survival and rate 

of ongiowth again estimated. 

The equivalent spherical diameters of P. antarctica  flagellate and colonial cells were 

measured microscopically using a Zeiss Photomicroscope II at 1000 x magnification. A 

total of 200 equivalent spherical diameters were measured from each light treatment 

which had been irradiated for 8 days and ongrown for a further 9 days. 
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3. RESULTS 

Surface UVA and UVB irradiances were integrated during the duration of the 8 days in 

situ incubation (Fig. 1,3 & 4) and during each 4 hour primary production incubation 

(Fig. 5 & 6). Surface irradiances were high during the first 2 days of incubation as were 

irradiances during the primary production incubations. Between days 2 and 4 conditions 

were frequently overcast and surface irradiances were low, particularly at UVB 

wavelengths. Irradiances during primary production incubation were similarly low. 

Between day 4 and 8 integrated UVA and UVB irradiance increased again and surface 

irradiances integrated over the duration of the primary production incubation were the 

highest observed. 

The concentration of colonial Phaeocystis antarctica  changed little during in situ 

incubations (Fig. 1A). Samples which received UVB in the irradiance did not differ 

significantly from those that received PAR and UVA. Only in the incubation which 

received PAR alone may cell concentration have increased but this never differed 

significantly from UV exposed treatments. Exposure of colonial P. antarctica  to 

unscreened solar irradiance (PAR, UVA and UVB) for periods of more than 2 days 

greatly increased their rate of post-irradiance ongrowth (Fig. 1B). Colonial cells which 

received PAR and UVA also showed a marked but lesser promotion of growth rate while 

growth of PAR irradiated control samples showed little increase in growth rate with 

incubation time. 

The concentration of flagellate cells fell as a result of in situ UV radiation. Flagellate 

concentrations in the PAR irradiated treatment remained approximately constant (Fig. 

1C). Cells subject to PAR and UVA declined to around 20% of their original numbers 

over the 8 day period while flagellate concentrations exposed to PAR, UVA and UVB 

declined at a similar rate but where almost absent after 8 days incubation. The rate of 

ongrowth of the flagellate stage after irradiation changed little with time irrespective of 



G
ro

w
th

 R
at

e 
	

C
el

l 
C

o
n

ce
n

tr
at

io
n

 	
G

ro
w

th
 R

at
e 
	

C
el

l 
C

o
n

ce
n

tr
at

io
n

 
(D

ou
b

lin
g

s 
/D

ay
) 	

(x
 1

0
8  

/ 
L)

 	
(D

o
u

b
lin

g
s 

/
D

ay
),

 	
(x

 1
0

8  
/ 

L)
 

0
0

0
0

0
 

b
 	

iv
 6

.)
 4

1
. 	

0
  

0
0

0
0

0
.
o

 

0
0

0
0

0
0

 
N

J
P

 
0

 
0

0
0

0
0

0
 

P
P

P
P

P
P

P
P

 
0

--
-q

vw
.p

.0
1

0
-4

 

D 
2, 

5-  
.9- 	

2-  :-
1.1. 

0
  
0
 	

t<
 
cr

 c
ry

 

a 
rz

- 0
 cr

g, 
a. 

0
 0

 
, 
,,
,,, 

it 
=

- 
it  

0
 

N 
0  

C
I.

 
F4- 

;:oe  
C.

 E
.  

▪
,-: 	

et, 	
P.,

 
12

. <
 a

,A
g
to

 
(D

 C
D

 s
..

."
 

sy 	
■—

, 
trte'

D 
V

A
 

eD
 .

,.
. 	

0 
g
.P

4
7
0
i 	

p+
  
p

...  
13
-K

,0
-  
a
0
"
 	

ea
 	

(0
 

CD 	
at 

a)
 .0

 (
D

 
k)

 
e 

00 
14-

, 	
Ig 

ici
•,) 	

a
 -

.1 
a
 .

p..
 

(
/)

 w
 

0
 

...rr
i 

0
5 

s.-
- c

7 
(n 	

C
 	

c
 	

gt)
 

isi▪ 

K
.
e
1
W
›
 	

112
 	

sl)
 	

u) 
,.

.,
 _

,.
 0

 
0)

  —
  

C
o

 
C

 
 

0
 

0
  c

p
 	

I
V

 C
 

1-
1

0
^

,$)
  C

D
 

0
 C

I.
 2

 
5

 
-L

  5
 c

r
 

CO
 	

SI)
.  

X 	
5

 
g

3
 o

 a
i 
0

:1
 

-->-
'< 	

= 
0

 
o

 
01

 	
co

 
C-

 
cro

 trA
 

sa,
 	

3
 	

3
 

,2
9

/.,)
,..

i.)
..r:.

 
<

 0
. 

—
 E

. .
.„ 

s„ 
,t5 

'f,-,.
 F

, 0
 	

0
ci

 
-t

_
•
 

...
0 

O
■D

 
a 	

_.
 	

01

• A, 	
_.

 

0
 
0
 
0
 



166 

irradiance treatment (Fig. 1D). The only exception was the PAR and UVA treatment after 

4 days incubation, the reasons for which are uncertain. 

The cell diameter of the colonial and flagellate cells increased with addition of UVA and 

UVB to the irradiance (Fig. 2A & B). Mean flagellate cell diameter in cultures receiving 

PAR were 3.18 gm (Fig. 2A). This increased to 3.71 p.m with addition of UVA to the 

exposure and reached 4.50 pm when also exposed to UVB. The mean cell diameter of 

the colonial stage was 5.03 gm after exposure to PAR only (Fig. 2B). This increased to 

6.18 gm with the introduction of UVA and further increased to 6.59 gm after exposure to 

UVA and UVB. 

Exposure of colonial stage Phaeocystis antarctica  to natural irradiances over a period of 8 

days caused no decline in survival (Fig. 3). Survival of flagellate stage P. antarctica  also 

remained high for the first 4 days incubation but declined markedly between days 4 and 

8. The decline was greatest when cultures were exposed to the PAR, UVA and UVB but 

a major decline was also observed in the treatment with PAR and UVA. 

The concentration of Chaetoceros simplex  and Stellarima microtrias  cells did not increase 

significantly during in situ incubation (Fig. 4A & B). Concentrations of Fragilariopsis  

curta did significantly increase in all treatments. The greatest increase was observed in the 

unscreened treatment during the first 4 days of irradiation after which the concentration 

declined toward day 8 (Fig. 4C). None of the diatom species exhibited any significant 

decline in the survival as a result of UV irradiance (Table 1). Interspecific differences 

were observed in the growth rate of cultures established and ongrown after irradiance 

treatments (Table 2). Growth of S. rnicrotrias  and C. simplex  declined with the addition 

of UVA and UVB to the irradiance. UVB was responsible for the greatest decline in the 

growth rate of S. microtrias  while the greatest decline in growth rate of C. simplex  was 

caused by UVA. Fragilariopsis curt a  showed a promotion of growth rate in the 

unscreened treatment similar to that observed for P. antarctica.  Unlike P. antarctica,  little 

promotion of growth rate resulted from addition of UVA to the irradiance. 
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—•—  Fig PAR, UV-A & UV-B 
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—4--  Col PAR, UV-A & UV-B 
-- a --  Col PAR & UV-A 

20 

i 	1 

4 
Days Incubation 
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0 	4.24 	6.92 
Integrated Surface UV-B (x 103  J.rn -2 ) 

14.75 

0 	6.07 	10.01 	 22.11 
Integrated Surface UV-A (x 105  J.rn-2) 

Fig. 3. Percent survival of unscreened (Hg PAR, UVA & UVB) or mylar 
screened (Hg PAR & UVA) flagellate stage and unscreened (Col PAR, 
UVA & UVB) or mylar screened (Col PAR & UVA) colonial stage 
Phaeocystis antarctica  culture during near surface in situ incubations. Error 
bars represent standard error calculated after Zar (1984). 
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Hg. 4. Cell concentration of (A) Chaetoceros simplex,  (B) Stellarima  
microtrias  and (C) Fragilariopsis  curia exposed to PAR, PAR and UVA 
or PAR, UVA & UVB during near surface in situ incubations. Total 
integrated UVA and UVB dose at each in situ sample period are given. 
Error bars represent standard deviation. 
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Table 1. Percent survival of PAR and UVA or PAR, UVA and UVB irradiated diatoms 
exposed to near surface in situ irradiance for 8 days calculated after Davidson et al. (1994). 
Li and L2 represent upper and lower standard errors calculated after Zar (1984) 

Species PAR & 

UVA 

PAR, 

UVA & 

UVB 

Mean Li L2 Mean Li L2 

S. microtrias 95.88 99.87 86.77 93.53 98.55 85.28 

C. , its_i_in ilet 99.17 99.97 96.04 98.59 99.91 95.70 

F. curta 	_ 100.00 100.00 100.00 100.00 100.00 100.00 

Total photosynthetic rates of Phaeocystis  =mica only declined slightly with incubation 

time and little difference was observed between the irradiance treatments (Fig. 5A). The 

carbon fixation rate per cell in the PAR screened treatment also exhibited little change 

with time (Fig. 5B), however, fixation rates per cell in treatments which receiving UVA 

or UVA and UVB increased rapidly. This resulted from the decrease in flagellate cell 

concentration (Fig. 1C). In addition, the irradiance treatment and the flux rate during the 

production incubation appear to have little effect on the rate of production by the colonial 

stage (Fig. 5A). The diatom species investigated showed differing responses in 

production to the irradiance treatment. Although rates of production were frequently 

lowest in treatments which received UVB, inhibition of photosynthesis was only slight. 

The rate of production per cell by the diatom species investigated was not reflected in 

changes in cell concentration during in Atli incubation. Little difference was observed in 

primary production per cell of Chaetoceros simplex  between light treatments, however, 

the production by each cell approximately doubled during in slim incubation (Fig. 6A). 

Production per cell by Stellarima microtrias  appeared to decline slightly during incubation 
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Hg. 5. The rate of (A) primary production and (B) production per cell by 
cultured Phaeocystis antarctica  taken from near surface in situ incubations. 50 
ml sub-samples were removed from polycarbonate, mylar or unscreened light 
treatments and replaced in situ  beneath the same screen for 4 hr incubations to 
estimate primary production. Surface UVA and UVB irradiance was 
integrated for the duration of the production incubations 
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(Fig. 6B), while that by Fragilariopsis  curta declined by approximately 90% in all 

treatments (Fig. 6C). 

Table 2. Growth rate of diatoms after 8 days near surface in situ exposure to PAR, PAR 
and UVA or PAR, UVA and UVB, subcultured and ongrown in culture maintenance 
conditions for 9 days. Growth rate calculated after Verity et al. (1988a) 

PAR 

Growth Rate 

PAR & UVA PAR, UVA & 

_Species UVB 

a. microtri as 0.263 0.218 0.122 

C. simplex 0.674 0.336 0.266 

, F. curta  0.253 0.289 0.657 

4. DISCUSSION 

4.1. Survival 

Flagellate stage Phaeocystis  Antarctic4  was the only organism examined which 

demonstrated a significant decline in cell concentration during in gm exposure and 

survival after irradiation. UVA was responsible for most of this decline. Jokiel and York 

(1984) found that long term inhibition of growth was due almost entirely to UVA. 

Results presented here indicate that it can also account for most of the mortality. Addition 

of UVB to the irradiance further reduced the cell concentration of the flagellate stage but 

differences were slight and only significant after 8 days irradiation. Karentz (1991) and 

Calkins and Thordardottir (1980), indicate that UVB induced mortality would act as a 

selective pressure on the species composition of the phytoplankton community. On the 

basis of monospecific culture growth, and since UVA irradiances are not significantly 

enhanced as a result of ozone depletion, the results presented indicate that no major 

decline in P. antarctica  or diatom abundance as a result of UVB induced mortality is 

likely. 
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The colonial stage of Phaeocystis antarctica possesses high concentrations of UV-

absorbing compounds which provided substantial protection from UV radiation 

(Marchant et al. 1991). The flagellate stage lacks these compounds and exhibited greater 

vulnerability to UV radiation. The in situ results presented here support the previous 

finding. Antarctic near surface UV irradiances are sufficient to cause mortality in 

flagellate P. antarctica populations but the colonial stage maintains its photosynthetic 

production during exposure to UV and exhibits increased growth and cell size, and high 

survival after irradiation with 'UVA and UVB. 

4.2. Growth 

UV is reportedly responsible for significant decreases in the growth rate of phytoplankton 

(Thomson et al. 1980, Hannan et al. 1980, Worrest et al. 1981b, JoIdel & York 1984, 

Dohler 1984, 1985, Karentz et al. 1991a, Smith et al. 1992, Holm-Hansen et al. 1993, 

Villafafie et al. 1995). Worrest et al. (1981b) attributed this to interspecific differences in 

genetic limits of photoadaptation. In situ incubation results presented in this chapter, 

using diluted exponential growth phase cultures, found only Fragilariopsis curia 

sustained significant growth. This suggests that growth may have been inhibited as a 

result of PAR, however, Jokiel and York (1984) found high levels of PAR were not 

inhibitory to growth. Alternatively, features of the in situ environment such as 

temperature may have reduced growth rates. Smith et al. (1992) found that growth of P. 

antarctica (presumably colonial) in Antarctic waters was inhibited by inclusion of UVB in 

the natural solar irradiance while the growth of Chaetoceros socialis was not. No 

significant inhibition of colonial P. antarctica growth by UVB was observed in this study 

but this may have been due to the use of monospecific nutrient enriched cultures (DOhler 

1992, Lesser et a. 1994) or differences in experimental methods and strain. 

In situ exposure of Phaeocystis antarctica to UV resulted in an increase in cell diameter in 

both the flagellate and colonial life stages of subcultures established immediately after 0 

irradiation and allowed to grow in culture maintenance conditions for a further 9 days. An 
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increase in cell size may be caused by inhibition of cell division (Badour 1968) or an 

increase in light intensity (Thomson et a. 1991). The concentration of flagellate cells 

decreased in irradiances treatments including UVA or UVA and B but their growth rate 

after irradiation did not differ markedly between irradiance treatments, indicating that 

flagellate cells which survived irradiation were able to sustain normal growth. No 

significant change in colonial cell concentration was observed in any of the irradiance 

treatments during in situ irradiation and those that received UVA or UVA and UVB 

exhibited enhanced growth rates after irradiation. Thus, unlike Badour (1968), the 

observed increase in cell size as a result of exposure to UV radiation appear not to be as a 

result of inhibition of cell division. The increase in cell size observed by Thomson et a. 
(1991) were reversible after 12 hours while the increase presented here is wavelength 

dependant and persisted for at least the 9 days of ongrowth. Results presented in this 

chapter indicate a sustained change in cell metabolism of UV irradiated P. antarctica.  

Changes in size of the flagellate cells may, however, also reflect UV induced changes in 

flagellate cell stage (Kornmann 1955, Paperzak L 1992 pers. comm.) or formation of 

flagellates from the colonial stage (Veldhuis et al. 1986b, Verity et al. 1988a, Davidson & 

Marchant 1992a, b). 

Exposure of Fragilariopsis  curta to PAR, UVA and UVB caused a rapid increase in cell 

concentrations for the first 4 days of incubation suggesting high UV tolerance by this 

species. UV irradiances between days 4 and 8 were high. During this time the 

concentration of F. curia in this treatment declined suggesting that exposure of the cells 

beyond an upper threshold becomes inhibitory to their growth or that the UV exposure 

may impose cumulative stress on cell physiology which is expressed only after extended 

periods of irradiation (Calldns & Thordardottir 1980, Joldel & York 1984, Dohler 1984, 

Vosjan et a. 1990, Marchant et al. 1991, Behrenfeld et a. 1992, Bothwell et al. 1993, 

Davidson et a. in press). However, Bothwell et a. (1993) and Villafalie et al. (1995) 

observed a reversal of inhibitory effects in long—term exposures to solar UV radiation (3 - 

5 weeks). 



176 

Interspecific differences were observed in the growth rate of cultures established and 

ongrown after irradiance treatments. OngroWth of Fragilariopsis  curta showed the 

division rate of the PAR, UVA and UVB irradiated treatment for this species was more 

than twice that of other treatments despite its rates of primary production during 

incubation being low. To sustain growth after irradiation the photosynthetic rate of F. 

curta  must recover rapidly, however, the differences in the rate of ongrowth by F. curta 

must largely reflect UVB induced effects on processes other than photosynthesis. 

Davidson et al. (1994) suggests the possibility of UVB being involved in repair of UVA 

related damage. This may explain the higher growth rate of the unscreened treatment than 

that receiving UVA. The reason for the lower growth rate of the PAR irradiated ongrowth 

culture is unclear but, like colonial Phaeocystis antarctica,  exposure to UV may promote 

growth after irradiation. Ongrowth of  Stellarima microtrias  showed greatest reduction in 

growth rate as a result of UVB irradiance. That of Chaetoceros simplex  was reduced 

most by UVA but declined further with addition of UVB to the irradiance. The reduced 

rate of ongrowth by these species may, at least in part, reflect the degree of inhibition of 

photosynthesis by UV during in ifl  incubation. 

The photobiological strategy favoured as a result of UVB exposure would depend on the 

duration and intensity of the irradiance received. Though the diatoms examined here 

survive high UV irradiances for a short time (Davidson et al. 1994) their long term 

survival and growth during and after irradiation may not advantage them over species that 

appear more vulnerable. For example, Stellarima microtrias  is able to survive UVB 

intensities approximately an order of magnitude higher than that of Phaeocystis antarctica 

(Davidson et al. 1994), however, it grows little better than P. antarctica  during in situ 

incubation and irradiation with UVB results in reduced growth after exposure. The rate of 

ongrowth for P. antarctica  after exposure to UVB irradiation was approximately 3 times 

that of the PAR irradiated culture and this species would likely be favoured at sublethal 

irradiances. 
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4.3. Production 

UV is widely reported as being inhibitory to photosynthesis (eg. Jitts et al. 1976, 

Lorenzen 1979, Worrest et al. 198 lb, Jokiel & York 1984, Worrest 1986, Smith & 

Baker 1989, Voytek 1989, Hader & Worrest 1991). Estimates of inhibition by near 

surface UVB irradiances range from 15- 30% while UVA resulted in a further decline of 

around 50% (Maske 1984, Holm-Hansen et al. 1989, Holm-Hansen 1990, Helbling et 

al. 1992). In Antarctic waters, the increase in UVB as a result of ozone depletion 

apparently results in a reduction of at least 6- 12 % in primary production (Smith et al. 

1992). Results presented here found inhibition of production was variable, probably as a 

result of variations in tolerance and photoadaptive ability of each species and changes in 

the in sat n irradiance received. Photoinhibition was frequently greatest for treatments 

which received UVB in the irradiance but differences between light treatments were slight 

and percent inhibition seldom reached the magnitude reported above. However, these 

experiments used nutrient enriched monospecific cultures. The lower sensitivity to UVB 

may reflect the high nutrient environment (Cullen & Lesser 1991, Dohler 1992) 

The colonial cell concentration remained relatively constant during the 8 days of 

irradiation. Exposure of flagellate cells to UV for periods exceeding 2 days significantly 

reduced their concentration in culture. However, in comparison with the PAR irradiated 

control, the rate of production in UV irradiated treatments did not markedly decline and 

the production per Phaeocystis ialtuchca cell greatly increased. Although no size 

fractionated production was conducted to separate the flagellate and colonial stages of P. 

antarctic%  the colonial stage in the life cycle of this alga appears largely responsibly for 

photosynthesis during iu ,5i_q incubation. This may be as a result of possessing UV—

absorbing compounds (Marchant et al. 1991) which protect the photosynthetic apparatus 

(Vernet et al. 1994) and/or the sustained changes in physiology as a result of UV 

exposure. Chaetoceros simplex  was the only diatom which increased its rate of 

photosynthesis per cell during in situ incubation suggesting photoadaptation of this 
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species to the near surface light environment. Primary production by Fragilariopsis curta 

declined markedly but this was apparently largely due to PAR irradiance rather than UV 

wavelengths. This contrasts with the finding of previous authors that PAR has little 

inhibitory effect upon photosynthesis (Jokiel & York 1984, Biihlmann et al. 1987). 

5. CONCLUSION 

The nature and duration of UV exposure in Antarctic waters is yet to be fully determined. 

Shallow blooms of the MIZ, which are responsible for much of the primary production in 

the Southern Ocean, appear vulnerable to increased UVB radiation as a result of 

stratospheric ozone depletion (Marchant & Davidson 1991). Interspecific differences in 

the responses of the phytoplanlcton to UV exposure have led to the suggestion that 

species or strains possessing greater tolerance to UV will be favoured (Worrest et al. 

1978, 1981a, b, Hader & Worrest 1991, Karentz 1991, Marchant & Davidson 1991). 

However, the results presented in this chapter indicate that the interaction of UV 

intensity, dose and the photobiology of each species is complex and the impact on the 

organisms is not great. The consequent changes in phytoplankton species composition 

may be sufficiently slow or slight that they are undiscernible from spatial and interannual 

variability. 

Like previous authors (eg. Worrest et al. 1978, 1981a, b, Calkins & Thordardottir 1980, 

Ekelund 1990, Karentz et al. 1991a, Helbling et al. 1992, Bothwell et al. 1993, Villafaile 

et al. 1995), results presented here show interspecific differences in the response of 

phytoplankton to UVB exposure. These differences suggest, but do not directly 

demonstrate, that UVB will cause changes in species composition. Chapter 8 investigates 

the impact of natural Antarctic UVB on phytoplankton species composition. 
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CHAPTER 8 

Natural UVB exposure changes the species 
composition of Antarctic phytoplankton in mixed 

culture 

1. INTRODUCTION 

Interspecific variation in survival, growth and repair responses to UVB exposure is 

reportedly high (Calkins & Thordardottir 1980, Worrest et al. 1981b, Jokiel & York 

1984, Karentz et al. 1991a, Smith et al. 1992), even within a single genus (Mitchell & 

Karentz 1990). This has lead to the proposal that increased UVB irradiance is likely to 

alter the species composition of phytoplankton communities in favour of those species 

with greater tolerance (Callcins & Thordardottir 1980, Worrest et al. 1978, 1981b, 

Worrest 1983, Joldel & York 1984, El-Sayed et al. 1990, Karentz 1990, 1991, 1994, 

Hader & Worrest 1991, Karentz et al. 1991a, Marchant & Davidson 1991, Helbling et 

al. 1992, Smith et al. 1992, Vincent & Roy 1993, Davidson et al. 1994). Long term 

exposure of natural phytoplankton assemblages to in situ  UV irradiances reportedly 

changes the community composition (Worrest et al. 1981a, b, Bothwell et al. 1993, 

Villafaile et al. 1995). Interspecific differences in the tolerance of Antarctic phytoplankton 

to UVB have been reported (Karentz et al. 1991a, Marchant et al. 1991, Smith et al. 

1992, Davidson & Marchant 1994, Davidson et al. 1994). Although studies have 

demonstrated differing tolerance to UVB exposure, no direct evidence of changes in 

species composition has not been reported for the Southern Ocean. 

Experiments examining UVB-induced changes in species composition have been 

conducted over long time periods (Worrest et al. 1978, Thomson et al. 1980, Worrest et 

al. 1981b, Behrenfeld et al. 1992, Bothwell et al. 1993, 1994, Villafafie et al. 1995). 

However, marine phytoplanIcton inhabit a mixed environment and cells would seldom, if 



180 

ever, be exposed to high UVB intensities for such long periods. The period of exposure, 

eliciting species specific differences in the rates of damage, repair, adaptation and 

tolerance to UVB exposure, are likely to be critical in determining the occurrence and 

magnitude of changes in species composition (Chapter 1 section 6.1.2). The mixed depth 

in the marginal ice zone (MIZ) may be 20 m or less for up to 6 days (Mitchell & Holm-

Hansen 1991, Veth 1991). Results presented in this chapter examine changes in species 

composition during exposures over only a few days. 

Species specific investigations of the tolerance of phytoplankton to UVB irradiance could 

be important in predicting the effect of ozone depletion. However, such studies do not 

include the competitive interactions between phytoplanIcton species during UVB 

exposure. This chapter reports changes in species composition in competition experiment 

containing the flagellate and colonial life stages of Phaeocystis antarctica  and five species 

of commonly occurring Antarctic marine diatoms in mixed culture during exposure to 

natural and attenuated UV irradiance. 

2. MATERIALS AND METHODS 

Unialgal strains of the diatoms Chaetoceros simplex, Fragilariopsis lecointei, 

Fragilariopsis  curta, Thalassiosira tumida, Proboscia (Rhizosolenia) alata  and the 

haptophyte Phaeocystis antarctica  were isolated from Prydz Bay, Antarctica. Cultures 

were maintained under cool white fluorescent light at a photosynthetically active radiation 

(PAR) intensity of 5.11 Wm-2  and at 0°C with an 18:6 h light:dark cycle. Exponentially 

growing cultures of the six species (that of P. antarctica  containing approximately equal 

concentrations of the flagellate and colonial life stages) were diluted 1: 5, culture : fresh 

culture medium, 5 and 2 days before starting the experiment. Organisms in 10 ml 

subsamples of each monospecific culture were fixed with buffered Lugol's solution and 

the cell concentration estimated using the Utermohl sedimentation technique over 15 

replicate randomly chosen fields using an inverted microscope. Aliquots of each culture 

were mixed to give approximately equal cell concentrations of each species and both P. 
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antarctica  life stages. Three 10 ml subsamples were removed to determine cell 

concentrations (as above) of each species at time 0. Nine subsamples, each of 500 ml 

were then transferred to polythene bags (Whirlpak, Nasco) which transmit light above 

220 nm . Three replicate bags were exposed to one of three light treatments; unscreened 

(PAR, UV-A and UV-B treatment), Mylar screened (which transmitted wavelengths 

above 320 nm - PAR + UV-A treatment), and polycarbonate screened (which transmitted 

wavelengths above 370 nm - PAR treatment) (Davidson & Marchant 1994). 

Mixed phytoplankton populations were incubated for 8 days at Davis Station, Antarctica 

(68°35' S, 78° E) at a depth of 0.2 m between 10th and 18th December 1992 in an 

outdoor tank through which sea water was circulated. Thus, the phytoplankton were 

exposed to near-surface natural light irradiance. Integrated irradiances were measured 

using an IL 1700 research radiometer equipped with UVA and erythemal UVB sensors 

(Davidson & Marchant 1994, Chapter 5 Fig. 1C) which were calibrated to solar 

irradiances using the sensor response curve and a Macam spectroradiometer and 

erythemal UVB biometer respectively. Sensors were positioned beside phytoplankton at 

0.2 m depth and the UVA and UVB irradiance integrated during incubation. 

A subsample of 10 ml was removed from each replicate treatment at two day intervals for 

8 days and the concentration of each species determined (as above). The cell 

concentrations of each species after each period of irradiation, were used to estimate a 

single exponential growth rate for each replicate. This provided independent estimates of 

growth rate, with estimated variances for each species under each of the three UV 

treatments. Exponential (loge) growth rate estimates were obtained as the slope 

parameters of a generalised linear model (GLM) (see Chambers & Hastie 1993), using S-

Plus statistical package with gaussian errors, a log-link function, and weighted by the 

inverse of the square of the empirical standard error for each cell concentration 

determination. 
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The growth rate of cells of each species in the culture became the dependent variable in a 

fully crossed two way analysis of deviance (similar to an ANOVA, but allowing the 

inverse variances of the estimated growth rates to be used as weights) using a GLM with 

a gaussian error model. Thus, growth rates of low variance received higher weight in 

statistical analysis than those with high variance. Growth rates across all species and by 

each species were compared between light treatments and presented as a box and whisker 

plot and interaction profile in Figures lA and B respectively. The flagellate and colonial 

life stages of P. antarctica  were considered to be functionally separate taxa due to the 

widely accepted physiological differences between these stages (eg. Lancelot et al. 1987, 

Marchant et al. 1991, Davidson & Marchant 1992b). 

The size of 100 live cells of each species was measured and the mean cell volume 

calculated. Variation in the dimensions of cells fixed with Lugol's iodine from each light 

treatment were within 1 standard deviation of the live cell dimensions. The cell 

concentrations in replicates of each light treatment at each incubation time were pooled 

and the mean and standard error computed. Using the equations of Eppley et a. (1970) 

and the cell volume, carbon contributed by each species was then calculated. The carbon 

contributed by colonial stage P. antarctica  was likely to be an underestimate as colony 

matrix was not considered in the calculation. 

To investigate the minimum duration of UV exposure required to cause changes in 

phytoplankton species composition a 10 ml subsample was removed from each replicate 

of all light treatments after 2, 4, 6 and 8 days incubation and inoculated into 40 ml of 

sterile f/2 medium in 50 ml polystyrene culture flasks. Flasks were returned to culture 

maintenance conditions and grown for a further 9 days then thoroughly mixed and a 10 

ml subsample removed and counted (as above). This procedure of subculturing samples 

after the various durations of exposure allowed expression and amplification of changes 

in phytoplanIcton species composition, while avoiding the effects of nutrient limitation in 

culture. For each incubation time and light treatment, the mean proportion of the 
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phytoplankton population contributed by each species following the 9 days amplification 

was calculated over 3 replicates . For these proportional data, error bars indicate ±1 

standard error, calculated by arcsine square root transformation (after Zar 1984). 

3. RESULTS AND DISCUSSION 

Weather conditions were intermittently sunny during the eight days of exposure to natural 

Antarctic solar radiation. However, integrated UVA and UVB irradiances varied little 

during between-sample intervals (Table 1). Mean integrated UVA and UVB irradiance 

for each two day incubation period was 9.15 ± 0.93 x 10 5  J.m-2  and 6.30 ± 0.90 103  

J.m-2  respectively. 

The analysis of deviance shows significant differences with species, light treatment and 

their interaction (Table 2). That species-specific growth rates are significantly different is 

not surprising. The distributions of growth rates across species for the different UV 

treatments are shown in Fig. 1A. Although the main effect due to UV treatment is 

significant (Table 2), the effects are not substantial, and the statistical significance arises 

largely because of a few cases where growth rate estimates with low variances have 

received a high weight in the analysis. The unweighted means and medians of the growth 

rates across species are not significantly different between light treatments. Similarly, no 

significant difference was found in total calculated cell carbon concentration between light 

treatments (Fig 2A). Thus, the overall growth and production by the community was 

maintained irrespective of light treatment. 

In contrast, the interaction term is highly significant (Table 2). The changes in growth 

rates for at least some species under the different UV treatments demonstrates that over 

time, the species composition, in terms of cell concentration, will differ under the 

different UV regimes. Differences between the PAR and PAR + UVA light treatments, 

though significant (P(x2<0.01)), were only slight. Exposure to UVB caused substantial 

changes in the growth rates (Fig 1B) which were highly statistically significant 
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(Pi X24.000005)). The growth rate of diatoms and the flagellate stage of P. antarctica 

exposed to UVB either did not change significantly or declined. Only the colonial stage 

of P. antarctica  showed a substantial promotion of growth as a result of exposure to 

UVB. The proportion of cell carbon contributed by diatoms and the flagellate stage of P. 

antarctica  exposed to UVB also fell (Fig 2B-D) but were replaced by colonial stage P. 

antarctica.  Thus, Antarctic near-surface UVB irradiance alters phytoplankton species 

composition in culture. 

Table 1. Cumulative integrated UVA and UVB irradiance during 8 days natural 
irradiation measured using an International Light research radiometer and light sensors. 

Days Irradiation Cumulative Integrated 

UVA (J.m-2) 

Cumulative Integrated 

. Erythemal UVB (J.m-2) 

0 0 0 

2 9.75 x 105  6.48 x 103  

4 18.43x 105 . 12.26x 103  

6 28.51x 105  19.74 x 103  

8 36.59x 105  25.18x 103  

The enhanced growth of colonial E. Antarctic  when exposed to UVB agrees with earlier 

findings which demonstrated that exposure of unialgal cultures of this species to in sill 

UVB increased cell size, growth rate and production by the colonial stage (Davidson & 

Marchant 1994) and may contribute to this species being one of the first to bloom in the 

ice and surface waters, where it frequently dominates the phytoplankton (Garrison et al. 

1987, Fryxell & Kendrick 1988, Davidson & Marchant 1992a, b). Only P. 0..ata 

exhibited no significant growth in the absence of UV radiation (Fig. 1B). This may 

reflect the observed sensitivity of the species to mechanical disturbance during 

subculturing which leads to an extended lag phase in its growth. 
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Table 2. Two way analysis of deviance table showing the significance of UV effects on 
the growth of Antarctic phytoplankton species. Df indicates degrees of freedom 

Factor IX Deviance 

, 

Residual 

IX 

Residual 

Deviance 

Probability 

X2 

Null 62 2809.445 

Species 6 2620.609 56 188.836 0.000000000 

UV Treatment 2 11.630 54 177.206 0.00298 

Species : UV 12 134.048 42 43.158 0.000000000 

Interaction 

Our results differ from those reported by other authors. McMinn et al. (1994) found that 

sediment cores from fjords in East Antarctica did not exhibit evidence of a significant 

change in species composition of the diatom community since springtime ozone depletion 

began. However, it is likely that persistent sea ice, which attenuates UVB by at least 90% 

(Trodahl & Buckley 1989), provided shielding for these organisms. Bothwell et al. 

(1995) also criticise other aspects of the conclusions drawn by McMinn et al. (1994). 

Others (Smith et al. 1992, Karentz 1994, Karentz & Spero 1995) have reported that 

exposure of diatoms and P. miLarcica to natural UVB did not alter their growth rates or 

that growth by E Antarctica  declined. 

This study used natural solar irradiance and selected Antarctic phytoplankton species but 

does not simulate natural Antarctic conditions. It also used a limited species assemblage 

grown in nutrient enriched media with and without exposure to a near-surface UVB light 

climate and wavelength structure. The effects of in situ UVB radiation on naturally•

occurring phytoplankton communities could differ from those I observed and the effect 

of increased UVB flux as a result of ozone depletion on phytoplankton species 

composition remain to be ascertained. Results obtained of changes in P. antarctica  cell 

concentration with exposure to Antarctic solar irradiance by Karentz (1994) were highly 

variable due to the clumped distribution of cells in colonies. Changes within or between 
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light treatments were seldom significant and, unlike Smith et al. (1992) and Davidson 

and Marchant (1994), P. antarctica  growth was also negative irrespective of light 

treatment. Differences between the results presented here and those of Smith et al. (1992) 

may be due to differences in methodology, the physiological state of cells or the use here 

of cultured material and a multi-species mix. Karentz and Spero (1995) report a strong 

positive correlation between P. antarctica  concentration and column ozone concentration 

in the MIZ of the Bellingshausen Sea. The apparent conflict between their results and 

those presented here can only be reconciled with further study. Differences in 

methodology mean the studies are not directly comparable and it remains unclear whether 

the changes in P. antarctica  concentration observed by Karentz and Spero (1995) were 

directly related to changes in the in sim UVB climate during their study. 

The results presented in this chapter also contrasted with my previous findings. The 

colonial stage in the life cycle of P. antarctica  produces high concentrations of UV—

absorbing compounds (Marchant et al. 1991). These compounds enhanced survival of its 

colonial stage when exposed to high UVB irradiances (Marchant et al. 1991) but 

diatoms, which largely lack UV absorbing compounds, survived UVB irradiances 3 to 5 

times that which caused mortality in colonial P. antarctica  (Davidson et al. 1994). Thus, 

the role of UV—absorbing compounds in alleviating UVB damage is questionable. Many 

Antarctic marine organisms possess UV—absorbing compounds (ICarentz et al. 1991b). 

However, the presumed protection afforded organisms by such compounds remains 

largely unquantified. Results presented here show that growth by the colonial stage of P. 

antarctica  was promoted under natural UVB exposure. Consequently, the UVB 

irradiance at which P. antarctica  died (Marchant et al. 1991) was not indicative of its 

enhanced growth at sub-lethal natural irradiances. Survival of diatoms to far higher UVB 

irradiances than P. antarctica  (Davidson et al. 1994) was also not indicative of their 

slowed growth and production and the increased dominance of P. antarctica  at natural, 

sublethal irradiances. The poor predictive value of a species response to high UVB 

irradiance experiments clearly demonstrates the limited value of extrapolating results of 
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such experiments (V/orrest et al. 1978, ICarentz et al. 1991a, Marchant et al. 1991, 

Davidson et al. 1994) to the natural environment. 

Vemet et al. (1994) found that high haptophyte concentrations in Antarctic waters 

correlated with high in situ  absorption at 330 nm and low inhibition of photosynthesis 

when exposed to UVB. At sub-lethal natural UVB irradiances, metabolic processes such 

as photosynthesis apparently are shielded from damage by UV—absorbing compounds. 

Other metabolic costs of exposure to UVB are thereby minimised. Thus, at natural UVB 

irradiances colonial P. antarctica  may be afforded substantial protection by UV—

absorbing compounds. High in situ absorption (Vernet et al. 1994) also suggests that 

blooms of P. antarctica  may confer some UV protection on other organisms in the water 

column (Marchant et al. 1991); a feature not included in this experiment as colonial P. 

antarctica  did not reach sufficient concentrations to attenuate UVB throughout the 

irradiated cultures. 

The duration of UVB exposure required to elicit changes in phytoplankton species 

composition is critical in determining the potential magnitude of changes in 

phytoplankton species composition in Antarctic waters. Incubations of only 2 to 6 days 

may not have allowed expression of these changes in species composition. To express 

and amplify such changes, samples were removed from natural irradiation, subcultured, 

returned to culture maintenance conditions (which lack UV), and were grown for a 

further 9 days. Differences in proportional abundance of each species were not greatly 

increased by exposure times exceeding two days (Fig. 3). Thus, two days' exposure to 

ambient near-surface UVB irradiance was sufficient to largely determine the UVB-

mediated species composition. Exposure to UVA and UVA + UVB increased the 

proportion of colonial P. antarctica  in culture. The proportion contributed by diatoms, 

particularly C. simplex,  declined (Fig 3A, B). The proportion of total cells contributed by 

other diatom species differed little between light treatments (Fig 3C-E). Two days was 

the shortest natural exposure time 
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investigated; the minimum expostire required to elicit changes in species composition 

remains unknown. 

Experimental evidence presented in this thesis strongly indicate that ozone depletion and 

the associated increase in UVB may promote the abundance of P. =m.6_0 relative to 

diatoms in Antarctic waters. In conclusion, Chapter 9 investigates the effect of any 

increase in the absolute or relative abundance of this alga on the biotic and abiotic 

Antarctic marine environment. 



192 

CHAPTER 9 

Possible impacts of ozone depletion on trophic 
interactions and biogenic vertical carbon flux in the 

Southern Ocean. 

1. INTRODUCTION 

Depletion of stratospheric ozone over Antarctica now persists for most of the summer, 

that time of the year when sufficient light is available to support the proliferation of 

phytoplankton (Chapter 1, section 3). Resulting increases in the UVB irradiance have 

been demonstrated (Chapter 1, section 3). A wealth of scientific evidence shows that 

these wavelengths are damaging to plants and animals (Chapter 1, section 4 & 5). 

Biologically significant doses of UVB (280 - 320 nm) penetrate both the sea ice and the 

waters of the marginal ice zone (MIZ) (Chapter 1, section 6.1) surrounding Antarctica. 

The coincidence of stratospheric ozone depletion and near-surface seasonal algal blooms 

in the ice and marginal ice zone (RIZ) (Chapter 1, section 6.1) means that phytoplanIcton 

communities are likely to be exposed to increased UVB. 

Phytoplankton and sea-ice algae are the foundation of the Antarctic food web. Any UVB-

induced changes in their absolute or relative abundance may have important consequences 

for higher trophic levels (El-Sayed et al. 1990, Voytek 1990, Karentz 1991, Marchant et 

al. 1991, Davidson et al. in press). However, there is little direct evidence that increased 

UVB irradiance as a result of stratospheric ozone depletion has changed the absolute or 

relative abundance of phytoplankton in Antarctic waters (McMinn et al. 1994). The 

collapse of the Antarctic ecosystem predicted by El-Sayed et al. (1990) has not eventuated 

during the two decades since ozone depletion began. El-Sayed's prediction was based on 

simple experiments and, in hindsight, his conclusions regarding the effect of ozone 

depletion on Antarctic phytoplanlcton communities were an overreaction. However, they 
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focused substantial international scientific attention on the problem. Other authors have 

reported considerable reduction in survival, growth, production and changes in species 

composition (eg. Calkins & Thordardottir 1980, Karentz et al. 1991a, Smith et al. 1992, 

Behrenfeld et al. 1992, 1995, Karentz & Spero 1995, Davidson et al. in press). In 

contrast, Holm-Hansen et al. (1989b) suggested that significant impacts would only be 

felt in the upper water column and that vertical mixing would ameliorate the impacts of 

increased UVB on phytoplankton. Colleagues of Holm-Hansen (eg. Helbling et al 1994, 

Villafafie et al. 1995) and others (eg. Cullen & Lesser 1991) continue to present data 

indicating little effect of increased UVB on photosynthetic rates, long-term growth and 

production by Antarctic phytoplankton. Despite over a decade of burgeoning scientific 

attention and a great many publications, the impact of increased UVB radiation on 

Antarctic marine phytoplankton remains unsure. 

2. THE COMPARATIVE UVB PHOTOBIOLOGY OF Phaeocystis antarctica 

AND SELECTED ANTARCTIC MARINE DIATOMS 

The measured impact of UVB on phytoplanlcton varies greatly between studies (Chapter 

1, section 6.1) and considerable research is required to determine the effect of 

stratospheric ozone depletion on phytoplankton. Many authors propose that the likely 

result of increased UVB in Antarctic waters is a shift in species composition favouring 

those species with greater tolerance of UVB (Davidson et al. 1996). The high lethal limits 

of UVB exposure of some species (Davidson et al. 1994) but subtle species specific 

differences in photobiology at sublethal UVB irradiances (Davidson & Marchant 1994, 

Davidson et al. 1996) presented in this thesis support such a proposal. 

Phaeocystis antarctica  possesses UV—absorbing compounds that enhance its survival 

when exposed to UVB (Marchant et al. 1991). Diatoms, which largely lack these 

compounds, survive much higher irradiances than P. antarctica  (Davidson et al. 1994) 

and were able to survive and sustain growth during and after exposure to in situ  Antarctic 

UVB. However, when exposed to natural near—surface Antarctic UVB irradiances P. 
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antarctica increased its growth, cell size and production (Davidson & Marchant 1994), 

and outcompeted the diatoms species examined (Davidson et al. 1996). Thus, the UVB 

tolerance determining survival of an organism need not indicate its response to sub-lethal 

irradiances. 

Results indicate that UVB radiation can be beneficial to some phytoplankton. Low UVB 

irradiances apparently enhanced survival of the diatom species examined and may be 

involved in repair of UVA—induced damage (Davidson et al. 1994). Furthermore, 

Phaeocystis antarctica benefited from exposure to UVB (Davidson et al. 1994, Davidson 

et al. 1996). The reason for this remains obscure but may be due to absorption by 

chlorophyll a of fluorescence emissions from the UV—absorbing compounds, thereby 

benefiting from the high energy of U'VB photons (Kawaguti 1969, Silvalingham et al. 

1976) 

Caveats must be placed on the experimental findings in this thesis. The experiments did 

not include such factors as vertical mixing, trophic interactions or nutrient concentrations. 

Nor did they include the multiplicity of phytoplankton species inhabiting the Southern 

Ocean. They did, however, use or simulated natural Antarctic irradiances, measured 

responses over ecologically sustainable time scales, and included key contributors to the 

Antarctic phytoplankton community. While cognizant of the experimental limitations, 

these results indicate that increased UVB is likely to increase the abundance of P. 

antarctica relative to Antarctic marine diatoms. 

3. GRAZING ON Phaeocystis antarctica 

The most abundant components of the phytoplankton in the ice and MIZ are diatoms, 

principally of the genera Nitzschia and Fragilariopsis, and P. antarctica (Chapter 2 & 3). 

Phaeocystis blooms are utilized by protozoa (Fryxell et al. 1984, Admiraal & Venekamp 

1986, Lutter et al. 1989, Wassmann et al. 1990, Weisse & Scheffel-Moser 1990, 

Davidson & Marchant 1992). However, although Phaeocvstis antarctica is grazed by 
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herbivores including Euphausia superba (Sieburth 1960, Marchant & Nash 1986, Virtue 

et al. 1993b), the impact of grazing on populations of this alga and its food value are 

equivocal (Chapter 3, section 5.3). Phaeocystis is poorly, inefficiently, or incapable of 

being grazed by metazoa. It is also avoided by invertebrates and fish, of low nutritional 

value, and does not support copepod growth and reproduction (Chapter 3, section 5). 

In an investigation of the impact of copepod grazing Phaeocystis comprised about 97% 

of the phytoplankton biomass. However, diatoms, which comprised most of the 

remaining 3%, accounted for some 74% of the copepod diet (Claustre et al. 1990). Only 

1.5% of the biomass of Phaeocystis was grazed by the copepods, the remainder 

apparently being lost to the pelagic food web. Phaeocystis, including P. antarctica 

(Priscu et al. 1990, Virtue et al. 1993b), is of poor nutritional value; containing lower 

concentrations of polyunsaturated fatty acids, neutral lipids, essential fatty acids and 

vitamin C than has been found in diatoms (Chapter 3, section 5.3). Phaeocystis may also 

change in particle size over three orders of magnitude between the flagellate stage and 

colonial life stages and releases dimethyl sulfide (DMS) (Chapter 3, section 6.8), acrylic 

acid (Chapter 3, section 6.9) and large quantities of mucilaginous carbohydrate (Chapter 

3, section 6.5). These physical and chemical characteristics apparently deter grazers and 

Antarctic euphausiids reportedly exhibit a dietary preference for diatoms (Meyer & El-

Sayed 1983, Miller & Hampton 1989). Utilization of Phaeocystis blooms by 

microheterotrophs and the "microbial loop" may form an important link with higher 

trophic levels (Chapter 3, section 5.4, Chapter 4). However, very little of the carbon 

attributable to Phaeocystis antarctica is apparently utilized by metazoa (Chapter 4) and, as 

was found by Claus= et al. (1990), most of the carbon was not used in situ. 

4. VERTICAL CARBON FLUX IN THE MARGINAL ICE ZONE 

Massive deposits of diatomaceous ooze in Southern Ocean sediments are dominated by 

those diatom taxa found in the MIZ (Truesdale & Kellogg 1979). Sedimentation is 

apparently the principal fate of much of the ice edge bloom (Smith & Nelson 1986, 
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Bodungen et al. 1986, Fischer et al. 1988). A substantial amount of the phytoplankton 

production sinks rapidly from the euphotic zone and contributes directly to deep carbon 

flux (Smith & Nelson 1986). In addition, faecal pellets of microheterotrophs (Nothig & 

von Bodungen 1989, Buck et al. 1990) and metazoa (Wefer et al. 1988), also contribute 

substantially to particulate carbon flux from surface waters of the Southern Ocean. In 

contrast to the marked seasonality of the sedimentation of primary producers and the 

faeces of grazers, cast exoskeletons of Euphausia superba are likely to constitute a major 

year-round flux of particulate organic carbon from the euphotic zone to deep water or the 

sediments (Nicol & Stolp 1989). 

Phaeocystis apparently contributes little to the direct flux of carbon to the deep ocean 

(Chapter 3, section 5.5). Some authors report that Phaeocystis colonies are positively 

buoyant (Skreslet 1988, Riebesell 1993). In addition, this alga also demonstrates little 

potential to aggregate; a process that can increase sinking rate (Riebesell 1993). Thus, 

Phaeocystis blooms characteristically sink slowly (Wassmann 1994). Instead of 

sedimenting, much of the carbon is respired by microheterotrophs and bacteria in the 

upper 100 m of the water column (Chapter 3, section 5.5). Avoidance of this alga by 

metazoan grazers would also mean it contributes little to vertical carbon flux in the form 

of faeces and moults. Further, organisms of the microbial loop are more likely to produce 

smaller, slower sinking particles than metazoan faeces and moults (Marchant & Davidson 

1991). Thus, utilization of Phaeocystis blooms by microheterotrophs would constitute a 

lesser carbon flux to deep water than the larger faster sinldng material from metazoa. 

5. Phaeocystis antarctica  AND DIMETHYL SULFIDE PRODUCTION. 

Phaeocystis is reportedly the principal producer of dimethyl sulfide (DMS) (Chapter 3, 

section 6.8). Production of DMS and its precursor dimethylsulfoniopropionate (DMSP) 

by Phaeocystis may account for as much as 20% of its photoassimilated carbon (Matrai et 

a. 1995) and elevated concentrations of DMS in the water column, particularly in 

Antarctic waters, correlate with high concentrations of this alga (Chapter 3, section 6.8). 
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In Antarctic waters, Gibson et al. (1990) estimate that Pl_jimou_s_t_is antarctica  may 

contribute as much as 10% of the total global flux of DMS to the atmosphere. Oxidation 

of this DMS forms sulfate particles which constitute a major source of cloud 

condensation nuclei (CCN). Bates et aL (1987a) and Charlson et al. (1987) propose that 

the abundance of CCN determines global albedo thereby establishing a mechanism for 

the regulation of climate by marine biological activity. 

6. CONSEQUENCES OF INCREASED RELATIVE ABUNDANCE OF 

Phaeocystis  antarctica 

The results presented in this thesis indicate that stratospheric ozone depletion over 

Antarctica and the consequent rise in UVB irradiance will change phytoplankton species 

composition, increasing the relative abundance of P. antarctica.  Few data are available to 

indicate the consequences of such a change in species dominance and the effects 

proposed in Fig. 1 are speculative. However if, as appears to be the case, crustacea 

selectively graze diatoms in preference to Phaeocystis  and diatoms are of greater food 

value, then there is the possibility that populations of lain and other grazers could be 

nutrient limited with a consequent decline in food availability to higher trophic levels. 

Reduced availability of more relatively nutritious food may also reduce the fecundity of 

grazers (Verity & Smayda 1989). 

Any diminution in diatom growth is likely to reduce vertical carbon flux. In addition to 

the reduced flux of faeces and moults of grazers that prefer diatoms there would be a 

decline in the flux of diatoms themselves. The high concentrations of slow sinking POC 

and DOC produced by Phaeocystis antarctica  provide substrates for bacteria and 

microheterotrophs in surface waters (Davidson & Marchant 1992). Respiration by these 

organisms is likely to result in higher concentrations of CO2 in the photic zone. Thus, 

increased dominance of P. antarctica  could reduce the transfer of atmospheric carbon to 

the deep ocean, exacerbating the accumulation of greenhouse CO2 in the atmosphere. 
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The results of Davidson et al. (1996) show an 11% increase in Phaeocystis antarctica  

concentration as a result of 2 days exposure to natural Antarctic UVB. UV-B in spring 

and during the summer solstice has increased by 50-100% as a result of ozone depletion 

(Frederick & Lubin 1994). Thus, assuming half the 11% increase in P. antarctica is due 

to increased UVB radiation resulting from ozone depletion, 5.8 x 10 12  g, or around 

1.7% of carbon previously fixed annually by diatoms in the MIZ, would be replaced by 

P. antarctica (after Smith et al. 1992). If 20% of the carbon sequestered by diatoms is 

lost to deep water (IPCC 1944) and none is contributed by the increased proportion of P. 

antarctica in the MIZ alone, the ozone-induced increase in the relative abundance of P. 

antarctica would cause a decline in deep ocean carbon flux of 1.16 x 10 12  g or 0.06% 

(IPCC 1944) of the annual net uptake of the world's oceans. 

Any UVB-mediated increase in the relative abundance of P. antarctica could alter the 

Antarctic food web by changing the particle size, form, availability and nutritional value 

of carbon to higher trophic levels (Marchant & Davidson 1991). It could also effect 

climate through changes in global albedo (Charlson et al. 1987). Thus, in Antarctic 

waters we see the nexus of two burning issues in man's degradation of the global 

environment; the interconnection of ozone depletion and global warming. 
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radiances. Experimental UV-B exposures ranged from 20 
to 650% of the measured peak surface irradiance at an Ant-
arctic coastal site (0.533 J I11-2  s-1 ). The five diatom spe-
cies (Nitzschia lecointei, Pro boscia alata, P. inermis, Tha-
lassiosira tumida and Stellarima microtrias) appear ca-
pable of surviving two to four times this irradiance. In con-
trast to Phaeocystis cf. pouchetii, another major compo-
nent of the Antarctic phytoplankton, the concentrations of 
pigments with discrete UV absorption peaks in diatoms 
were low and did not change significantly under increas-
ing UV-B irradiance. Absorbance of UV-B by cells from 
which pigments had been extracted commonly greatly ex-
ceeded that of the pigments themselves. Most of this ab-
sorbance was due to oxidisable cell contents, with the frus-
tule providing the remainder. Survival of diatoms did not 
correlate with absorption by either pigments, frustules or 
oxidisable cell contents, indicating that their survival under 
elevated UV-B irradiances results from processes other 
than screening mechanisms. 
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Introduction 

The seasonal depletion of stratospheric ozone over the Ant-
arctic and the Southern Ocean is a major ecological issue, 
as it has been suggested that the resultant increase in 
UV-B (280 to 320 nm) reaching the biosphere may ad-
versely effect Antarctic marine ecosystems (Bidigare 
1989; El-Sayed et al. 1990; Vosjan et al. 1990; Voytek 
1990; Karentz 1991). Numerous studies indicate that pro-
ductivity of marine phytoplankton in surface waters is re-
duced under ambient and elevated levels of UV (e.g. Wor-
rest et al. 1981; Bilhlmann et al. 1987; Smith et al. 1992). 
However, Hobson and Hartley (1983) and Gala and Giesy 
(1991) reported only limited inhibition of primary produc-
tion in lake and fjord phytoplankton assemblages by UV 
radiation. 

UV-B penetrates to depths in excess of 50 m in Antarc-
tis waters (Gieskes and Kraay 1990; Karentz and Lutze 
1990; Smith et al. 199.2). Antarctic phytoplankton bloom 
in the high-light, high-nutrient regime of the marginal ice 
zone (MIZ) where the depth of the pycnocline can be 10 m 
or less for periods of up to 6 d (Veth 1991). This spring-
time bloom in the MIZ accounts for up to 67% of primary 
production in Antarctic waters (Smith and Nelson 1986). 
The coincidence of stratospheric ozone depletion with this 
near-surface seasonal algal bloom may have important 
consequences for phytoplankton and higher trophic levels 
if survival and/or primary production are affected (El-
Sayed et al. 1990; Voytek 1990; Karentz 1991; Marchant 
et al. 1991). The impact of further increases in UV-B on 
phytoplankton in the MIZ will depend on the residence 
time of organisms in this shallow mixed zone, their present 
tolerance, and their ability to adapt to higher levels of 
UV-B (Bidigare 1989; Karentz 1991). 

The effect of increasing solar UV-B flux on Antarctic 
phytoplankton and higher trophic levels is equivocal (El-
Sayed et al. 1990; Karentz 1991). Calkins and Thordardot-
tir (1980) found that the tolerance of six high-latitude ma-
rine diatoms to UV-B was similar and concluded that most 
organisms would adapt to enhanced solar UV through in- 
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creased protective pigmentation, repair, or avoidance 
mechanisms. Other authors have proposed a shift in spe-
cies composition favouring those species with greater tol-
erance of UV-B (Hader and Worrest 1991; Karentz 1991; 
Marchant and Davidson 1991). Such changes would be 
likely to affect trophic interactions and vertical carbon flux. 

Information on the effects of UV-B on growth and sur-
vival of Antarctic marine phytoplankton is integral to an 
understanding of the impact of elevated UV-B exposure on 
the Southern Ocean ecosystem. The mechanisms of UV-B 
protection in Antarctic phytoplankton species are largely 
unknown, although UV-B absorbing compounds and DNA 
repair-mechanisms have recently been reported for some 
species (Karentz 1988; Bidigare 1989; Mitchell et al. 1989; 
Karentz et al. 1991 a, b; Marchant et al. 1991). Species-
specific investigations on the impact of UV-B are neces-
sary to predict the effect of ozone depletion on these pri-
mary producers and the consequent impact on the ecosys-
tems for which they constitute the trophic base (Karentz 
1991). Here we report the effect of UV-B exposure on the 
growth rates and survival of five species of Antarctic ma-
rine diatoms and whether their production of UV-B absorb-
ing compounds is promoted by UV-B exposure. 

Materials and methods 

Light measurements 

All measurements of irradiance were made with an International 
Light IL 1700 Radiometer equipped with detectors to measure pho-
tosynthetically available radiation (PAR), UV-A (320 to 400 nm) and 
UV-B (Fig. 1). A National Institute of Standards and Technology 
intercomparison package (NIST Test #534/240436-88) was used to 
calibrate each light sensor. 

1 .0 

(ow 0.8 

(r) a) 
CC 0.6 

a) 
a) 
O 0.4 
a) 

as 
a) 
CC 0.2 

0 

250 300 350 400 450 500 550 600 650 700 750 800 

UV-B Wavelength 

Fig. 1 Wavelength (nm) response of detectors used to measure PAR, 
UV-A (320 to 400 nm) and UV-B (280 to 320 nm) (redrawn from in-
strument specifications) 

Cell isolation and culture 
Unialgal cultures of the diatoms Nitzschia lecointei V.H., Pro boscia 
(Rhizosolenia) alata (Brightwell) Sundstrom, P. (Rhizosolenia) in-
ermis (Castracane) Jordan and Ligowski, Thalassiosira tumida (Jan.) 
Hasle, Stellarima (Coscinodiscus) microtrias (Ehrenberg) Hasle and 
Sims, Odontella weisflogii (Janisch) Grunow, Nitzschia curia (V.H.) 
and Chaetoceros simplex Ostenfeld were isolated from sea ice col-
lected in Prydz Bay, Antarctica, during the 1990/1991 austral sum-
mer. Cultures were maintained in 250 ml glass flasks usingf/2 growth 
medium (Guillard and Ryther 1962) at a temperature of 4 °C ± 2 C°. 
Cool-white fluorescent lights provided a PAR intensity of 11.80 m -2  
e2  (58.85gE IT1-2  s-i ), with no UV-B enhancement, on a 12 h 
light :12 h dark cycle. 

UV-B-enhanced treatments 
50 ml Lux tissue-culture flasks (which completely absorbed wave-
lengths below 295 nm) were filled from a single parental culture in 
exponential growth phase and irradiated for 24 h in a 48 h experi-
mental period (6 h light :12 h dark :12 h light :12 h dark :6 light). Day 
0 in data calculations occurs at the end of this irradiance period. Ex-
posures were conducted in a Thermoline controlled-environment 
cabinet at 4 °C ±2C° with cool-white fluorescent tubes to provide 
PAR and UV-A, with UV-B provided by FS2OT 12 UV-B Westing-
house sunlamps. PAR and UV-A irradiances were 12.13 ±2.13 W 
m-2  (60.5± 10.4 i.tE m -2  s-I ) and 1.19 ±0.68 W m -2 , respectively. 
The spectral distribution and UV-B irradiance were varied by atten-
uation with glass filters (Marchant et al. 1991). The zero UV-B irra-
diance treatment was screened by Mylar which excluded light below 
320 nm. Sensors were each covered by an attenuating glass screen 
and a single layer of Lux culture flask to measure the experimental 
irradiances to which the diatoms were exposed. UV-B irradiances of 
0.10 to 3.40 W mv 2  were chosen to span the range of 20 to 650% of 
peak UV-B exposure as measured at an Antarctic coastal site (Casey 
station; 66°S) in the 1989 summer (C. Roy unpublished data). A sin-
gle culture of each species was incubated at each of these irradianc-
es and a control culture of each species was returned to culture main-
tenance conditions and received only PAR. 

Calculation of viable cell concentration 
Immediately after irradiation (Day 0), 5 or 10 ml (depending on cell 
concentration) of the control culture was sediment with Lugol's io-
dine and the concentration of cells with cytoplasmic contents (live 
cells) was calculated from counts over 15 replicate fields, using 
an Utermohl settling tube and inverted microscope. The mean cell 
concentration in the control culture at Day 0 was then calculated 
(NO control). Also on Day 0, a 5 ml aliquot of each irradiated culture 
and the control were inoculated into 30 ml of f/2 medium in a glass 
flask and returned to the culture maintenance conditions described 
above. These subcultures were incubated for up to 10 d and the con-
centration of live cells was counted at 2 to 4 d, intervals depending 
on their growth rate. The growth rate of the control culture of each 
species (K control) was calculated using the equation of Verity et al. 
(1988) (Eq. 1 below). Eq. (2) was then used to calculate the viable 
cell concentration on Day 0 (No irradiated) using the cell concentration 
for each of 15 replicate fields after ongrowth (N,), the growth rate of 
the control (K control), and the time of culture ongrowth (t) 

K =1 t xlog 2  
(1) No  

No irradiated = N irradiated 
2 K control x t 

No  irradiated S% = 	 x100 , 
No  control 

where K= growth rate, t= number of days of growth, N,= number of 
cells at time t, No  = number of cells immediately after irradiation (Day 
0) and S% = percent survival. 

The calculated viable cell concentration of each replicate field at 
Day 0 (No irradiated) was then converted to percent survival (S%) in 

(2) 

(3) 
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comparison with the unirradiated control at Day 0 (No control) using 
Eq. (3). In cases where the cell number in irradiated cultures was 
greater than that in the control culture, computed survival could not 
exceed 100%. The percent survival in each replicate field was arc-
sine square-root transformed, the mean and standard error of the rep-
licate fields were computed, and the mean and upper and lower con-
fidence intervals were sine-squared to revert the data to percentag-
es (Zar 1984). 

Eq. ( 1) was then used to calculate the growth rate of all ongrown 
irradiated cultures. Growth rates were calculated for each species 
from the day at which the cell concentration in the culture had reached 
a sufficient concentration to allow statistically acceptable mean es-
timates (No) and from the concentration 4 d later (N,). The tos for 
each species were: Nitzschia lecointei, Day 4; Proboscia alata, 
Day 6; P. inermis, Day 6; Thalassiosira tumida, Day 8; Stellarima 
microtrias, Day 8. 

Removal of dark period from irradiance cycle 
Nitzschia lecointei and Stellarima microtrias were exposed to the 
same experimental light irradiances as described above but with the 
dark period of the cycle removed, giving 24 h of constant illumina-
tion. These two species were chosen as they exhibited different re-
sponses to treatments which included a dark period. The same pro-
cedures were followed as described above for determining survival 
and growth rate. 

Measurement of UV absorption 
A known volume of culture was filtered through 2.5 cm diam What-
man GF/F filters. Filters were cut up into an homogeniser and 1.5 
ml of 4:1, methanol: tetrahydrofuran (MeTHF) were added. The sam-
ple was then homogenised using a glass tube and teflon grinder for 
30 s at =1000 rpm and decanted into a centrifuge tube. A further 0.5 
ml of MeTHF was added to rinse the homogeniser; this was again 
decanted into the centrifuge tube, and the sample was centrifuged at 
480 xg for 10 min at 0 °C. The absorbance of the supernatant was 
measured between 250 and 800 nm using a Hewlett Packard 8450A 
spectrophotometer. When measurements were not carried out imme-
diately, the extracts were stored at — 120°C for no longer than 4 wk. 
The wavelength of maximum UV absorbance was identified and the 
peak absorption height above the adjacent minima was measured for 
each extract. Data were then averaged over all cultures that received 
sublethal irradiances. Average absorbance was then normalised to 
chlorophyll a peak height at 665 nm. Cell carbon content was calcu-
lated for each species using cell concentration, volume and carbon-
conversion equations of Eppley et al. (1970), and the absorbance was 
normalised to cell carbon concentrations (C). The amount of UV-ab-
sorbing pigment was calculated per unit C to allow comparison 
between species that varied in volume from — 7.90 x 10 2  i.trn3  to 1.92 
x 10 5 1.1m 3  for Nitzschia lecointei and Proboscia inermis, respective-
ly. UV absorbance was also normalised to cell concentration. Re-
gression analysis of log absorbance per cell for each species was used 
to ascertain whether the concentration of UV-B-absorbing com-
pounds was promoted by increased UV-B irradiance. 

Absorption by UV-B pigments, extracted cell contents and frus-
tules was measured in exponentially growing cultures of Nitzschia 
lecointei, Pro boscia alata, Thalassiosira tumida, Odontella weisf7o-
gii, N. curia, and Chaetoceros simplex grown in f/2 medium under 
culture maintenance conditions (as above). Seven hundred ml of each 
culture was centrifuged at 200 xg for 40 min at 0°C to concentrate 
the cells, and the supernatant was discarded. Two ml of 4:1, MeTHF 
was then added, the cells were resuspended and the intracellular pig-
ments were allowed to extract overnight at 0°C. The centrifugation 
was repeated and absorption of the supernatant was measured as 
above. To remove any contamination by intracellular UV-absorbing 
pigments, the extracted material was rinsed three times with 2.0 ml 
of MeTHF followed by resuspension and centrifugation at 200 xg for 
10 min at 0°C. The material was then resuspended in a further 
2.0 ml of MeTHF and the absorbance was measured as above. 

To clear diatom frustules of organic contents, a known volume 
of the above MeTHF-extracted cell concentrate was centrifuged at 
480 xg for 10 min and the MeTHF supernatant was discarded. The  

sample was then digested for 24 h in 5 ml of 30% H 2 0,, and 25 g of 
K,Cr7 07  were added to oxidise and clean the frustales. The solution 
was diluted to 15 ml with Milli Q water and centrifuged at 480 xg 
for 1 h, and the supernatant again discarded. Microscopic examina-
tion of samples showed that this was sufficient to remove the cell 
contents from all species except Thalassiosira tumida; two treat-
ments were necessary to clear the frustales of this species. Samples 
were resuspended twice in 15 ml of Milli Q, centrifuged at 480 xg 
for 1 h, and the supernatant discarded. Finally, the cleared frustales 
were resuspended in a volume of MeTHF equal to that of the initial 
MeTHF extract, and the absorbance was measured as described 
above. 

Results 

UV-B absorbance 

Only compounds with absorption >290 nm were investi-
gated. Pigment extracts of Nitzschia lecointei, Proboscia 
alata, P. inermis, Thalassiosira tumida, Stellarima micro-
trias and N. curta had chlorophyll a absorbance peaks at 
665 nm and chlorophylls and carotenoids at =440 nm (Fig. 
2). None of the species investigated had any pronounced 
absorbance peaks in the UV-B region of the spectrum. 
There was, however, increasing background absorption in 
the UV region of the spectrum and distinct absorbance 
peaks between 325 and 342 nm for each species (Table 1), 
the shoulder of which absorbed at UV-B wavelength (Fig. 
2). The ratio of the UV-absorbing compound peak-height 
to that of chlorophyll a at 665 nm for the diatoms was 

2.1:1. Most of the absorption was at UV-A wavelengths, 
and absorption in the UV-B region at the shoulder of these 
peaks was much less. 

As the concentration of chlorophyll a can change in re-
sponse to UV-B exposure (Bidigare 1989), it was not used 
in normalising UV-B induced changes. Log absorbances 
per unit cell C for each species over the range of UV-B ir-
radiances is shown in Fig. 3. Data from Antarctic Phaeo-
cystis (Marchant et al. 1991) using similar methods is in-
cluded for comparison. Regression analysis of the UV ab-
sorbance peak-height per cell against sublethal irradiance 
showed that increased UV-B flux elicited no significant re-
sponse in UV absorbance in any diatom, and the F-test 
showed that the regression slopes were not significantly 
different from zero (Table 2). 

Absorption of MeTHF-insoluble material by Nitzschia 
lecointei, Proboscia alata, Odontella weisflogii, N. curta 
and Chaetoceros simplex (Fig. 4 A -B, D -F) gradually de-
creased with increasing wavelength while that of Thalas-
siosira tumida remained approximately constant (Fig. 
4 C). Absorption by cleared frustules of each species also 
decreased with increasing wavelength, but only accounted 
for between 13 and 29% of the total UV-B absorption by 
the cells (Figs. 4 and 5). Total cellular UV-B absorption 
per jtg cell carbon varied between 3.4x 10-5  for T tumida 
to 8.2x 10-4  for N. lecointei (Fig. 5). MeTHF-soluble pig-
ments comprised between 12 and 26% of this absorption. 
The exception was T tumida, in which it accounted for 
45% of UV-B absorption. The majority of UV-B absorp- 
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Fig. 2 A Nitzschia lecointei, Proboscia lata and P. inermis; B Tha-
lassiosira tumida, Stellarima microtrias and N. curia. Absorbance 
spectra of extracts in 80% menthano1:20 tetrahydrofuran between 
250 and 800 nm for control cultures 

Table 1 UV-absorbing compounds in Antarctic marine diatoms and 
Phaeocystis cf. pouchetti (Phaeocyst is), showing wavelength of peak 
UV-absorbance, ratio of UV-absorbing compound peak-height to 
chlorophyll a peak-height at 665 nm, and UV absorbance per i.tg cell 
carbon. Phaeocystis calculated from data in Marchant et al. (1991). 
Data are mean values of all sublethal irradiances 

Species Peak UV abs : chl UV abs tg 
absorbance a ratio cell C 
(nm) 

Nitzschia lecointei 325 0.9 1.10 x10-6 
Proboscia alata 336 1.7 6.86 x10-5  
Proboscia inermis 340 2.1 6.17 x10-5 
Thalassiosira tumida 342 1.2 5.08 x10-5  
Stellarima microtrias 342 1.8 5.91 x 10-2  
Phaeocystis 323 27.5 1.04 x10-2  

UV-B Irradiance (J rn -2  s-1 ) 
Fig. 3 Proboscia inermis, Nitzschia lecointei, Thalassiosira tumi-
da, Pro boscia alata, Stellarima microtrias and Phaeocystis cf. pou-
chetii. Log peak UV absorbance per unit cell carbon as a function of 
sublethal UV-B irradiances. (Data for Phaeocystis cf. pouchetti from 
Marchant et al. 1991) 

Table 2 Regression statistics obtained by linear regression of UV 
absorbance per cell against sublethal UV-B irradiance for Antarctic 
marine diatoms 

Species P (r) P(F) 

Nazschia lecointei 0.2 >x>0.1 0.1955 
Proboscia alata 0.2>x>0.1 0.1009 
Proboscia inermis 0.5 >x>0.2 0.2732 
Thalassiosira tumida 0.5 >x>0.2 0.2542 
Stellarima microtrias >0.50 0.5851 

tion was due to MeTHF-insoluble cell contents, except in 
T tumida where the proportion was slightly less than that 
of the MeTHF-soluble material (Fig. 5). 

UV-B response: survival and growth rate 

Survival of diatoms exposed to UV-B differed between spe- 
cies (Fig. 6). Diatoms screened with Mylar received no 
UV-B (irradiance 0; Fig. 6), but did receive unattenuated 

UV-A and exhibited low survival (9 to 32%). Survival of 
Nitzschia lecointei; Proposcia alata and P. inermis at sub-
lethal irradiances approximated 100% survival (Fig. 6 A - 
C) but that of Thalassiosira tumida and Stellarima micro-
trias at sublethal irradiances ranged from 51 to 85% and 
59 to 75%, respectively (Fig.6 D, E). At 1.75 J m-2  s-I , the 
survial of N. lecointei, and P alata fell to 17 and 14% re-
spectively and survival was negligible at 3.4 J m-2  s-1  (Fig. 
6A, B). No significant change in survival of P. inermis, T 
tumida and S. micro trias occurred until a UV-B irradiance 
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simplex. Absorbance spectra of extracts in 80% methano1:20 tetra-
hydrofuran for cultures grown under maintenance conditions. Cells 
were extracted with MeTHF and insoluble material was oxidised to 
clear frustules. Absorbance by MeTHF-soluble compounds, 
MeTHF-insoluble matter and cleared frustules and absorbance 
between 250 and 800 nm are shown 

of 3.4 J IT1-2  s, at which irradiance their survival fell to 
25% (Fig. 6C, D, E). In contrast, the survival of Antarctic 
colonial Phaeocystis cf. pouchetti (Fig. 6 F) (Thereafter re-
ferred to as Phaeocystis) was reduced to 30% at a UV-B 
irradiance of 1.0 J 111-2  s-I , with survival reduced to 0% 
at a UV-B irradiance of 2.1 J IT1-2  s-I  (Marchant et al. 
1991). 

Regression analysis showed that there was no signifi- 
cant relationship between growth rate after irradiation of 
the diatoms and the UV-B irradiance they received (Table 
3). The growth rate of Nitzschia lecointei appeared to de- 
cline as UV-B irradiance increased, but, this was not ob- 
served until the highest irradiance (3.4 J al-2  S-1 ; Fig. 7). 
Growth rates for irradiated cultures of Proboscia alata, 
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Fig. 5 Nitzschia lecointei, Proboscia alata, Thalassiosira tumida, 
Odontella weisflogii, Chaetoceros simplex and Nitzschia curta. Av-
erage UV-B absorbance of MeTHF-soluble compounds, MeTHF in-
soluble matter and cleared frustules per lig cell carbon 

P. inermis, Thalassiosira tumida, and Stellarima micro-
trias were comparable to those occurring in the PAR con-
trol. 

Dark-period removal 

Removal of the dark period from the irradiance of both 
Nitzschia lecointei and Stellarima microtrias elicited a 
different survival response (Fig. 8) from those treatments 
incorporating a dark period. N. lecointei cells survived an 
irradiance incorporating dark periods of 1.75 J m7 2  s-1  
(Fig. 6 A), but survived all but the maximum irradiance 
when exposed without dark periods (Fig. 8 A). In contrast 
to N. lecointei, survival of S. microtrias during irradiation 
including a dark period did not decline significantly until 
an irradiance of 3.2 J m-2  s-I . When the dark period was 
removed, survival of S. microtrias declined to 23% at an 
irradiance of 1.75 J IT1-2  s-I . In addition, survial of S. mi-
crotrias over the lower range of UV-B irradiances was 
= 20% lower in exposures with a dark period (Fig. 6 E) than 
in those without (Fig. 8 B). 

Discussion 

This study was structured to approach natural conditions, 
so that some insights into the basic responses of diatoms 
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pouchetti. Percent survival of diatoms irradiated for 24 h of a 48 h 
period as a function of UV-B irradiance. (Data for Phaeocystis from 
Marchant et al. 1991). Errors bars represent standard errors calculat-
ed from Zar (1984) 

Table 3 Regression statistics obtained by linear regression of post-
irradiation growth-rate against UV-B irradiance for Antarctic marine 
diatoms 

Species P(r) 

Nitzschia lecointei 0.1 <x<0.05 
Proboscia alata 0.2 <x<0.1 
Proboscia inermis 0.1 <x<0.05 
Thalassiosira tumida 0.5 < x <0.2 
Stellarima microtrias 0.2 <x<0.1 
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Fig. 8 A Nitzschia lecointei, B Stellarima microtrias. Percent sur-
vial after 24 h continuous UV-B irradiation. Errors bars represent 
standard errors calculated from Zar (1984) 
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simplex. Absorbance spectra of extracts in 80% methano1:20 tetra-
hydrofuran for cultures grown under maintenance conditions. Cells 
were extracted with MeTHF and insoluble material was oxidised to 
clear frustules. Absorbance by MeTHF-soluble compounds, 
MeTHF-insoluble matter and cleared frustules and absorbance 
between 250 and 800 nm are shown 

of 3.4 J m 2  s-1 , at which irradiance their survival fell to 
25% (Fig. 6C, D, E). In contrast, the survival of Antarctic 
colonial Phaeocystis cf. pouchetti (Fig. 6 F) (Thereafter re-
ferred to as Phaeocystis) was reduced to 30% at a UV-B 
irradiance of 1.0 J m -2  s-I , with survival reduced to 0% 
at a UV-B irradiance of 2.1 J m -2  s-I  (Marchant et al. 
1991). 

Regression analysis showed that there was no signifi-
cant relationship between growth rate after irradiation of 
the diatoms and the UV-B irradiance they received (Table 
3). The growth rate of Nitzschia lecointei appeared to de-
cline as UV-B irradiance increased, but, this was not ob-
served until the highest irradiance (3.4 J m -2  s-1 ; Fig. 7). 
Growth rates for irradiated cultures of Proboscia alata, 

N. lecointei 
	

T. tumida 	C. simplex 

P. alata 	0. weisflogii 
	

N. curta 

Species 

Fig. 5 Nitzschia lecointei, Proboscia alata, Thalassiosira tumida, 
Odontella weisflogii, Chaetoceros simplex and Nitzschia curia. Av-
erage UV-B absorbance of MeTHF-soluble compounds, MeTHF in-
soluble matter and cleared frustules per jig cell carbon 

P. inermis, Thalassiosira tumida, and Stellarima micro-
trias were comparable to those occurring in the PAR con-
trol. 

Dark-period removal 

Removal of the dark period from the irradiance of both 
Nitzschia lecointei and Stellarima microtrias elicited a 
different survival response (Fig. 8) from those treatments 
incorporating a dark period. N. lecointei cells survived an 
irradiance incorporating dark periods of 1.75 J m-2  s-1  
(Fig. 6 A), but survived all but the maximum irradiance 
when exposed without dark periods (Fig. 8A). In contrast 
to N. lecointei, survival of S. microtrias during irradiation 
including a dark period did not decline significantly until 
an irradiance of 3.2 J 111-2  s-I . When the dark period was 
removed, survival of S. microtrias declined to 23% at an 
irradiance of 1.75 J m -2  s-1 . In addition, survial of S. mi-
crotrias over the lower range of UV-B irradiances was 
= 20% lower in exposures with a dark period (Fig. 6 E) than 
in those without (Fig. 8 B). 

Discussion 

This study was structured to approach natural conditions, 
so that some insights into the basic responses of diatoms 
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Thalassiosira tumida, E Stellarima microtrias, F Phaeocystis cf. 
pouchetti. Percent survival of diatoms irradiated for 24 h of a 48 h 
period as a function of UV-B irradiance. (Data for Phaeocystis from 
Marchant et al. 1991). Errors bars represent standard errors calculat-
ed from Zar (1984) 

Table 3 Regression statistics obtained by linear regression of post-
irradiation growth-rate against UV-B irradiance for Antarctic marine 
diatoms 

Species P(r) 

Nitzschia lecointei 0.1 <x<0.05 
Proboscia alata 0.2 <x<0.1 
Proboscia inermis 0.1 <x<0.05 
Thalassiosira tumida 0.5 < x< 0.2 
Stellarima microtrias 0.2 <x<0.1 
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Fig. 8 A Nit zschia lecointei, B Stellarima microtrias. Percent sur-
vial after 24 h continuous UV-B irradiation. Errors bars represent 
standard errors calculated from Zar (1984) 
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to UV-B exposure could be revealed. Experimental limi-
tations included the inability to replicate the dynamic na-
ture of the light climate of the Antarctic marine ecosystem 
in the laboratory, and the relatively short period over which 
the UV-B irradiation treatments took place (48 h period 
with 24 h exposure to UV-B). However, a UV-B exposure 
of 24 to 48 h reportedly produces significant changes in 
phytoplankton photosynthetic (Bidigare 1989) and UV-ab-
sorbing (Marchant et al. 1991) pigmentation. Numerous 
Antarctic marine organisms have been shown to produce 
UV-B-absorbing compounds (Mitchell et al. 1989; Vernet 
et al. 1989; Karentz et al. 1991 b; Marchant et al. 1991), 
and there is now a substantial literature indicating that such 
compounds, principally mycosporine-like amino acids 
(MAAs), can provide protection against UV-B damage 
(e. g. Vernet et al. 1989; Carreto et al. 1990; Karentz et al. 
1991 b). Marchant et al. (1991) reported a high concentra-
tion of UV-B-absorbing compounds in the colonial stage 
of the Antarctic prymnesiophyte Phaeocystis, and demon-
strated that the colonial stage of this alga survived higher 
levels of UV-B irradiation than either the motile stage, or 
the colonial stage of temperate strains which lacked or con-
tained much lower concentrations of these compounds. 

Only compounds with absorption at wavelengths of 
>290 nm were considered in this study, since shorter wave-
lengths are not encountered in the marine environment 
(Smith and Baker 1979; Baker et al. 1980) and would be of 
no ecological significance in UV protection. The diatoms 
we investigated have compounds that absorb at UV-A 
wavelengths, with only low absorbance at the shoulders of 
these peaks at UV-B wavelengths. The concentrations of 
UV-absorbing compounds in the diatoms were =2 to 5 or-
ders of magnitude less per unit cell C than concentrations 
in Phaeocystis, and - unlike Phaeocystis - the concentra-
tion of UV-absorbing compounds did not increase signifi-
cantly as irradiance increased. Therefore, it appears that 
these diatoms are not using pigments as protection from 
UV-B to the same extent as does Phaeocystis. It remains 
possible that absorbance at these wavelengths is an inci-
dental consequence of possessing certain cell proteins or 
metabolites which constitute a target rather than a protec-
tive mechanism. Thus, the significance of UV-absorbing 
compounds in the diatoms as a screen remains uncertain 
but appears low. 

On the basis of the high concentrations of UV-absorb-
ing compounds in Phaeocystis and their relative absence 
in diatoms, Marchant and Davidson (1991) proposed the 
possibility of a change in the species composition of Ant-
arctic phytoplankton to favour Phaeocystis at the expense 
of diatoms in the marginal ice edge zone. However, the 
data of the present study demonstrate that diatoms are ca-
pable of surviving higher levels of UV-B exposure than 
Phaeocystis. Smith et al. (1992) also found that the rate of 
cell division of another diatom (Chaetoceros socialis) in 
the Southern Ocean was less affected by a given solar ir-
radiance (including UV-B) than was Phaeocystis. 

The reports of substantial levels of UV-B-absorbing 
compounds in mixed phytoplankton from Antarctic waters 
by Mitchell et al. (1989), Vernet et al. (1989), and Gieskes  

and Kraay (1990) do not conflict with our data. Their un-
identified samples could have contained Phaeocystis, an 
abundant component of the Antarctic phytoplankton com-
munity which produces high concentrations of such com-
pounds. 

With the exception of Thalassiosira tumida, absorption 
of UV-B by cell concentrations from which MeTHF-solu-
ble pigments had been extracted was considerably greater 
than the maximum UV absorption by MeTHF-soluble pig-
ments. Absorption of UV-B by the frustule was similar to 
or greater than absorption by the MeTHF-soluble pig-
ments. Most of the UV-B absorbance in all species except 
T tumida was due to oxidisable cell contents. The location 
of these absorbing compounds and structures such as mem-
branes, proteins and carbohydrates within the cell in rela-
tion to UV targets within the cell would determine their 
value as an intracellular screen against UV-B damage. The 
low absorption by MeTHF-soluble pigments supports the 
argument that they are not primarily UV-B-protective com-
pounds. Further, the UV-B irradiance at which each spe-
cies showed a significant decrease in survival did not cor-
relate with their absorption by MeTHF-soluble pigments, 
frustules or MeTHF-insoluble cell contents. This suggests 
that none of these fractions provide significant protection 
from UV-B radiation and that processes other than UV-B 
screening are responsible for the survival of diatoms at 
elevated UV-B irradiances. 

The pycnocline in the MIZ may be 10 m or less for pe-
riods of up to 6 d (Veth 1991). Thus, phytoplankton in this 
environment may receive high UV-B irradiances for pro-
longed periods. Our results indicate that diatoms and Phae-
ocystis are able to survive and grow at UV-B irradiances 
approximately twice (and in the case of Proboscia inermis 
and Stellarima microtrias over three times) the peak sur-
face irradiance currently experienced in Antarctic waters 
for at least 24 h. Their capacity to withstand UV exposure 
may reflect changes in species composition or selection of 
UV-resistant strains over the 15 yr of known existence of 
ozone depletion. Alternatively, high UV-B environments 
may have existed for substantial periods in their evolution, 
thus pre-adapting these organisms (Yentsch and Yentsch 
1982). Smith et al. (1992) found that the growth rates of 
phytoplankton after irradiation were independent of the 
depth from which the samples had been taken, and de-
pended only on the dose received at the depth of incuba-
tion. This evidence lends further weight to the idea that 
these organisms are pre-adapted to a relatively high UV-B 
environment. Our data also suggests that the impact upon 
diatoms of increased UV-B irradiance as a result of ozone 
depletion may be minimal. 

The survival of Thalassiosira tumida and Stellarima mi-
crotrias was <100% at UV-B irradiances between 0 and 
1.75 J m -2  s-I . However, their survival at these irradiances 
did not appear to be correlated with UV-B irradiance, and 
S. microtrias did not show any significant decline in sur-
vival until the highest UV-B irradiance. Thus, the lower 
maximum survival probably reflects subculturing distur-
bance or overestimation of the Time 0 population of the 
PAR-irradiated control culture. The low survival observed 
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in all species under Mylar screens, which received no 
UV-B but unattenuated UV-A, indicates that UV-A is also 
potentially lethal to phytoplankton but that this damage is 
ameliorated by UV-B. While photorepair of UV-B-induced 
damage has been reported (Harm 1980; Karentz 1988; Ka-
rentz et al. 1991 a), UV-B-facilitated repair of UV-A-in-
duced damage has not. UV-A is largely responsible for the 
inhibition of carbon fixation (Biihlmann et al. 1987), but 
it would appear unlikely that photoinhibition alone could 
be responsible for the observed mortality in Mylar-
screened treatments. The short wavelength UV-A emitted 
from the UV lamps used in these experiments may have 
been affecting other cellular processes or constituents. 

Ongrowth of cultures irradiated over 24 to 48 h indi-
cated that the growth rate of most species was unaffected 
by the UV-B irradiance to which they were subjected. This 
was observed even at irradiances which resulted in high 
mortality. The results indicate that cells which survived 
sustained their metabolism during irradiation and were 
then able to resume normal growth, making their growth 
rate indistinguishable from both control cultures and those 
cultures which had received much lower UV-B irradiances. 
Thus, their contribution to the population after irradiance 
is dependent upon their survival rather than on any persist-
ing consequence of the UV-B dose received. 

Estimates of mixing times from the surface layer to a 
depth of 10 m range from 30 min to hundreds of hours 
(Denman and Gargett 1983; Karentz 1991). Because of the 
stability of the MIZ, phytoplankton are subjected to little 
darkness during late spring and summer (Sakshaug and 
Skjoldal 1989; Lizotte and Sullivan 1991; Veth 1991). Phy-
toplankton above the pycnocline will be exposed to 
changes in UV-B irradiances over periods greater those 
used in our experiments (24 h). Therefore, these experi-
mental results can only be considered as indicative of nat-
ural conditions. The two diatom species that received con-
tinuous irradiation at various UV-B irradiances for a 24 h 
period showed a high tolerance to such exposure. Dark-de-
pendent DNA repair-processes have been cited as funda-
mentally important to many organisms (prokaryotes, plants 
and animals) for repair of UV-B induced damage (Harm 
1980). Over the 24 h duration of this experiment they ap-
peared to play little part in the survival and reproduction 
of Nitzschia lecointei and Stellarima microtrias denied a 
dark period. 

Karentz et al. (1991 a) found that smaller cells with a 
greater surface area:volume ratio were more sensitive to 
UV than larger cells. Our results are not consistent with 
this proposal. The survival of smaller species such as Nitz-
schia lecointei with a surface area to volume ratio of — 0.94 
was equivalent to that of Pro boscia inermis with a surface 
area to volume ratio of —0.20. The observations of Karentz 
et al. (1991 a) may have been due to cell size and volume 
affecting sinking rates, which in turn would have affected 
their relative exposure to UV-B (Denman and Gargett 
1983, Karentz 1991, Thompson et al. 1991, Veth 1991). 

Conclusions 

Our results show that over a 24 to 48 h period, at least some 
diatoms tolerate levels of UV-B that are considerably 
higher than the irradiances received in Antarctic surface 
waters in the austral spring of 1989. The amount of UV-
absorbing compounds in the diatom species investigated 
was much less than that observed in the prymnesiophyte 
Phaeocystis, but their UV-B tolerance exceeds that of 
Phaeocystis. Thus, in constrast to the previously proposed 
scenario of Marchant and Davidson (1991), any pro-
nounced increase in Antarctic UV-B levels may favour di-
atoms at the expense of Phaeocystis. There is, however, 
little direct evidence of changes in species composition in 
the Southern Ocean. The high tolerance of UV-B radiation 
by the phytoplankton species we have studied suggests that 
major changes in phytoplankton species composition as a 
result of extensive UV-B induced mortality are unlikely. 
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ABSTRACT: Numerous investigators have demonstrated marked interspecific differences in tolerance 
of Antarctic marine phytoplankton to UVB exposure. Consequent changes in species composition have 
been proposed but as yet not demonstrated. We conducted competition experiments in which mixed 
cultures of Antarctic marine diatoms and colonial and flagellate stages in the life cycle of the hapto-
phyte Phaeocystis antarctica were exposed to natural Antarctic solar irradiance. Results demonstrated 
UVB-induced changes in species composition favouring the colonial stage of P. antarctica following 2 d 
exposure or less. These data indicate the potential for altered trophodynamics and carbon flux in 
Antarctic waters as a result of ozone depletion. Our results also show the limited predictive value of 
results obtained using UVB exposures above those likely to be experienced in the natural environment. 
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INTRODUCTION 

Stratospheric ozone concentrations over Antarctica 
presently fall to less than 30% of pre-ozone-hole val-
ues during spring (Weiler & Penhale 1994). Springtime 
UVB irradiance is at least as high as that at the summer 
solstice (Lubin et al. 1989). Melting sea-ice forms a 
shallow pycnocline in the marginal ice zone (MIZ) 
which may confine phytoplankton to depths of 20 m or 
less for up to 6 d (Mitchell & Holm-Hansen 1991, Vett' .  
1991). Phytoplankton blooms in the high light, high 
nutrient environment of the MIZ contribute 25 to 67 % 
of phytoplanktonic production in the Southern Ocean 
(Smith & Nelson 1986). 

Survival, growth and photosynthesis of phytoplank-
ton in the MIZ are reduced by UVB exposure (Smith et 
al. 1992) as they coincide with the springtime ozone 
depletion (Helbling et al. 1994). It has been suggested 
that exposure of phytoplankton to increased UVB radi-
ation is likely to alter species composition (Calkins & 
Thordardottir 1980, Karentz 1991, Smith et al. 1992, 
Davidson et al. 1994). Such changes have been 

• E-mail: andrew_dav@antdiv.gov.au  

reported from experimental microcosms in temperate 
environments using artificially increased UVB irradi-
ance (Worrest et al. 1978, 1981). Interspecific differ-
ences in the tolerance of Antarctic phytoplankton to 
UVB have been reported (Karentz et al. 1991a, 
Marchant et al. 1991). However, direct evidence of 
changes in species composition has not been reported 
for the Southern Ocean. 

Species specific investigations of the tolerance of 
phytoplankton to UVB irradiance are important in pre-
dicting the effect of ozone depletion (Karentz 1991, 
Davidson et al. 1994). However, such studies do not 
include the competitive interactions between phyto-
plankton species during UVB exposure. Here we 
report that exposure of mixed cultures of Antarctic 
phytoplankton to natural and attenuated Antarctic UV 
irradiance produced changes in phytoplankton species 
composition. 

MATERIALS AND METHODS 

Unialgal strains of the diatoms Chaetoceros simplex 
Ostenfeld, Fragilariopsis lecointei V. H., Fragilariopsis 

0 Inter-Research 1996 
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curta (V. H.) Hasle, Thalassiosira tumida (Jan.) Hasle, 
Proboscia (Rhizosolenia) alata (Brightwell) Sundstrom 
and the haptophyte Phaeocystis antarctica Karsten 
were isolated from Prydz Bay, Antarctica. Cultures 
were maintained under cool white fluorescent light at 
a photosynthetically active radiation (PAR) intensity 
of 5.11 W M-2  and at 0°C with an 18:6 h light:dark 
cycle. Exponentially growing cultures of the 6 species 
(that of P. antarctica containing approximately equal 
concentrations of the flagellate and colonial life 
stages) were diluted 1:5, culture:fresh culture 
medium, 5 and 2 d before starting the experiment. 
Organisms in 10 ml subsamples of each monospecific 
culture were fixed with buffered Lugol's solution and 
the cell concentration estimated using the Utermohl 
sedimentation technique over 15 replicate randomly 
chosen fields using an inverted microscope. Aliquots 
of each culture were mixed to give approximately 
equal cell concentrations of each species and both P. 
antarctica life stages. Three 10 ml subsamples were 
removed to determine cell concentrations (as above) 
of each species at time 0. Nine subsamples, each of 
500 ml, were then transferred to polythene bags 
(WhirlPak, Nasco) which transmit light above 220 nm. 
Three replicate bags were each exposed to one of 
3 light treatments; unscreened (PAR, UVA and UVB 
treatment), Mylar screened (which transmitted wave-
lengths above 320 nm: PAR + UVA treatment), and 
polycarbonate screened (which transmitted wave-
lengths above 370 nm: PAR treatment) (Davidson & 
.Marchant 1994). 

Mixed phytoplankton populations were incubated 
for 8 d at Davis Station, Antarctica (68° 35' S, 78° E) at 
a depth of 0.2 m between 10 and 18 December 1992 
in an outdoor tank through which sea water was cir-
culated. Thus, the phytoplankton were exposed to 
near-surface natural light irradiance. Integrated irra-
diances were measured using an IL 1700 research 
radiometer equipped with UVA and erythemal UVB 
sensors (Davidson & Marchant 1994) which were cal-
ibrated to solar irradiances using the sensor response 
curve and a Macam spectroradiometer and erythe-
mal UVB biometer respectively. Sensors were posi-
tioned beside phytoplankton at 0.2 m depth and the 
UVA and UVB irradiance integrated during incuba-
tion. 

A subsample of 10 ml was removed from each repli-
cate treatment at 2 d intervals for 8 d and the concen-
tration of each species determined (as above). The cell 
concentrations of each species after each period of irra-
diation were used to estimate a single exponential 
growth rate for each replicate. This provided indepen-
dent estimates of growth rate, with estimated vari-
ances for each species under each of the 3 UV treat-
ments. Exponential (log e) growth rate estimates were  

obtained as the slope parameters of a generalised lin-
ear model (GLM) (see Chambers & Hastie 1993), using 
the S-Plus statistical package with Gaussian errors, a 
log-link function, and weighted by the inverse of the 
square of the empirical standard error for each cell 
concentration determination. 

The growth rate of cells of each species in the culture 
became the dependent variable in a fully crossed 2- 
way analysis of deviance (similar to an ANOVA, but 
allowing the inverse variances of the estimated growth 
rates to be used as weights) using a GLM with a Gauss-
ian error model. Thus, growth rates of low variance 
received higher weight in statistical analysis than 
those with high variance. Growth rates across all spe-
cies and by each species were compared between light 
treatments and presented as a box and whisker plot 
and interaction profile (see Fig. 1A, B). The flagellate 
and colonial life stages of Phaeocysds antarctica were 
considered to be functionally separate taxa due to the 
widely accepted physiological differences between 
these stages (e.g. Marchant et al. 1991, Davidson & 
Marchant 1992b). 

The size of 100 live cells of each species was mea-
sured and the mean cell volume calculated. Variation 
in the dimensions of cells fixed with Lugol's iodine 
from each light treatment were within 1 standard devi-
ation of the live cell dimensions. The cell concentra-
tions in replicates of each light treatment at each incu-
bation time were pooled and the mean and standard 
error computed. Using the equations of Eppley et al. 
(1970) and the cell volume, carbon contributed by each 
species was then calculated. The carbon contributed 
by colonial stage Phaeocystis antarctica was likely to 
be an underestimate as colony matrix was not consid-
ered in the calculation. 

To investigate the minimum duration of UV expo-
sure required to cause changes in phytoplankton spe-
cies composition, a 10 ml subsample was removed 
from each replicate of all light treatments after 2, 4, 6 
and 8 d incubation and inoculated into 40 ml of sterile 
1/2 medium in 50 ml polystyrene culture flasks. Flasks 
were returned to culture maintenance conditions and 
grown for a further 9 d then thoroughly mixed and a 
10 ml subsample removed and counted (as above). 
This procedure of subculturing samples after the vari-
ous durations of exposure allowed expression and am-
plification of changes in phytoplankton species compo-
sition, while avoiding the effects of nutrient limitation 
in culture. For each incubation time and light treat-
ment, the mean proportion of the phytoplankton popu-
lation contributed by each species following the 9 d 
amplification was calculated over 3 replicates. For 
these proportional data, error bars indicate ±1 stan-
dard error, calculated by arcsine square root transfor-
mation (after Zar 1984). 
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Irradiation 	Cum. integr. 	Cum. integr. 
(d) 	 UVA (J m-2 ) erythemal UVB (J m-2 ) 

0 0 
2 9.75 x 105  6.48 x 10 3  
4 18.43 x 10 5  12.26 x 10 3  
6 28.51 x 10 5  19.74 x 103  
8 36.59 x 10 5  25.18 x 103  
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Table 1. Cumulative integrated UVA and UVB irradiance dur- 
ing 8 d natural irradiation measured using an International 

Light research radiometer and light sensors 

RESULTS AND DISCUSSION 

Weather conditions were intermittently sunny dur-
ing the 8 d of exposure to natural Antarctic solar radia-
tion. However, integrated UVA and UVB irradiances 
varied little during between-sample intervals (Table 1). 
Mean integrated UVA and UVB irradiance for each 2 d 
incubation period was 9.15 ± 0.93 x 10 5  and 6.30 ± 0.90 
x 103  J IT1-2  respectively. 

The analysis of deviance shows significant differ-
ences with species, light treatment and their interac-
tion (Table 2). That species specific growth rates are 
significantly different is not surprising. The distribu-
tions of growth rates across species for the different UV 
treatments are shown in Fig. 1A. Although the main 
effect due to UV treatment is significant (Table 2), the 
effects are not substantial, and the statistical signifi-
cance arises largely because of a few cases where 
growth rate estimates with low variances have re-
ceived a high weight in the analysis. The unweighted 
means and medians of the growth rates across species 
are not significantly different between light treat-
ments. Similarly, no significant difference was found in 
total calculated cell carbon concentration between 
light treatments (Fig. 2A). Thus, the overall growth and 
production by the community was maintained irre-
spective of light treatment. 

In contrast, the interaction term is highly significant 
(Table 2). The changes in growth rates for at least some 
species under the different UV treatments demon- 
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Fig. 1. Analysis of exponential 'growth rate (d -1 ) during 8 d 
exposure to natural irradiation. (A) Box and whisker plot 
showing similar growth rate across all species and comparing 
between light treatments and (B) interaction profile showing 
UVB-dependent changes in the growth rate of each species 
between light treatments with the standard error over 3 repli- 
cates. Box and whisker plot shows mean weighted (+), 
unweighted (x) and median (-) growth rates for all species 
between light treatments. Boxes enclose the interquartile 
range, whiskers extending to the standardised range and 

represents an outlier 

F. curta 
P. antarctica Fig 
P. alata 

Table 2. Two-way analysis of deviance showing the significance of UV 
effects on the growth of Antarctic phytoplankton species 

Factor 	 df Deviance Residual Residual Probability 
df 	deviance 	x2 

Null 
	

62 	2809.445 
Species 	 6 2620.609 

	
56 	188.836 0.00000000 

UV treatment 	2 	11.630 
	

54 	177.206 0.00298 
Species:UV interaction 12 	134.048 

	
42 	43.158 0.00000000  

strates that, over time, the species compo-
sition, in terms of cell concentration, will 
differ under the different UV regimes. 
Differences between the PAR and PAR + 
UVA light treatments, though significant 
(p(x2  < 0.01)), were only slight. Exposure 
to UVB caused substantial changes in the 
growth rates (Fig. 1B) which were statisti-
cally highly significant fp(x 2 < 0.000005)). 
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• P. antarctica Fig 
a2  P. antarctica Col 
o P. alata 
Ca T. tumida 

Fig. 2. Calculated cell carbon concentration of Antarctic 
phytoplankton during 8 d of natural irradiation showing (A) 
total cell carbon across all species, and contributions by each 
species exposed to (B) PAR, (C) PAR + UVA and (D) PAR + 
UVA + UVB. P. antarctica Col and Flg indicate the colonial 
and flagellate life stage respectively. Error bars indicate stan- 

dard error of the mean over 3 replicates 

The growth rate of diatoms and the flagellate stage of 
Phaeocystis antarctica exposed to UVB either did not 
change significantly or declined. Only the colonial 
stage of P. antarctica showed a substantial promotion 

of growth as a result of exposure to UVB. The propor-
tion of cell carbon contributed by diatoms and the fla-
gellate stage of P. antarctica exposed to UVB also fell 
(Fig. 2B-D) but were replaced by colonial stage P. 
antarctica. Thus, Antarctic near-surface UVB irradi-
ance alters phytoplankton species composition in 
culture. 

The enhanced growth of colonial Phaeocystis antarc-
tica when exposed to UVB agrees with earlier findings 
which demonstrated that exposure of unialgal cultures 
of this species to in situ UVB increased cell size, 
growth rate and production by the colonial stage 
(Davidson & Marchant 1994) and may contribute to 
this species being one of the first to bloom in the ice 
and surface waters, where it frequently dominates the 
phytoplankton (Garrison et al. 1987, Fryxell & Ken-
drick 1988, Davidson & Marchant 1992a). Only Pro-
boscia alata exhibited no significant growth in the 
absence of UV radiation (Fig. 1B). This may reflect the 
observed sensitivity of the species to mechanical dis-
turbance during subculturing which leads to an 
extended lag phase in its growth. 

Our results differ from those reported by other 
authors. McMinn et al. (1994) found that sediment 
cores from fjords in East Antarctica did not exhibit evi-
dence of a significant change in species composition of 
the diatom community since springtime ozone deple-
tion began. However, it is likely that persistent sea ice, 
which attenuates UVB by at least 90% (Trodahl & 
Buckley 1989), provided shielding for these organisms. 
Bothwell et al. (1995) also criticise other aspects of the 
conclusions drawn by McMinn et al. (1994). Others 
(Smith et al. 1992, Karentz 1994, Karentz & Spero 1995) 
have reported that exposure of diatoms and Phaeocys-
tis antarctica to natural UVB did not alter their growth 
rates or that growth by P. antarctica declined. 

Our study used natural solar irradiance and selected 
Antarctic phytoplankton species but did not simulate 
natural Antarctic conditions. We used a limited species 
assemblage grown in nutrient enriched media with 
and without exposure to a near-surface UVB light cli-
mate and wavelength structure. The effects of in situ 
UVB radiation on naturally occurring phytoplankton 
communities could differ from those we observed and 
the effect of increased UVB flux as a result of ozone 
depletion on phytoplankton species composition re-
mains to be ascertained. Results obtained by Karentz 
(1994) for Phaeocystis antarctica were highly variable 
due to the clumped distribution of cells in colonies, 
changes within or between light treatments were sel-
dom significant and, unlike Smith et al. (1992) and 
Davidson & Marchant (1994), P. antarctica growth was 
also negative irrespective of light treatment. Differ-
ences between the results presented here and those of 
Smith et al. (1992) may be due to differences in 
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methodology, the physiological state of cells or our use 
of cultured material and a multi-species mix. Karentz & 
Spero (1995) report a strong positive correlation be-
tween P. antarctica concentration and column ozone 
concentration in the MIZ of the Bellingshausen Sea. 
The apparent conflict between their results and those 
presented here can only be reconciled with further 
study. Differences in methodology mean the studies 
are not directly comparable and it remains unclear 
whether the changes in P. antarctica concentration 
observed by Karentz & Spero (1995) were directly 
related to changes in the in situ UVB climate during 
their study. 

Our results also contrasted with our previous find-
ings. The colonial stage in the life cycle of Phaeocystis 
antarctica produces high concentrations of UV-absorb-
ing compounds (Marchant et al. 1991). These en-
hanced survival of its colonial stage when exposed to 
high UVB irradiances (Marchant et al. 1991) but 
diatoms, which largely lack UV absorbing compounds, 
survived UVB irradiances 3 to 5 times that which 
caused mortality in colonial P. antarctica (Davidson et 
al. 1994). Thus, the role of UV-absorbing compounds 
in alleviating UVB damage is questionable. Many 
Antarctic marine organisms possess UV-absorbing 
compounds (Karentz et al. 1991b). However, the pre-
sumed protection afforded organisms by such com-
pounds remains largely unquantified. Results pre-
sented here show that growth by the colonial stage of 
P. antarctica was promoted under natural UVB expo-
sure. Consequently, the UVB irradiance at which P. 
antarctica died (Marchant et al. 1991) was not indica-
tive of its enhanced growth at sub-lethal natural irradi-
ances. Nor was survival of diatoms up to far higher 
UVB irradiances than P. antarctica (Davidson et al. 
1994) indicative of their slowed growth and production 
at these sub-lethal irradiances as here we show that P. 
antarctica dominates at their expense. The poor pre-
dictive value of a species response to high UVB irradi-
ance experiments clearly demonstrates the limited 
value of extrapolating results of such experiments 
(Worrest et al. 1978, Karentz et al. 1991a, Marchant et 
al. 1991, Davidson et al. 1994) to the natural environ-
ment. 

Vernet et al. (1994) found that high haptophyte 
concentrations in Antarctic waters correlated with 
high in situ absorption at 330 nm and low inhibition 
of photosynthesis when exposed to UVB. At sub-
lethal natural UVB irradiances, metabolic processes 
such as photosynthesis apparently are shielded from 
damage by UV-absorbing compounds. Other meta-
bolic costs of exposure to UVB are thereby min-
imised. Thus, at natural UVB irradiances colonial 
Phaeocystis antarctica may be afforded substantial 
protection by UV-absorbing compounds. High in situ  

absorption (Vernet et al. 1994) also suggests that 
blooms of P. antarctica may confer some UV protec-
tion on other organisms in the water column 
(Marchant et al. 1991), a feature not included in this 
experiment as colonial P. antarctica did not reach suf-
ficient concentrations to attenuate UVB throughout 
the irradiated cultures. 

The duration of UVB exposure required to elicit 
changes in phytoplankton species composition is criti-
cal in determining the potential magnitude of changes 
in phytoplankton species composition in Antarctic 
waters. Incubations of only 2 to 6 d may not have 
allowed expression of these changes in species compo-
sition. To express and amplify such changes, samples 
were removed from natural irradiation, subcultured, 
returned to culture maintenance conditions (which 
lack UV) and grown for a further 9 d. Differences in 
proportional abundance of each species were not 
greatly increased by exposure times exceeding 2 d 
(Fig. 3). Thus, 2 d exposure to ambient near-surface 
UVB irradiance was sufficient to largely determine the 
UVB-mediated species composition. Exposure to UVA 
and UVA + UVB increased the proportion of colonial 
Phaeocystis antarctica in culture, mainly at the 
expense of Chaetoceros simplex (Fig. 3A, B). The pro-
portion of total cells contributed by other species dif-
fered little between light treatments (Fig. 3C—E). Two 
days was the shortest natural exposure time investi-
gated; the minimum exposure required to elicit 
changes in species composition remains unknown. 

Results demonstrate that natural Antarctic UVB irra-
diance can alter phytoplankton species composition 
and also indicate that ozone depletion and the associ-
ated increase in UVB may promote the abundance of 
Phaeocystis antarctica relative to diatoms in Antarctic 
waters. This species accounts for some 10% of the total 
biogenic flux of dimethylsulfide (DMS) released to the 
atmosphere (Gibson et al. 1990). DMS is a principal 
source of sulfate cloud condensation nuclei and influ-
ences oceanic cloud cover (Charlson et al. 1987). P. 
antarctica also plays a pivotal role in determining the 
structure and function of the planktonic community 
(Garrison et al. 1987, Fryxell & Kendrick 1988, David-
son & Marchant 1992a). Its blooms produce high con-
centrations of dissolved organic carbon and slow-sink-
ing mucilaginous particulate organic carbon which 
promote bacteria and microheterotrophs, but the large 
mucilaginous colonies of this alga are selectively 
avoided by many grazers (Davidson & Marchant 
1992b). Thus, any UVB-mediated increase in the abun-
dance of P. antarctica could effect climate through 
changes in global albedo (Charlson et al. 1987) and 
significantly alter rates of vertical carbon flux and the 
particle size, form and availability of carbon to higher 
trophic levels (Marchant & Davidson 1991). 
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Summary. Changes in the concentrations of bacteria, 
phytoplankton, protozoa, dissolved organic carbon 
(DOC), particulate organic carbon (POC), particulate 
carbohydrate (PCHO) and particulate organic nitrogen 
(PON) were followed throughout the summer at an 
Antarctic coastal site. The colonial prymnesiophyte 
Phaeocystis pouchetii was the first major phytoplankton 
species to bloom, reaching concentrations of 6 x 10' 
cells • I -1  and remained numerically dominant for most of 
the summer. During the P. pouchetii bloom the concentra-
tion of most other autotrophs did not increase. Micro-
heterotroph abundance peaked during or immediately 
after the Phaeocystis bloom. Their peak coincided with 
very high concentrations of organic carbon, particularly 
DOC which exceeded 100 mg •1 -1 , and low bacterial 
abundance. Maximum bacterial abundance was reached 
after the decline in microheterotroph numbers. Bacterial 
utilization of carbon substrates and microheterotroph 
grazing of bacteria and uptake of DOC may form an 
important link to higher trophic levels during Antarctic 
Phaeocystis blooms. 

Introduction 

Numerous studies have been conducted at Antarctic 
coastal sites and at ice edges to ascertain the species 
composition and abundance of protists (eg. Buck and 
Garrison 1983; Garrison et al. 1987; Lipski 1987; Perrin et 
al. 1987; Fryxell and Kendrick 1988; Garrison and Buck 
1989a). However, few reports have addressed the inter-
actions between the various protists, bacteria and avail-
able carbon sources. Comparison of our data with pre-
vious studies conducted at this coastal site near Davis 
Station, Antarctica (Perrin et al. 1987; Gibson et al. 1990; 
Marchant and Perrin 1990) indicate a high level of inter-
annual consistency in bacterial abundance and the domi-
nant phytoplank ton and choanoflagellates. Thus, the pro- 

Correspondence to: H. J. Marchant 

cesses determining community composition at this site 
repeatedly produce a similar order of succession and 
abundance of organisms. 

Primary production of the Southern Ocean supports 
substantial bacterial production. Correlation between 
production by phytoplankton and bacteria has been dem-
onstrated around the Antarctic continent at different times 
of the year (eg. Fuhrman and Azam 1980; Hanson et al. 
1983a, b; Kogure et al. 1986; Billen et al. 1987). However, 
little attention has been given to changes in the abundance 
of Antarctic marine bacteria at a single location over time. 
Kottmeier and Sullivan (1990) suggest that bacterial 
growth in pack ice may determine concentrations of 
nutrients and microheterotrophs and show that bacterial 
production is a significant source of carbon in the ice edge 
zone. Patterns of bacterial abundance in the water column 
vary. Satoh et al. (1989) found a single peak in bacterial 
numbers in December near Syowa station, while Gibson et 
al. (1990) described a double peak with maxima in Novem-
ber and February near Davis station with the concentra-
tion at the end of December being the lowest for any time 
of the year. Here we report the variation in bacteria, 
protists and carbon concentrations through the summer in 
Antarctic coastal waters near Davis and indicate the 
pivotal role of Phaeocystis in determining their abundance 
in this environment. 

Materials and methods 

Sampling was conducted in Prydz Bay at a site 5 km offshore from 
the Australian Antarctic station of Davis (68° 30' S, 77° 50' E). 
Temperature profiles from surface to the bottom depth of 100 m were 
obtained using a Yeo-Kal Model 606 Submersible Data Logger. A 
Niskin bottle was used to obtain 10 1 water samples at a depth of 
15 m at approximately weekly intervals between 15/11/88 and 
21/2/89. A depth of 15 m was selected to sample both the shallow ice 
edge bloom and the protistan community as the pycnocline dee-
pened. All apparatus used for sampling water destined for chemical 
analysis was soaked in 5% Decon 90 detergent for no less than one 
week, then soaked in 5% HCI for the same time and thoroughly 
rinsed in MilliQ or Elgastat deionised water. The contents of the 
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Niskin bottle was thoroughly mixed before removing subsamples for 
counts of bacteria, phytoplankton and chemical analysis. All water 
samples were handled in a laminar flow hood. 

Acid Lugas solution was used to fix 500 ml of sea-water and the 
samples allowed to sediment for at least one week in the sample 
bottles before pipetting off the supernatant. The sedimented concen-
trates, or subsamples when cell concentrations were high, were then 
further sedimented for 1 day in 32 mm diameter sedimentation 
cylinders before cells were counted. Cells greater than 3 pm diameter 
were counted in fifteen replicate fields of view using an inverted 
microscope at 200 x magnification and the mean and standard 
deviation calculated. Glutaraldehyde (4% final concentration) was 
used to fix 80 ml of the water sample which was then stored in sterile 
bottles. Subsamples of between 1 and 20 ml, depending on bacterial 
concentrations, were stained with 4',6-diamidino-2-phenylindole 
(DAPI) (Porter and Feig 1980), filtered onto 0.1 pm Nuclepore filters 
and total bacteria (epibacteria plus bacterioplankton) counted by 
epifluorescent microscopy. 

Nonmetric multidimensional scaling (M DS) and cluster analysis 
were carried out on species abundance data using the methods of 
Field et al. (1982). Data for those autotrophs and heterotrophs 
contributing more than 4% of the protist abundance at any one 
sample time were used. As all data scales were identical, cell 
concentrations were log transformated (Y ii  = log(X 0  + 1)) when com-
paring samples and the concentrations were relativized (Y 1i  
= 100 X o /I ;  = 1" • X ii) for the inverse comparison of species. The 
Bray-Curtis index of similarity was used and the data classified using 
group average sorting. The MDS starting configuration was gener-
ated by principal coordinates analysis and run over 75 iterations. 

Water samples of 2.51, or until the filter clogged at higher cell 
densities, were passed through 0.45 pm pore size acid-cleaned Milli-
pore membrane filters. Two 5 ml rinses of 3.6% w/v (NH 4 ) 2CO 3  and 
one of 1 mM Na 2  EDTA in 3.6% w/v (NH 4) 2 CO 3  were then passed 
through the filter. The filter was then sectioned into eighths, and two 
opposite segments analysed for carbohydrates (CHO) using the 
phenol sulphuric method (Marshall and Orr 1962). Another 500 ml 
of water were passed through 25 mm diameter Whatman GF/F  

filters (particle retention > 0.45 pm) that had been fired at 450°C for 
16h. This filter was sectioned into eight and two of the segments 
analysed for carbon and nitrogen using a 185B Hewlett Packard 
Carbon Hydrogen Nitrogen analyser with a 3380A Hewlett Packard 
Integrator. A catalyst of three parts Mn0 2 :1 part Cr 20 3:1 part 
diatomaceous earth was used to enhance oxidation at the furnace 
temperature of 800°C with a combustion time of 50s. Approximately 
20 ml of filtrate were stored in teflon capped glass vials at 4°C prior 
to analysis for DOC. DOC concentration was measured using a 
Technicon auto Analyzer 11 sampler, La Jolla P0-24 Photo-oxida-
tion unit and Horiba PIR-2000 infrared gas analyser. Oxidation of 
DOC to CO 2  by UV light was enhanced by saturation with ultra 
pure 0 2 . Ultra pure N 2  was used as the carrier gas to the infrared gas 
analyser. 

Results 

Water column characteristics 

Sea ice cover was 100% until 3/1/89 after which it declined 
to approximately 70% cover until 24/1/89 and approxi-
mately 50% thereafter (Fig. 1). Ice was completely absent 
by 1/2/89 but 70% ice cover had reformed by 21/2/89. 

The temperature profile (Fig. 1) shows that the water 
column was unstructured until after 7/12/88. Between 
22/12/88 and 17/1/89 surface temperature rose to its 
maximum of 1.13°C and the depth of warming increased 
with time. This thermal structuring of the water column 
occurred despite there being 70%-100% ice cover and 
indicates advection of water from nearby ice free areas into 
the sample site. Surface water temperature had begun to 
fall by the time the ice was absent from the sampling site. 
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ature at the sampling site during the 
1988/1989 austral summer 
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Abundance of organisms 

Bacterial abundance was essentially trimodal (Fig. 2a) 
showing a small peak in November which declined in early 
December. The concentration again rose until mid-
December then declined rapidly until the end of the year 
whereupon it increased again to the highest values for the 
summer between 24/1/89 and 14/2/89 before again de-
creasing in late February. 

Phaeocystis pouchetii occurs both as motile, scale-
covered flagellates and in gelatinous colonies. The colonial 
and flagellate stages were observed in low numbers from 
the beginning of sampling and, although dominating 
phytoplankton numbers, remained in low abundance until 
mid December. The abundance of the colonial stage then 
increased dramatically to 6 x 10 7  cells •1 -1  on 3/1/89 be-
fore decreasing at about the same rate (Fig. 2b) but still 
remained numerically dominant until 8/2/89. Though 
changes in concentration were not significant, motile cells 
of P. pouchetii, increase in number at the same time as the  

colonial form but declined until 10/1/89, during the bloom 
of the colonial stage, after which they increased to 3.4 x 10 5  
cells • 1 -  in late January (Fig. 2b). 

Total diatom concentration also rose in mid Decem-
ber, but did not appear to increase between 27/12/88 and 
3/1/89, the time of greatest colonial Phaeocystis abund-
ance. Diatom concentration appeared to increase after 
3/1/89, to a maximum of 5.9 x 10 6  cells • 1 on 17/1/89 
(Fig. 2c). 

Taxonomic groups whose members consist partly or 
wholly of heterotrophs followed similar trends in abund-
ance over the summer, with maxima in abundance during 
or immediately after the peak in Phaeocystis abundance. 
Dinoflagellate concentration began to increased in mid 
December, remained at approximately 7 x 10 4  cells • l 
and persisted at around this concentration for the re-
mainder of the summer with the exception of a further 
dramatic increase to a peak abundance of 5.4 
x 10 5  cells • I -1  on 10/1/89 (Fig. 2d). Total choanoflagella-
tes increased in number between 27/12/88 and 24/1/89, 
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reaching a maximum concentration of 1.2 x 10 6  cells •1 -  
on 3/1/89 after which their abundance gradually declined 
(Fig. 2e). 

The principal ciliates were tintinnids and Strombidium 
spp. (Fig. 21). The tintinnid population was dominated by 
Eutintinnus spp. while Codonellopsis sp. was occasionally 
observed. Eutintinnus was not seen before 3/1/89 when its 
concentration rose to 1.6 x 10 5  cells •1 - 1 . Its concentration 
then rapidly declined and beyond 10/1/89 remained less 
than 5x 10 3  cells • 1 -1 . 

Strombidium spp. (mainly S. sulcatus) were the only 
other ciliates observed and differed from other hetero-
trophs in not peaking in abundance during or immediately 
after the Phaeocystis bloom (Fig. 24 Their concentrations 
were never significantly above zero but low numbers were 
first observed on 3/12/90, increasing to approximately 5 
x 10 3  cells • 1 -  on the 3/1/90 and remained at around this 
level for the remainder of the sampling time with a peak on 
24/1/89 of 104  cells 1 -1 . 

Various species of diatoms proliferated at different 
times during the summer. Earliest was Entomoneis kjell-
manii, a major component of the sea-ice community, which 
peaked on 3/12/88 but declined rapidly and was not seen 
for the rest of the summer (Fig. 2g). Nanoplanktonic 
Nitzschia spp. concentration, which was often comprised 
largely of N. pseudonana, reached their maximum on 
27/12/89. This peak concentration of these cells coincided 
with declining sea-ice cover and may have been released 
from the sea-ice. Their concentration began a decline on 
20/12/88 which continued throughout the remainder of 
the summer (Fig. 2g). Nitzschia closterium (Fig. 2h) was 
exceptional among the diatoms in that it reached max-
imum concentration between 28/12/88 and 17/1/89, dur-
ing the bloom of Phaeocystis. The concentration of N. 
curta and morphologically similar chain-forming diatoms 
grouped within the species. N. seriata increased in concen-
tration from 27/12/88 and attained maximum abundance 
on 17/1/89 (Fig. 2i), immediately followed by Nitzschia 
curta. Nitzschia seriata and N. curta were the major 
constituents of the diatom bloom. The minor constituents 
of the diatom assemblage, Chaetoceros dichaeta, C. neg-
lectum and C. simplex, were most abundant during the 
Phaeocystis bloom. Nitzschia cylindrus, Rhizosolenia spp. 
and Nitzschia frigida contributed to the assemblage after 
the Phaeocystis peak. 

Peak abundance of the prasinophyte Pyramimonas 
gelidicola (1.6 x 10 5  cells •1 -1 ) on the 3/1/89, coinciding 
with the bloom of the colonial stage of Phaeocystis, and 
persisted longer (Fig. 2j). Auto- and heterotrophic flagella-
tes, of which most were nanoplanktonic and the most 
numerous was Micromonas sp., increased in concentration 
from the 20/12/88, reaching a peak concentration of 
2 x 10 5  cells • 1 -1  on 17/1/89 (Fig. 2k). 

The choanoflagellate population was dominated by 
Bicosta spinifera, Crinolina aperta, Calliacantha spp. and 
Paruicorbicula socialis, the latter commonly in aggregates 
(Fig. 21). The concentration of these species increased 
during the Phaeocystis bloom. B. spinifera and the pre-
viously unobserved P. socialis attained maximum concen-
trations on the 3/1/89, whereupon they declined rapidly. 
C. aperta and Calliacantha spp. persisted longer than 

B. spinifera and P. socialis and peaked in abundance on the 
10/1/89. 

Assemblages of organisms 

Figures 3a and b show the samples that were grouped 
together from their species abundance using cluster ana-
lysis and MDS respectively. Separation of sample dates at 
a similarity of 0.87 in cluster analysis gave identical 
groupings to those obtained by MDS MDS results are 
adequately depicted in two dimensions (2-D) as stress, 
which measures the goodness of fit of the data to the 
model, only rose from 5.18 to 8.33 when plotted in 3-D and 
2-D respectively. Group 1 contained samples between 
15/11/88 and 5/12/88 when auto- and microheterotroph 
concentrations were low and bacterial concentrations 
moderate. Group 2 comprised two samples, 13/12/88 and 
20/12/88. At these times phytoplankton concentrations 
were increasing towards the colonial Phaeocystis bloom, 
microheterotroph concentrations were low and bacterial 
concentration increasing. Group 3 contained samples 
from 27/12/88 to 14/2/89 and encompassed the bloom of 
phytoplankton and heterotrophs. The sole sample in 
group 4 was taken on the 21/2/89, the last sample of the 
summer when P. pouchetii was absent for the first time. 
Pyramimonas gelidicola and tintinnids were also absent 
and bacterial concentrations had declined from their peak. 

Analysis of species groups using cluster analysis 
(Fig. 3c) and MDS (Fig. 3d) again gave six identical 
groups at a cluster similarity index of 0.69. Two dimen-
sions was an adequate depiction of MDS as stress on the 
model only rose from 5.23 to 8.13 on going from 3-D to 2- 
D. Group 1 consisted of E. kjellmanii alone. This was the 
only species to attain maximum numbers in group 1 of the 
sample comparisons. Group 2 contained those species that 
had a relatively brief peak in abundance about the time of 
the Phaeocystis peak and which were present for most of 
the summer. These species were colonial Phaeocystis, 
Nitzschia closterium, Pyramimonas gelidicola, Bicosta 
spinifera, Paruicorbicula socialis and Calliacantha spp. 
Group 3 comprised partly or wholly autotrophic taxa 
namely, Nitzschia seriata, dinofllagelates, nanoplanktonic 
Nitzschia spp. and unidentified flagellates, the populations 
of which declined or increased only slowly during the 
Phaeocysts maximum. Crinolina aperta and tintinnids 
were very closely related to form group 4. Both species 
were essentially absent until their peak on the 3/1/89 
followed by a rapid decline. Group 5, containing flagellate 
Phaeocystis and Nitzschia curta, showed the same decline 
in growth rates as group 3 but their peak in abundance 
occurred on 24/1/89, three weeks after the Phaeocystis 
peak. Species group 6, which was composed of Strombi-
dium and bacteria, perisisted from early season until the 
end of sampling with peak abundance in January and 
February. 

Organic carbon and nitrogen 

Three main peaks of DOC occurred during the summer 
(Fig. 4a). The first on 24/11/88 occurred before the appear- 
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Fig. 3. Sample grouping by a cluster anal-
ysis and b MDS using log transformed 
data, the Bray-Curtis index and group 
average sorting. Species grouping by c clus-
ter and d MDS as above but using relativ-
ized data. MDS species are 1. Phaeocystis 
colonial, 2. Phaeocystis flagellate, 3. Ento-
moneis kjellmanii, 4. Nitzschia closterium, 5. 
Nitzschia seriata, 6. Nitzschia curta, 7. 
Nanoplanktonic Nitzschia spp., 8. Pyra-
mimonas gelidicola, 9. Unidentified flagel-
lates, 10. Bacteria, //. Strombidium spp., 
12. Bicosta spinifera, 13. Crinolina aperta, 
14. Calliacantha spp., 15. Parvicorbicula 
socialis, 16. Dinoflagellates, and 17. Tintin-
nids 

ance of any major primary producers in the summer and is 
likely to have been released from the sea-ice. This DOC 
peak coincided also with peaks of POC (Fig. 4b) and 
PCHO (Fig. 4c). The major peak of DOC, which reached a 
maximum in excess of 100 mg 1 -1 , POC and PCHO 
coincided with the bloom of colonial Phaeocystis and 
persisted from around 20/12/88 to 31/1/89. The third peak 
of DOC (80 mg • I -1 ) occurred on 14/2/89, a time of 
declining POC and PCHO. The concentration of POC 
and PON declined steadily from the major peak of 
760 pg l' and 107 fig -I respectively on 10/1/89 
(Fig. 4b). Before 20/12/88 concentrations of POC and 
PON were too low to calculate the C:N ratio. After this the 

molar C:N ratio was approximately 7:1, approximately 
that of the Redfield ratio, and remained at this value until 
8/2/89 after which it increased to around 13:1 (Fig. 4b). 

Discussion 

The timing of peaks in abundance of bacteria, autotrophic 
and heterotrophic protists and changes in the concentra-
tion of DOC, POC and PON appear closely related 
during summer at this coastal Antarctic site. The concen-
trations of taxa previously reported from this site suggest 
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Fig. 4. Changes in the concentration of a dissolved organic carbon 
(DOC), b particulate organic matter (POM) showing carbon (C), 
nitrogen (N) and the molar ratio of carbon to nitrogen (C:N) and c 
the concentration of glucose equivalent particulate carbohydrate 
(PC HO). The absolute concentration of DOC on 3/1/89 is unknown 
but was greater than 100 mg -1 -1  

an interannual recurrence of similar species and abund-
ance (Perrin et al. 1987; Gibson et al. 1990; Marchant and 
Perrin 1990). Thus the biotic and abiotic events determin-
ing the community at this site appear to be spatially and 
temporally coupled and it appears that this study, based 
on a single site and depth, is likely to be representative of 
recurring protistan community dynamics in the coastal 
area off Davis Station. Concentrations changed rapidly on 
occasions during this study. This clearly does not infer 
rates of production from repeated sampling of a discrete 
population but instead indicates associations and inter-
actions of organisms in water masses as they pass the fixed 
sampling site and provides information on the successio-
nal sequences as planktonic succession is, by necessity, 
defined in these terms (eg. Jeffrey 1981). 

Bacterioplankton 

The November peaks of bacteria, Entomoneis kjellmanii 
DOC, POC and PCHO, when the sea was entirely ice 
covered and the water column was thermally unstruc-
tured, were probably due to release of material from the 
sea-ice (Garrison and Buck 1989b). Phaeocystis secretes 
much of its photoassimilated carbon (Guillard and Helle-
bust 1971) and these extracellular products are a suitable 

substrate for bacteria (Eberlein et al. 1985; Veldhuis et al. 
1986; Davidson and Marchant 1987; Verity et al. 1988). 
However, the bloom of this alga after 20/12/88 coincides 
with a decline in bacterial concentration confirming obser-
vations by Laanbroek et al. (1985) and Lancelot and Billen 
(1984) that bacterial concentrations are depressed by 
actively growing Phaeocystis. In contrast, Gibson et al. 
(1990) found that the December minimum in bacterial 
numbers was not concurrent with the peak of this alga and 
was attributed to grazing alone. The decline in bacterial 
abundance between 20/12/88 and 17/1/89 occurred at the 
time of PCHO abundance and the seasonal maximum of 
DOC. This was probably initiated by the release of a 
bacteriocide by actively growing Phaeocystis (Sieburth 
1960; Davidson and Marchant 1987) and reinforced by 
microflagellate grazing. The abundance of DOC (in excess 
of 100 mg • 1 -1 ) during the Phaeocystis bloom demon-
strates the incapacity of bacteria to fully utilize this 
substrate. 

In late January the bacterial concentration increased 
greatly following the decline in microheterotroph concen-
trations. This agrees with Fenchel (1982); Garrison and 
Buck (1989a) and Sherr et al. (1989) who have shown 
microheterotroph grazing is a principal determinant of 
bacterial mortality. A peak in DOC concentration in early 
February may have resulted from the decline of the coastal 
phytoplank ton bloom. This DOC peak coincided with 
peak bacterial numbers, suggesting that a direct relation-
ship between the two may be sustainable when micro-
heterotroph grazing is minimal. However, it remains pos-
sible that the preservation and counting techniques used in 
this study failed to detect other nanoplanktonic bacterial 
grazers. 

The delay between the substrate production by phyto-
plankton and the bacterioplankton peak at a single sample 
site was found to be about 10 days in the North Sea (Billen 
and Fontigny 1987), 11 to 18 days off Newfoundland 
(Pomeroy and Deibel 1986) and about one month in 
Antarctic waters (Billen et al. 1987). The discrepancy in 
correlation of phyto- and bacterioplankton biomass show-
ed that, in comparison with temperate waters, bacterial 
response to substrate availability in polar and subpolar 
waters was delayed. Our data also showed a one month 
delay between the peak concentrations of phytoplankton 
and bacteria but clearly indicate that the relationship is 
not simple. 

Protists 

Protist abundance attained its maximum as sea ice cover 
declined. Garrison and Buck (1989b) observed inoculation 
of the water column with protists from the ice biota. Such a 
release could have contributed significantly to the sudden 
increase in concentration of Phaeocystis, organic carbon 
and protozoa that we observed during the ice breakup in 
early January. The slight increase in concentration of 
flagellate Phaeocystis to around 8 x 104  cells -1 -1  early in 
the season followed by a decline during the bloom of the 
colonial stage support observations by Kornmann (1955) 
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and Kayser (1970) that the flagellate stage may be a source 
of colonies. In addition, as reported by Verity et al. (1988), 
the flagellate stage was also observed being liberated from 
colonies at the end of the colonial bloom. This life-cycle 
change led to the increase in the concentration of the 
flagellate stage in late January. 

The peculiar physiology of Phaeocystis strongly influ-
ences the structure and function of communities in which it 
predominates (Lancelot et al. 1987). Our data support the 
observation of Jones and Haq (1963); Smayda (1973); 
Chang (1983); Barnard et al. (1984); Admiraal and Venek-
amp (1986); Batje and Michaelis (1986); Veldhuis et al. 
(1986) and Weisse et al. (1986) that Phaeocystis has an 
antagonistic effect on other phytoplankton species. Those 
autotrophs whose numbers remained constant or declined 
during the Phaeocystis bloom occurred separately in both 
cluster analysis and MDS (Fig. 3c and d). Production of 
UV-B absorbing pigments by Antarctic colonial Phaeo-
cystis (Marchant et al. 1991) may have profound effects on 
the timing of its abundance in these waters. In addition, 
manganese concentrations in Southern Ocean are very 
low (Martin et al. 1990) and the high manganese accumu-
lation reported for colonial Phaeocystis (Morris 1971; 
Davidson and Marchant 1987; Lubbers et al. 1990) may 
influence the succession of Antarctic marine autotrophs. 

At the time of greatest protist abundance (cluster and 
MDS sample group 3) species were divided into groups 4, 2 
and 3 representing those species that peaked during the 
Phaeocystis maximum only, high P. pouchetii and post-P. 
pouchetii bloom environment respectively. While the 
abundance of most autotrophic populations did not in-
crease during the Phaeocystis bloom, protozoa prolifer-
ated. The coincidence of Phaeocystis and tintinnids has 
also been observed by Admiraal and Venekamp (1986) 
who reported blooms of tintinnids immediately following 
P. pouchetii blooms. They demonstrated tintinnids grazing 
on Phaeocystis and concluded that microfaunal grazing 
may limit the duration of the Phaeocystis bloom. Dino-
flagellates, of which a large proportion may be heterotro-
phic (Garrison and Buck 1989b), peaked at this time. It is 
unknown whether they grazed Phaeocystis. The peak in 
choanoflagellates that coincided with the Phaeocystis 
bloom attained concentrations approximately an order of 
magnitude higher than those reported for the Weddell Sea 
by Buck and Garrison (1988). Choanoflagellates would be 
relying on bacterial grazing as the major source of nutri-
tion. However, bacterial production rates would be re-
quired to ascertain this as bacterial concentration was low 
at the time and may have been inhibited by the bacte-
riocidal products of Phaeocystis. Direct uptake by micro-
zooplankton of POC and DOC produced by autotrophs 
has been reported (Fenchel 1987; Sherr 1988; Marchant 
1990). It remains possible that the microzooplankton 
maximum at the time of highest autotrophic POC and 
DOC substrate availability and low bacterial numbers 
indicates direct uptake of these substrates as a source of 
nutrition. 

After the Phaeocystis peak the concentrations of 
microzooplankton, namely ciliates, heterotrophic dino-
flagellates and choanoflagellates, declined sharply. This 
was not due to insufficient carbon as the DOC and POC  

concentrations in these samples was only slightly lower 
than those in early January and bacterial concentrations 
had increased. Hewes et al. (1985) suggested that micro-
zooplankton form an important link to higher trophic 
levels in Antarctic waters and what Lampert (1978) de-
scribed as "sloppy feeding" by zooplankton may have 
contributed to the increase in DOC at the time of low 
microzooplankton abundance. Our data indicate that the 
environment created by a Phaeocystis bloom may increase 
the emphasis on microzooplankton as the link to higher 
trophic levels. 

The ciliate Strombidium is the exception to the pattern 
observed in the other microzooplanktonic groups. MDS 
and cluster analysis demonstrate that this organism is 
poorly linked with the abundance of other protists. As a 
grazer, its concentration may be responding to the abund-
ance of small diatoms and flagellates. However, together 
with its capacity to function as a facultative mixotroph 
(Stoecker et al. 1987), the range of particle size available to 
it probably make it less dependent on the trophic struc-
tures applied to the other microheterotrophs. 

Organic compounds 

Discrimination of POC and DOC produced by Phaeocys-
tis is equivocal. Most of the biovolume of its blooms is due 
to the colony matrix of which significant proportions can 
be lost by filtration (Verity and Smayda 1989; Veldhuis 
and Admiraal 1985; Lancelot 1984; Bolter and Dawson 
1982). Filtration to dryness and rinsing with ammonium 
carbonate employed in this study would probably have 
lost much of the mucilage in the particulate fraction, hence 
significantly underestimating the POC. This is borne out 
by the relatively low PCHO concentration given that the 
DOC indicates very high carbon exudation rates. Though 
filtration pressures were low ( < 100 mm Hg) some mucil-
age is likely to have been lost to the DOC fraction. The 
sample for DOC analysis was taken at the beginning of the 
filtration when contamination by mucilage would be 
minimal. The extremely rapid changes in organic carbon 
and nitrogen (requiring production rates around 
20 g C • m -3  • day -1 ) are so high that this production 
could not have occurred in situ and serve to illustrate the 
transport of communities to the sample site. 

Measured POC and PON concentrations obtained 
during this study are similar to the 822 pg •1 -1  and 
87.6 pg • 1 -1  respectively obtained during a bloom of 2.8 
x 10 cells • 1 -1  along the North Wales coast (Claustre et 
al. 1990). DOC concentrations of up to 20 mg • I were 
measured in an Antarctic Phaeocystis bloom by Bolter and 
Dawson (1982) and our cell concentrations are greater 
than any previously reported. POC concentrations were 
over two orders of magnitude less than the DOC at the 
peak of the Phaeocystis bloom and this persisted, though 
to a lesser extent, for the remainder of the period when 
Phaeocystis dominated. It is evident from the POC, 
PCHO and DOC concentrations we observed that or-
ganic substrates, particularly DOC, are available far in 
excess of their utilization. Phaeocystis is renowned for 
release of large quantities of DOC. In the North Sea and 
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English Channel the DOC released upon breakup of its 
blooms forms extensive deposits of foam on northern 
European beaches (Eberlein et al. 1985). 

Claustre et al. (1990) found that the greatest part of the 
biomass of Phaeocystis blooms was lost from the food web 
linking phytoplank ton to copepods. Wassmann et al. 
(1990) concluded that grazing on Phaeocystis was insuffi-
cient to control the magnitude of its bloom. In Antarctica 
Bolter and Dawson (1982) also found that heterotrophy 
was insufficient to utilize the DOC pool during the periods 
of intense primary production of a Phaeocystis bloom. 
Our data showed that more than 99% of the organic 
carbon existed as DOC and that this was largely unutilized 
at the sample site. Thus, previously published models of 
carbon flux which include Phaeocystis blooms (Billen and 
Fontigny 1987; Billen et al. 1987) and those describing flux 
within individual colonies (Lancelot and Mathot 1985) 
differ greatly from this study. From our results, DOC 
appears to comprise a far greater proportion of the 
Phaeocystis production than reported in the northern 
hemisphere. 

Conclusions 

Phaeocystis apparently influences the abundance of other 
autotrophic species. The massive concentrations of carbon 
present during a bloom of P. pouchetii are apparently not 
significantly exploited by bacteria as their numbers are 
low at this time. The bloom of choanoflagellates, dinoflag-
ellates and tintinnids during and immediately following 
the Phaeocystis maximum suggests that a large proportion 
of the carbon passing to higher trophic levels is channelled 
through the microheterotrophs. Heterotrophy is advan-
tageous to Antarctic organisms surviving some nine 
months of the year under low light levels. When light and 
carbon are at their maximum it appears possible that these 
organisms may utilise this resource, largely unconstrained 
by bacterial activity. As a dominant member of the 
phytoplankton, a major source of carbon and a bacte-
riocidal source Phaeocystis pouchetii is also a crucial 
determinant of the heterotrophic community. This study 
emphasises the importance of this organism in Antarctic 
coastal waters. 
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Abstract: Depletion of stratospheric ozone over Antarctica enhances UV-B 
(280-320 nm) radiation reaching the Earth's surface during spring. UV-B in-
fluences the growth and survival of marine phytoplankton. The near surface UV 
irradiance, in situ growth and primary production of the prymnesiophyte 
Phaeocystis c.f. pouchetii (HARIOT) LAGERHEIM and three diatoms were measured 
during UV exposure. Survival, growth and cell diameter were also determined 
after exposure. The flagellate stage in the life cycle of Phaeocystis was the only 
organism examined that suffered mortality as a result of natural UV exposure, 
however, UV-A (320-400 nm) was responsible for most of this mortality. 
Interspecific differences in production, cell concentration and growth were 
observed at sublethal irradiances. Such differences may lead to changes in 
phytoplankton species composition. 

1. Introduction 

Ozone depletion over Antarctica has occurred between September and 
November since the mid-1970s (SToLARsiu et al., 1986). This depletion has 
increased UV-B irradiances (280-320 nm) reaching the Earth's surface during 
spring to levels at least as high as those at the summer solstice (FREDERICK and 
SNELL, 1988; LUBIN et al., 1989). Sea-ice algae contribute 10-50% of the primary 
production in some areas (VoyrEic, 1989) and phytoplankton inhabiting shallow 
mixed depths of the marginal ice zone (MIZ) support 25-67% of the phytoplank-
tonic production in the Southern Ocean (SMITH and NELSON, 1986). The Antarc-
tic sea ice in spring can be sufficiently transparent to UV that biologically 
significant doses are received by the ice algal community (TRODAHL and BUCKLEY, 

1989). The mixed depth during blooms in the MIZ can be 10 m or less for up to 
6 days (VETH, 1991). UV-B penetrates to depths in excess 50 m in Antarctic 
waters (GIEsicEs and KRAAY, 1990; KARENTZ and LUTZE, 1990; SMITH et al., 
1992). Thus, much production by phytoplankton in the Southern Ocean occurs in 
environments vulnerable to UV-B radiation at a time when irradiances at these 
wavelengths are enhanced by stratospheric ozone depletion. 

Phytoplankton form the base of the Antarctic food web and sustain the 
wealth of life for which the Southern Ocean is renown (AINLEY et al., 1986). 
Exposure of phytoplankton to UV-B radiation reduces photosynthesis, growth, 
survival, nutrient uptake and photosynthetic pigment concentrations, effects 
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motility and phototactic orientation and increases mutagenesis in DNA and 
proteins (e.g. JITTS et a/., 1976; LORENZEN, 1979; CALKINS and THORDARDOTI1R, 

1980; WORREST et al., 1981; WORREST, 1983; DoLER, 1984, 1985, 1987; HADER, 

1986, 1987, 1988; JOKIEL and YORK, 1984; KARENTZ et al., 1991; MARCHANT et al., 
1991). This has lead to concern about the effect of elevated UV-B levels on the 
Antarctic ecosystem. Opinions regarding the magnitude of the effect range from 
insignificant (HOLM-HANsEN et al., 1989) to catastrophic (EL-SAYED et al., 1990). 

Interspecific variation in survival, growth and repair responses to UV-B 
exposure IS reportedly high (CALKINs and THORDARDOTHR, 1980; WORREST et a/., 
1981; JOKIEL and YORK, 1984; KARErrrz et al., 1991; Smun et al., 1992), even 
within a single genus (MITCHELL and KARENTZ, 1990). This has lead to the 
proposal that increased UV-B irradiance is likely to alter the species composition 
of phytoplankton communities in favor of those species with greater tolerance 
(WoRREsT et al., 1981; WORREST 1983; JOKIEL and YORK, 1984; EL-SAYED et al., 
1990; KARENTZ, 1990, 1991; HADER and WORREST, 1991; KARENTZ et al., 1991; 
MARCHANT and DAVIDSON, 1991; HELBLING et a/., 1992). Long term exposure of 
natural phytoplankton assemblages to in situ UV irradiances reportedly changes 
the community composition (WoRREsT et al., 1981; BOTHWELL et al., 1993). This 
could effect the trophic interactions and carbon flux rates of Antarctic waters 
(EL-SAyED et al., 1990; KARENTZ, 1990; HADER and WORREST, 1991; KARENTZ et 
al., 1991; MARCHANT and DAVIDSON, 1991) and may have far reaching effects on 
the Southern Ocean ecosystem (EL-SAYED et al., 1990). However, there is little 
direct evidence that increased UV-B irradiance as a result of stratospheric ozone 
depletion has caused changes in phytoplankton species composition of the South-
ern Ocean. 

CALKINS and THORDARDO1TIR (1980) suggested that temperate and sub-polar 
diatoms possess little reserve capacity to cope with increased UV-B exposure. 
THOMSON et al. (1980) and HANNAN et al. (1980) showed that UV-B could 
significantly reduce the growth rate of marine diatoms and in Antarctic waters. 
EL-SAYED et al. (1990) concluded that Antarctic phytoplankton are currently UV 
stressed and are likely to be seriously affected by any increase in UV radiation. 
In contrast, studies of North American phytoplankton by GALA and GIESY (1991) 
and HOBSON and HARTLEY (1983) found little inhibition of production by UV-B 
and DAVIDSON et al. (1994) found that selected species of Antarctic diatoms, 
though variable in their response, sustained no significant mortality until UV-B 
exposures were increased to levels almost an order of magnitude greater than 
those currently experienced in Antarctic surface waters. While the prospects for 
diatoms under increasing UV-B irradiances are uncertain, tolerance of nano-
plankton to UV-B exposure is little known but apparently low (EL-SAyED et al., 
1990; KARENTZ et al., 1991). 

UV-A wavelengths are not enhanced by ozone depletion, however, they 
have been found to be a major factor in depressing rates of photosynthesis and 
growth (e.g. Jrrrs et al., 1976; JOKIEL and YORK, 1984; MASKE, 1984; BUHLMANN 

et al., 1987; HELBLING et al., 1992). HOLM-HANsEN et al. (1989) found that in 
near surface Antarctic waters approximately 50% of inhibition of photosynthesis 
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was due to UV-A. The greater penetration of the water column by UV-A than 
UV-B meant that UV-A was responsible for most of the photoinhibition in these 
waters (HOLM-HANsEN, 1990). Long term exposures of phytoplankton have also 
shown UV-A is responsible for almost all inhibition of phytoplankton growth 
(Joium, and YORK, 1984). 

The nanoplanktonic prymnesiophyte Phaeocystis c.f. pouchetii is arguably the 
most abundant and widespread phytoplankter of the Antarctic marine ecosystem 
(FRrxELL and KENDRICK, 1988). It is a frequent member of the ice-algal assem-
blage and one of the first species to bloom in the top few meters of the water 
column (GARRISON et al., 1987; FRYXELL and KENDRICK, 1988). Together with 
diatoms, principally of the genus Nitzschia, Phaeocystis frequently dominates the 
phytoplankton of the ice-edge bloom and plays a pivotal role in determining the 
structure and function of the planktonic community (GARRISON et al., 1987; 
FRYXELL and KENDRICK, 1988; GARRISON and BUCK, 1989; DAVIDSON and MAR- 

CHANT, 1992a). Any UV mediated change in the abundance of Phaeocystis 
relative to diatoms would significantly alter the particle size, form and availability 
of carbon to higher trophic levels and is likely to change vertical carbon flux 
rates (MARCHANT and DAVIDSON, 1991). Here we report the in situ primary 
production, growth and survival of Antarctic isolates of Phaeocystis and selected 
species of diatoms and their post-irradiance growth at an Antarctic coastal site. 

2. Materials and Methods 

Unialgal cultures of Chaetoceros simplex OSTENFELD, Stellarima microtrias 
(EHRENBERG) HASLE and Sims, Nitzschia curta (V.H.) HASLE and a Phaeocystis 
c.f. pouchetii (HAIUOT) LAGERHEIM were isolated from Prydz Bay, Antarctica in 
1991/92 and were maintained in culture under cool white fluorescent light at 
photosynthetically active radiation (PAR) intensity of 5.11 Win -2 . C. simplex, S. 
microtrias and N. curta were grown in f/2 medium (GUILLARD and RYTHER, 1962) 
and a mixed flagellate and colonial life stage culture of Phaeocystis pouchetii was 
grown in GP5 (LoEsucx and SMITH, 1968). An exponentially growth phase 
culture of each species of was diluted 1:6 with fresh nutrient medium two days 
before in situ incubation. Immediately before irradiation the cultures were thor-
oughly mixed and two hundred and fifty ml of each species transferred to each of 
three Whirlpak bags which transmitted light above 220 nm (PAR, UV-A and 
UV-B treatment). One bag remained unscreened while the remainder were 
screened with mylar (which transmitted wavelengths above 320 nm-PAR and 
UV-A treatment) or polycarbonate (which transmitted wavelengths above 370 
nm-PAR treatment). Like PREZELIN and Swim (1993) we found no evidence of 
inhibition of growth or photosynthesis by UV-B induced toxicity of Whirlpaks 
(HOLM-HANsEN and HELBLING, 1993). Interspecific differences in growth and 
photosynthesis were species specific rather than treatment dependant. Bags were 
then incubated at 0.30 m depth in near-shore waters off Davis between 19th 
February and 26th February 1992. 

A further seven 50 m/ subsamples of each species were transferred to 100 m/ 
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Whirlpak bags for primary production incubations. Three bags were screened as 
above, one was screened with opaque black plastic as a dark bag control and a 
further three were immediately acidified with 200 jd of 6 N HCI as time zero 
blanks. Primary production was estimated using the methods of SCHINDLER et al. 
(1972) modified after GIUFFITH (pers. comm.). At the conclusion of the produc-
tion incubation a 7 in/ subsample from each Whirlpak was transferred to a 20 m/ 
scintillation vial and acidified as above. The vials were then shaken at 200 rpm 
for 2 hours to remove inorganic 14C. Counts were performed in Lumagel using a 
LKB 1215 Rackbeta II liquid scintillation counter. Estimates of count efficiency 
were performed each sample day before performing decay counts. The mean of 
triplicate time zero blanks and dark bag uptake were subtracted from counts in 
calculation of primary production. In situ incubations were performed at 0.30 m 
depth for 4 hours between 10.30 and 12.30 solar time. Determination of primary 
production by each species and under each light treatment was repeated after 4 
and 8 days in situ incubation. The light treatment of each primary production 
incubation was the same as that from which the subsample was removed. 

Surface UV-A and UV-B irradiance was integrated in situ using an Interna-
tional Light IL 1700 Radiometer. Primary calibration of detector response was 
made using a National Institute of Standards and Technology intercomparison 
package (NIST Test # 534/240436-88) with further calibration using four Interna-
tional Light primary transfer standards. 

A 5 m/ subsample of each in situ incubated treatment for each species was 
inoculated into 30 m/ of fresh growth medium. These cultures were returned to 
culture maintenance conditions for estimation of growth rate and survival and 
will henceforth be referred to as "ongrowth" cultures. A further 10 m/ was 
removed at each sample time and fixed with Lugol's iodine for estimation of cell 
concentration using inverted microscope cell counts over 15 replicate fields. Cell 
concentration in ongrown cultures was estimated 3 and 9 days after subculturing 
and the growth rate of the control culture then used to calculate the number of 
surviving cells immediately after irradiation from the final cell concentration in 
irradiated treatments (DAVIDSON et al., 1994). Calculations ensure that only viable 
cells capable of contributing to population growth are included in the survival of 
each species under each light treatment. After 2, 4, and 8 days in situ exposure 
subsamples were removed from each 250 m/ Whirlpak and the in situ cell 
concentration, survival and rate of ongrowth again estimated. 

The equivalent spherical diameters of P. pouchetii flagellate and colonial 
cells were measured microscopically using a Zeiss Photomicroscope II at 1000x 
magnification. A total of 200 equivalent spherical diameters were measured from 
each light treatment which had been irradiated for 8 days and ongrown for a 
further 9 days. 

3. Results 

Surface UV-A and UV-B irradiances were integrated during the duration of 
the 8 days in situ incubation (Figs. 1, 3 and 4) and during each 4 hour primary 
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production incubation (Figs. 5 and 6). Surface irradiances were high during the 
first 2 days of incubation as were irradiances during the primary production 
incubations. Between days 2 and 4 conditions were frequently overcast and 
surface irradiances were low, particularly at UV-B wavelengths. Irradiances 
during primary production incubation were similarly low. Between day 4 and 8 
integrated UV-A and UV-B irradiance increased again and surface irradiances 
integrated over the duration of the primary production incubation were the 
highest observed. 
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Integrated Surface UV-A (x 105  J.rn-2 ) 

Fig. 1. Colonial Phaeocystis (A) cell concentration during in situ irradiation and 
(B) growth rate of cells incubated for 0, 2, 4 and 8 days, subcultured, 
returned to culture maintenance conditions and on grown for 9 days. 
Flagellate stage Phaeocystis (C) cell concentration during in situ irradia-
tion and (D) growth rate after irradiation (as above). Growth rate 
calculated after VERITY et al. (1988). Total integrated UV-A and UV- B 
dose at each in situ sample period are given. Error bars represent standard 
deviation. 
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-- Fig PAR, UV-A & UV-B 
Fig PAR & UV-A 

-- Col PAR, UV-A & UV-B 
Col PAR & UV-A 

o 2 	4 6 8 
Days Incubation 

0 5.33 	8.69 18.53 
Integrated Surface UV-B (x 104  J.rn-2 ) 

0 6.07 	10.01 22.11 
Integrated Surface UV-A (x 105  J.m-2 ) 

Fig. 3. Percent survival of unscreened (Fig PAR, UV-A & UV-B) or mylar 
screened (Fig PAR & UV-A) flagellate stage and unscreened (Col 
PAR, UV-A & UV-B) or mylar screened (Col PAR & UV-A) 
colonial stage Antarctic Phaeocystis culture during near surface in situ 
incubations. Error bars represent standard error calculated after ZAR 
(1984). 

Flagellate concentrations in the PAR irradiated treatment remained approximate-
ly constant (Fig. 1C). Cells subject to PAR and UV-A declined to around 20% 
of their original numbers over the 8 day period while flagellate concentrations 
exposed to PAR, UV-A and UV-B declined at a similar rate but where almost 
absent after 8 days incubation. The rate of ongrowth of the flagellate stage after 
irradiation changed little with time irrespective of irradiance treatment (Fig. 1D). 
The only exception was the PAR and UV-A treatment after 4 days incubation, 
the reasons for which are uncertain. 

The cell diameter of the colonial and flagellate cells increased with addition 
of UV-A and UV-B to the irradiance (Fig. 2A and B). Mean flagellate cell 
diameter in cultures receiving PAR were 3.18 pm (Fig. 2A). This increased to 
3.71 m with addition of UV-A to the exposure and reached 4.50 pm when also 
exposed to UV-B. The mean cell diameter of the colonial stage was 5.03 pm 
after exposure to PAR only (Fig. 2B). This increased to 6.18 pm with the 
introduction of UV-A and further increased to 6.59 pm after exposure to UV-A 
and UV-B. 

Exposure of colonial stage Phaeocystis to natural irradiances over a period of 
8 days caused no decline in survival (Fig. 3). Survival of flagellate stage 
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Integrated Surface UV-8 (x 10 4  J.rn-2 ) 
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Fig. 4. Cell concentration of (A) C. simplex, (B) S. microtrias and (C) N. 

curta exposed to PAR, PAR and UV-A or PAR, UV-A & UV-B 
during near surface in situ incubations. Total integrated 1.1V-A and 
UV-B dose at each in situ sample period are given. Error bars 
represent standard deviation 

Table I. Percent survival of PAR and UV-A or PAR,UV-A and UV-8 irradiated 
diatoms exposed to near surface in situ irradiance for 8 days calculated 

after DAVIDSON et al. (1994). Li and 12 represent upper and lowe standard 

errors calculated after ZAR (1984). 

Species 	 PAR & UV-A 	 PAR, UV-A & UV-B 

Mean 	L I 	L2 	Mean 	L I 	L2 

S. microtrias 95.88 99.87 86.77 93.53 98.55 85.28 
C. simplex 99.17 99.97 96.04 98.59 99.91 95.70 

N. curia 100.00 100.00 100.00 100.00 100.00 100.00 



In situ UV Exposure of Antarctic Phytoplankton 	 61 

Table 2. 	Growth rate of diatoms after 8 days near surface in situ exposure to 

PAR, PAR and UV-A or PAR, UV-A and UV-B, subcultured and 

ongrown in culture maintenance conditions for 9 days. Growth rate 

calculated after VERITY et al. (1988). 

Growth rate 

Species 	 PAR 	PAR & UV-A PAR, UV-A & UV-B 

S. microtrias 0.263 0.218 0.122 
C. simplex 0.674 0.336 0.266 

N. curta 0.253 0.289 0.657 

Phaeocystis also remained high for the first 4 days incubation but declined 
markedly between days 4 and 8. The decline was greatest when cultures were 
exposed to the PAR, UV-A and UV-B but a major decline was also observed in 
the treatment with PAR and UV-A. 

The concentration of C. simplex and S. microtrias cells did not increase 
significantly during in situ incubation (Fig. 4A and B). Concentrations of N. curta 
did significantly increase in all treatments. The greatest increase was observed in 
the unscreened treatment during the first 4 days of irradiation after which the 
concentration declined toward day 8 (Fig. 4C). None of the diatom species 
exhibited any significant decline in the survival as a result of UV irradiance 
(Table 1). Interspecific differences were observed in the growth rate of cultures 
established and ongrown after irradiance treatments (Table 2). Growth of S. 
microtrias and C. simplex declined with the addition of UV-A and UV-B to the 
irradiance. UV-B was responsible for the greatest decline in the growth rate of 
S. microtrias while the greatest decline in growth rate of C. simplex was caused 
by UV-A. N. curta showed a promotion of growth rate in the unscreened 
treatment similar to that observed for Phaeocystis. Unlike Phaeocystis, little 
promotion of growth rate resulted from addition of UV-A to the irradiance. 

Total photosynthetic rates of Phaeocystis only declined slightly with incuba-
tion time and little difference was observed between the irradiance treatments 
(Fig. 5A). The carbon fixation rate per cell in the PAR screened treatment also 
exhibited little change with time (Fig. 5B), however, fixation rates per cell in 
treatments which receiving UV-A or UV-A and UV-B increased rapidly. This 
resulted from the decrease in flagellate cell concentration (Fig. 1C). In addition, 
the irradiance treatment and the flux rate during the production incubation 
appear to have little effect on the rate of production by the colonial stage (Fig. 
5A). The diatom species investigated showed differing responses in production to 
the irradiance treatment. Although rates of production were frequently lowest in 
treatments which received UV-B, inhibition of photosynthesis was only slight. 
The rate of production per cell by the diatom species investigated was not 
reflected in changes in cell concentration during in situ incubation. Little differ-
ence was observed in primary production per cell of C. simplex between light 
treatments, however, the production by each cell approximately doubled during 



A 

Pr
od

uc
tio

n  
(g

gC
/L

/h
r)  

--------- 

_ 71) 
To To 
0 

OD 

250 

200 

150 

100 

50 

0 

62 
	

A. T. DAVIDSON and H. J. Maacuarrr 
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Fig. 5. The rate of (A) primary production and (B) production per cell by 
cultured Phaeocystis taken from near surface in situ incubations. 50 
nil sub-samples were removed from polycarbonate, mylar or 
unscreened light treatments and replaced in situ beneath the same 
screen for 4 hr incubations to estimate primary production. Surface 
UV-A and UV-B irradiance was integrated for the duration of the 
production incubations. 

in situ incubation (Fig. 6A). Production per cell by S. microtrias appeared to 
decline slightly during incubation (Fig. 6B), while that by N. curia declined by 
approximately 90% in all treatments (Fig. 6C). 

4. Discussion 

60 - 

40 - 

20 - 

0 

4.1. Survival 
flagellate stage Phaeocystis was the only organism examined which demon-

strated a significant decline in cell concentration during in situ exposure and 
survival after irradiation. UV-A was responsible for most of this decline. JOKIEL 

and YORK (1984) found that long term inhibition of growth was due almost 
entirely to UV-A. Our results indicate that it can also account for most of the 
mortality. Addition of UV-B to the irradiance further reduced the cell concentra-
tion of the flagellate stage but differences were slight and only significant after 8 
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Fig. 6. The rate of primary production per cell by (A) C. simplex, (B) S. 
microtrias and (C) N. curta during near surface in situ incubations 
performed as for Phaeocystis. 

days irradiation. KARENTZ et td. (1991) and CALKINS and THORDARDO1TIR (1980), 
indicate that UV-B induced mortality would act as a selective pressure on the 
species composition of the phytoplankton community. As UV-A irradiances are 
not significantly enhanced as a result of ozone depletion, our results indicate that 
no major decline in Phaeocystis or diatom abundance as a result of UV-B 
induced mortality is likely. 

Antarctic colonial Phaeocystis possesses high concentrations of UV absorbing 
compounds which provided substantial protection from UV radiation (MARCHANT 

et al., 1991). The flagellate stage lacks these compounds and exhibited greater 
vulnerability to UV radiation. Our results support this finding. Antarctic near 
surface UV irradiances are sufficient to cause mortality in flagellate Phaeocystis 
populations but the colonial stage maintains its photosynthetic production during 
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exposure to UV and exhibits increased growth and cell size and high survival 
after irradiation with UV-A and UV-B. 

4.2. Growth 
UV is reportedly responsible for significant decreases in the growth rate of 

phytoplankton (THomsoN et al., 1980; HANNAN et cd., 1980; JOKIEL and YORK, 

1984; DoHLER, 1984, 1985). WORREST et al. (1981) attributed this to interspecific 
differences in genetic limits of photoadaptation. During in situ incubations using 
diluted exponentially growth phase cultures we found only N. curta sustained 
significant growth. This suggests that growth may have been inhibited as a result 
of PAR, however, JOK1EL and YORK (1984) found high levels of PAR were not 
inhibitory to growth. Alternatively, features of the in situ environment such as 
temperature may have reduced growth rates. SMITH et al. (1992) found that 
growth of Phaeocystis (presumably colonial) in Antarctic waters was inhibited by 
inclusion of UV-B in the natural solar irradiance while the growth of Chaetoceros 
socialis was not. We did not observe significant inhibition of colonial Phaeocystis 
growth by UV-B but this may have been due to our use of monospecific nutrient 
enriched cultures or differences in experimental methods and strain. 

In situ exposure of Phaeocystis to UV resulted in an increase in cell diameter 
in both the flagellate and colonial life stages of subcultures established im-
mediately after irradiation and allowed to grow in culture maintenance conditions 
for a further 9 days. An increase in cell size may be caused by inhibition of cell 
division (BADouR, 1968) or an increase in light intensity (THomsoN et al., 1991). 
The concentration of flagellate cells decreased in irradiances treatments including 
UV-A or UV-A and B but their growth rate after irradiation did not differ 
markedly between irradiance treatments indicating that flagellate cells which 
survived irradiation were able to sustain normal growth. No significant change in 
colonial cell concentration was observed in any of the irradiance treatments 
during in situ irradiation and those that received UV-A or UV-A and UV-B 
exhibited enhanced growth rates after irradiation. Thus, unlike BADOUR (1968), 
the observed increase in cell size as a result of exposure to UV radiation appear 
not to be as a result of inhibition of cell division. The increase in cell size 
observed by THOMSON et al. (1991) were reversible after 12 hours while the 
increase we observed was wavelength dependant and persisted for at least the 9 
days of ongrowth. Our results indicate a sustained change in cell metabolism of 
UV irradiated Phaeocystis. Changes in size of the flagellate cells may, however, 
also reflect UV induced changes in flagellate cell stage (KORNMANN, 1955; L. 
PEPERZAK pers. comm.) or formation of flagellates from the colonial stage 
(VELDHuts et al., 1986; VERITY et al., 1988; DAVIDSON and MARCHANT, 1992b). 

Exposure of N. curta to PAR, UV-A and UV-B caused a rapid increase in 
cell concentrations for the first 4 days of incubation suggesting high UV tolerance 
by this species. UV irradiances between days 4 and 8 were high. During this time 
the concentration of N. curta in this treatment declined suggesting that exposure 
of the cells beyond an upper threshold becomes inhibitory to their growth or that 
the UV exposure may impose cumulative stress on cell physiology which is 
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expressed only after extended periods of irradiation (CALKINs and THORDARDOT-
TIR, 1980; JOKIEL and YORK, 1984; DOHLER, 1984; VOSJAN et al., 1990; MARCHANT 
et al., 1991). 

Interspecific differences were observed in the growth rate of cultures estab-
lished and ongrown after irradiance treatments. Ongrowth of N. curta showed the 
division rate of the PAR, UV-A and UV-B irradiated treatment for this species 
was more than twice that of other treatments despite its rates of primary 
production during incubation being low. To sustain growth after irradiation the 
photosynthetic rate of N. curta must recover rapidly, however, the differences in 
the rate of ongrowth by N. curta must largely reflect UV-B induced effects on 
processes other than photosynthesis. DAVIDSON et al. (1994) suggests the possibil-
ity of UV-B being involved in repair of UV-A related damage. This may explain 
the higher growth rate of the unscreened treatment than that receiving UV-A. 
The reason for the lower growth rate of the PAR irradiated ongrowth culture is 
unclear but, like colonial Phaeocystis, exposure to UV may promote growth after 
irradiation. Laboratory studies will be undertaken to further investigate the 
apparently contradictory responses of N. curta to UV-B exposure. Ongrowth of 
S. microtrias showed greatest reduction in growth rate as a result of UV-B 
irradiance. That of C. simplex was reduced most by UV-A but declined further 
with addition of UV-B to the irradiance. The reduced rate of ongrowth by these 
species may, at least in part, reflect the degree of inhibition of photosynthesis by 
UV during in situ incubation. 

The photobiological strategy favored as a result of UV-B exposure would 
depend on the duration and intensity of the irradiance received. Though the 
diatoms we have examined survive high UV irradiances for a short time (DAVID-
SON et al., 1994) their long term survival and growth during and after irradiation 
may not advantage them over species that appear more vulnerable. For example, 
S. microtrias is able to survive UV-B intensities approximately an order of 
magnitude higher than that of Phaeocystis (DAVIDSON et al., 1994), however, it 
grows little better than Phaeocystis during in situ incubation and irradiation with 
UV-B results in depression of growth after exposure. The rate of ongrowth for 
Phaeocystis after exposure to UV-B irradiation was approximately 3 times that of 
the PAR irradiated culture and this species would likely be favored at sublethal 
irradiances. 

4.3. Production 
UV is widely reported as being inhibitory to photosynthesis (e.g. LORENZEN, 

1979; JITrs et a/., 1976; JOKIEL and YORK, 1984; WORREST et al., 1981; Swim and 
BAKER, 1989; WORREST, 1986; HADER and WORREST, 1991; VOYTEK, 1989). Esti-
mates of inhibition by near surface UV-B irradiances range from 15-30% while 
UV-A resulted in a further decline of around 50% (HELBLING et al., 1992; 
HOLM-HANSEN, 1990; HOLM-HANSEN et al., 1989; MASKE, 1984). In Antarctic 
waters the increase in UV-B as a result of ozone depletion apparently result in a 
reduction of at least 6-12 % in primary production (SMITH et al., 1992). We 
found inhibition of production was variable, probably as a result of variations in 
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tolerance and photoadaptive ability of each species and changes in the in situ 
irradiance received. Photoinhibition was frequently greatest for treatments which 
received UV-B in the irradiance but differences between light treatments were 
slight and percent inhibition seldom reached the magnitude reported above. 
However, we used nutrient enriched monospecific cultures in our investigation 
and the lower sensitivity may reflect the high nutrient environment (CuLLEN and 
LESSER, 1991) 

The colonial Phaeocystis cell concentration remained relatively constant dur-
ing the 8 days of irradiation. Exposure of flagellate cells to UV for periods 
exceeding 2 days significantly reduced their concentration in culture. However, in 
comparison with the PAR irradiated control, the rate of production in UV 
irradiated treatments did not markedly decline and the production per Phaeocys-
tis cell greatly increased. Although no size fractionated production was conducted 
to separate the flagellate and colonial stages of Phaeocystis, the colonial stage in 
the life cycle of this alga appears largely responsibly for photosynthesis during in 
situ incubation. This may be as a result of possessing UV absorbing compounds 
(MARCHANT et al., 1991) which protect the photosynthetic apparatus and/or the 
sustained changes in physiology as a result of UV exposure. C. simplex was the 
only diatom which increased its rate of photosynthesis per cell during in situ 
incubation suggesting photoadaptation of this species to the near surface light 
environment. Primary production by N. curta declined markedly but this was 
apparently largely due to PAR irradiance rather than UV wavelengths. This 
contrasts with the finding of previous authors that PAR has little inhibitory effect 
upon photosynthesis (JoRIEL and YORK, 1984; BUHLMANN et al., 1987). 

5. Conclusion 

The net effect of survival, photo-protective mechanisms, photosynthetic rate 
and growth would determine the niche available to each species in the UV 
environment. The nature and duration of UV exposure in Antarctic waters is yet 
to be fully determined. The shallow blooms of the MIZ, which are responsible 
for much of the primary production in the Southern Ocean, appear vulnerable to 
increased UV-B radiation as a result of stratospheric ozone depletion (MARaDorr 
and DAVIDSON, 1991). Interspecific differences in the responses of the phyto-
plankton to UV exposure have led to the suggestion that species or strains 
possessing greater tolerance to UV will be favored (HADER and WORREST, 1991; 
ICARENTZ, 1991; MARCHANT and DAVIDSON, 1991). However, our results indicate 
that the interaction of UV intensity, dose and the photobiology of each species is 
complex and the impact on the organisms is not great. The consequent changes 
in phytoplankton species composition may be sufficiently slow or slight that they 
are undiscernible from spatial and interannual variability. 
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Abstract: Spatial distributions of salps and other zooplankton in the waters 
around the South Shetland Islands were examined. Two salp species, Salpa 
thompsoni and lhlea racovitzai, were identified, and occurred with the latter 
more dominant than the former. At stations where salps dominated in terms of 
numerical abundance, other zooplankton were extremely scarce. Numerically, 
salps showed marked inverse distribution to copepods, amphipods, chaetognaths 
and polychaetes. This inverse distribution pattern covered the wide surface 
ranges of approximately 110 x 103  km2 . Its cause cannot be explained by either 
behavioral functions of organisms such as swarm formations or ecological regime 
such as interspecific exclusion. Predation by salps on zooplankton is also unlikely 
because only diatoms were found in the digestive tracts of salps. Salps inhabited 
waters with higher chl-a concentration than other zooplankton, and the contours 
of 0.3 mg•m -3  chl-a concentration corresponded roughly with the limit of salp 
distribution. This zonation by chl-a may be related to the distribution of 
Antarctic Winter Water (AWW), the subsurface temperature minimum. Higher 
chl-a together with low temperatures in the water column corresponded to the 
Antarctic Peninsula shelf water. Marked inverse distribution of salps and other 
zooplankton might be induced by an unknown function of the AWW. 

1. Introduction 

Many studies on macro- and mesozooplankton distributions in the Southern 
Ocean have been reported elsewhere, especially during and after the BIOMASS 
Program. From the community component point of view, however, the bulk of 
the past studies treated mainly copepods, euphausiids and other crustaceans due 
to their relative dominance and ecological importance in the zooplankton com-
munity. Except for some zoogeographical and taxonomical studies (ApsTEDI, 
1906; FOXTON, 1961, 1971; CASARETO and NEMOTO, 1986, 1987), salps in the 
Southern Ocean have been one of the less studied organisms. Recently, WIESE et 
al. (1979) reported the important role of salps in the North Atlantic marine 
ecosystem. 

In the Southern Ocean, occurrence of salps is usually occasional. Of eighty-
two N7OV net stations throughout the DISCOVERY investigations, `Salpa fustfor- 
Present addresses: 
'Environment Science Laboratory, Wakatsuru-cho, Kita-ku, Nagoya 464. 
2Sanyo Techno-Marine, 3-6, Hichikenya, Higashi-Osaka 577. 
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SELECTED SPECIES OF ANTARCTIC MARINE DIATOMS 
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Production of ultraviolet-absorbing compounds, survival, and growth rate of the prymnesio-
phyte Phaeocystis pouchetii and selected species of Antarctic diatoms after irradiation were 
investigated in laboratory experiments. In situ growth and primary production during irradi-
ation and survival and growth after exposure were measured in Antarctic coastal waters. The 
colonial stage in the life cycle of Phaeocystis was found to contain high concentrations of 
ultraviolet-B radiation (UV-B) absorbing compounds which provided protection from UV 
irradiation. In contrast, the diatoms contained low concentrations of these compounds but 
survived higher UV-B irradiances than colonial Phaeocystis. Diatoms appear to use other 
mechanisms to reduce UV-B-induced mortality. Near-surface in situ incubations during 
February 1992 showed that the flagellate stage of Phaeocystis was the only alga examined 
which suffered severe mortality as a result of natural UV irradiances but that UV-A was 
responsible for most of this mortality. At sublethal irradiances, interspecific differences in 
production, in situ growth, and growth after irradiation were observed. Under the lower UV 
intensities experienced in situ these differences could lead to changes in phytoplankton 
species composition. 

INTRODUCTION 

Marked depletion of stratospheric ozone concentra-
tion has been observed between September and 
November since the mid-1970s [Stolarski et al., 1986]. 
As a consequence of this depletion over Antarctica, the 
incident ultraviolet-B radiation (UV-B, 280-320 nm) in 
spring is at least as high as that at the summer solstice 
[Frederick and Snell, 1988; Lubin et al., 19891. That 
these wavelengths are known to be damaging to a range 
of organisms has lead to a surge of scientific interest to 
determine the UV climate of Antarctica and the impacts 
of UV irradiation on Antarctic organisms. 

Phytoplankton form the base of the Antarctic food 
web and sustain the wealth of life for which the 
Southern Ocean is renowned [Ainley et al., 1986]. 
Phytoplankton blooms in the sea ice and marginal ice 
zone (MIZ) are major contributors to phytoplanktonic 
production in Antarctica, but both appear susceptible to 
UV-B radiation. Sea ice algae contribute 10-50% of the 
primary production in some areas during spring [Voytek, 
1989], but at this time of year the ice may be sufficient-
ly transparent to UV that biologically significant doses 
are received by the ice algal community [Trodahl and 

Buckley, 1989; Ryan, 1992]. As the sea ice melts and 
retreats southward during spring and summer, it gener-
ates a shallow mixed depth in the MIZ. The high-light 
and high-nutrient waters of the MIZ support between 25 
and 67% of the phytoplanktonic production in the 
Southern Ocean [Smith and Nelson, 1986]. Mixed 
depths during these blooms may be 20 m or less for up 
to 6 days [Mitchell and Holm-Hansen, 1991; Veth, 
1991]. UV-B may penetrate to depths in excess 50 m in 
Antarctic waters [Gieskes and Kraay, 1990; Karentz 
and Lutze, 1990; Smith et al., 1992] and reportedly 
reduces survival in the upper 10 m [Karentz, 1989] and 
photosynthesis in the upper 10-15 m [Holm-Hansen et 
al., 1989]. Smith et al. [1992] found ozone depletion 
resulted in inhibition of integrated water column photo-
synthesis by at least 6-12%. Thus elevated UV-B irradi-
ances resulting from the springtime ozone depletion and 
the subsequent breakup of the polar vortex coincide 
with the phytoplankton bloom in the ice and MIZ. 

UV-B influences the growth, survival, life cycle, and 
species composition of many phytoplankton communi-
ties [Lorenzen, 1979; Calkins and Thordardottir, 1980; 
Worrest et al., 1981; Worrest, 1983; Jokiel and York, 
1984; Maske, 1984; Hardy and Gucinski, 1989; Holm- 
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Hansen etal., 1989; Smith and Baker, 1989; Helbling et 
al., 1992]. In contrast, studies by Gala and Giesy [1991] 
and Hobson and Hartley [1983] found little inhibition of 
production by UV-B. Proposed scenarios concerning the 
future for Antarctic phytoplankton range widely. El-
Sayed et al. [1990] concluded that Antarctic phyto-
plankton are UV stressed at present and are likely to be 
seriously affected by any increase in UV radiation. In 
Antarctic waters, Holm-Hansen et al. [1989] and Cullen 
and Lesser [1991] suggest that significant impacts 
would only be felt in the upper water column and that 
vertical mixing should ameliorate the impact of UV on 
phytoplanIcton. 

Species and different life cycle stages differ in their 
growth and survival response to UV-B irradiance 
[Calkins and Thordardottir, 1980; Karentz et al., 1991a; 
Marchant et al., 1991]. It has been proposed that the 
most likely effect of elevated UV is a shift in the species 
composition of the phytoplankton favoring those species 
with greater tolerance [Hader and Worrest, 1991; 
Karentz, 1991; Marchant and Davidson, 19911. To pre-
dict possible changes in phytoplankton composition and 
their ramifications for Antarctic marine ecosystems it is 
necessary to ascertain the UV photobiology of key 
species and the mechanisms they employ to enhance 
survival and production [Karentz etal., 1991a]. 

Phaeocystis pouchetii is a cosmopolitan prymnesio-
phyte with two principal stages in its life cycle, free-
swimming biflagellate cells, 5-8 pm in diameter, and a 
colonial form in which the cells are embedded in 
mucilage. These colonies can be more than 2 cm in 
diameter and contain thousands of cells [Davidson and 
Marchant, 1992a]. The colonial stage is among the most 
abundant and widespread organisms of the Antarctic 
marine ecosystem [Fryxell and Kendrick, 1988] and is 
one of the first species to bloom in the ice and in the top 
few meters of the MIZ [Garrison et al., 1987; Davidson 
and Marchant, 1992b]. Phaeocystis, together with 
diatoms, principally of the genus Nitzschia, frequently 
dominates the phytoplankton of the ice edge bloom and 
plays a pivotal role in determining the structure of the 
planktonic community [Garrison et al., 1987; Fryxell 
and Kendrick, 1988; Garrison and Buck, 1989; 
Davidson and Marchant, 1992b]. Any UV-mediated 
change in the abundance of Phaeocystis relative to 
diatoms would significantly alter the particle size, form, 
and availability of carbon to higher trophic levels and is 
likely to influence rates of vertical carbon flux 
[Marchant and Davidson, 1991]. In addition, it has been 
estimated that Antarctic Phaeocystis produces some 
10% of the total biogenic dimethylsulfide (DMS) in the 
atmosphere [Gibson et al., 1990]. DMS is known to be a 
principal source of sulfate cloud condensation nuclei  

and influence cloud cover and therefore global albedo 
[Charlson et a/., 1987; Bates et al., 1987]. Thus any 
change in Phaeocystis productivity and abundance 
could influence DMS production. The impact of such a 
change is not known. 

Numerous reviews address the impact of ozone deple-
tion and the consequent increase in UV-B on phyto-
plankton [e.g., Karentz, 1990; El-Sayed, 1988; Smith, 
1989; Smith et al., 1992; Smith and Baker, 1989; 
Voytek, 1989, 1990; Hader and Worrest, 1991; KarentZ, 
1991]. It is not our intention to review the existing liter-
ature. Here we specifically address the effects of UV 
exposure on certain species of Antarctic phytoplankton 
and the possible ramifications of increased UV-B on the 
Antarctic ecosystem. Interspecific differences in UV tol-
erance have been reported [Karentz et al., 1991a; 
Calkins and Thordardottir, 1980; El-Sayed et al., 1990; 
Karentz, 1988; Vosjan et al., 1990; Worrest et al., 
1981]. Karentz [1990] considers that interspecific differ-
ence in the ability to cope with UV may prove crucial in 
determining the ecological impact of elevated levels of 
UV-B, yet remarkably, little is known about the UV 
photobiology of key species of Antarctic marine phyto-
plankton. Here we outline a series of recent studies to 
address the question of the impact of UV on some key 
Antarctic phytoplankton. 

METHODS 

Laboratory Studies 

Experiments designed to examine the photobiological 
responses of phytoplankton to UV exposure have varied 
considerably in their irradiance treatments [e.g., Calkins 
and Thordardottir, 1980; Dallier, 1984; Cullen and 
Lesser, 1991; Karentz et al., 1991a]. Our experiments 
used UV-B exposures in the laboratory which approxi-
mate the irradiance that phytoplankton cells encounter 
in the natural environment [Marchant et al., 1991; 
Davidson et al., 1994] or are in situ incubations carried 
out in inshore waters near the Australian Antarctic sta-
tion of Davis (68°30S, 77°50'E). Laboratory and in situ 
incubations obviously cannot replicate the dynamic 
nature of the Antarctic marine ecosystem. The irradi-
ance period was also relatively short as shallow mixed 
depth at the MIZ may remain for up to 6 days [Veth, 
1991]. 

Seven species of the Antarctic diatom were isolated 
from Prydz Bay, Antarctica: Chaetoceros simplex 
Ostenfeld, Nitzschia lecointei V. H., Nitzschia curta (V. 
H.) Hasle, Proboscia (Rhizosolenia) alata (Brightwell) 
Sundstrom, Proboscia (Rhizosolenia) inermis 
(Castracane) Jordan and Ligowski, Thalassiosira tumida 
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Fig. 1. Emission spectra of (a) Haraeus Suntest UV/white light source and FS20T12-UV-B Westinghouse sun-
lamps (redrawn from instrument specifications) and (b) spectral distribution experienced by algae in experi-
ments with increasing UV-B only. Relative irradiance was calculated from relative emission (maximum emis-
sion = 1) of UV-B fluorescent tubes (Westinghouse instrument specifications) times spectrophotometric trans-
mittance of attenuating screens used in the experiments including attenuation due to polystyrene culture flask. 
Curve 1 represents the polystyrene flask alone, and curves 2-6 represent increasing attenuation by glass screens. 
All experimental UV-B irradiances were obtained using a single UV-B fluorescent tube except the two highest 
irradiances (not plotted), which had spectral distributions 1 and 2 but required two UV-B tubes. 

(Jan.) Hasle, Stellarima (Coscinodiscus) microtrias 
(Ehrenberg) Hasle and Sims. A predominantly flagellate 
and two monospecific (axenic) Phaeocystis cf. pouchetii 
(Hariot) Lagerheim were isolated from Prydz Bay, and 
Phaeocystis cultures of temperate origin 
(Commonwealth Scientific and Industrial Research 
Organization (CSIRO) Culture Collection of Micro-
algae, Hobart, Tasmania, and Plymouth Culture 
Collection, United Kingdom) were also used [Marchant 
and Davidson, 1991]. Antarctic and temperate 
Phaeocystis strains were maintained in GP5 medium 
[Loeblich and Smith, 1968] in glass flasks at 4 °  and 
17°C, respectively, on a 12-hour light/12-hour dark 
cycle under cool white fluorescent tubes at an intensity 
of 6.19 ± 0.76 J m-2  s-1  with no UV-B enhancement. 
Antarctic diatoms were grown as above but in f/2 medi-
um [Guillard and Ryther, 1962] and at an irradiance of 
11.80 J M-2  S-1 . 

Phaeocystis cultures in exponential growth phase 
were illuminated with either increasing total irradiance 
or increasing UV-B only (omitting the Antarctic flagel-
late strain). Diatoms were only exposed to increasing 
UV-B irradiances. An Haraeus Suntest CPS Xenon arc 
UV/white light source which closely reproduces the 
spectral composition of solar radiation (instrument spec- 

ifications) was used to generate increasing total irradi-
ance (Figure la). Cool white fluorescent tubes and 
FS20T12-UV-B Westinghouse sunlamps with peak 
emission at 313 nm (Figure la) gave photosynthetically 
available radiation (PAR) at 3.99± 1.00 x 10 W m-2  and 
UV-A at 0.70 ± 0.36 W 111-2 . The spectral distribution 
and resulting intensity of UV-B was varied by attenua-
tion with glass screens and the polystyrene culture 
flasks (Lux) in which the organisms were grown (Figure 
lb). The irradiance to which the cells were exposed 
(beneath the glass screen and polystyrene) was mea-
sured with an International Light IL 1700 radiometer 
equipped with detectors to measure PAR, UV-A, and 
UV-B (Figure 2). Primary calibration of detector 
response was made using a National Institute of 
Standards and Technology intercomparison package 
(NIST test 534/240436-88) with further calibration 
using four International Light primary transfer stan-
dards. 

An aliquot of 50 mL was removed from each strain of 
Phaeocystis at midexponential growth phase and was 
concentrated to 5 mL in the GP5 growth medium by 
centrifugation at 200 g for 50 min at their incubation 
temperature. The predominantly flagellate strain was fil-
tered through 20-gm mesh netting to remove any 
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Fig. 2. The wavelength response of detectors used to measure 
PAR, UV-A, and UV-B (redrawn from instrument specifica-
tions). 

colonies before the cells were similarly concentrated by 
centrifugation. Absorbance of the aqueous concentrates 
was measured with an Hitachi 3200 spectrophotometer. 
The GP5 medium exhibited no significant absorbance at 
UV or visible wavelengths before or after sustaining 
Phaeocystis growth. The absorbance of Phaeocystis 
concentrates was measured against a growth medium 
blank. 

Axenic Antarctic colonial, axenic Antarctic flagellate, 
and temperate colonial strains were incubated at various 
UV irradiances for 48 hours under the 12-hour light/12- 
hour dark regime (i.e., 6-, 12- and 6-hour light expo-
sures with intervening 12-hour dark periods). Aliquots 
of the cultures were fixed with Lugol's iodine and sedi-
mented, and the percentage of undamaged cells was 
determined using a minimum of 300 cells over five 
replicate fields for each treatment. Control cultures were 
retained in culture maintenance conditions. 

The long-term viability of irradiated cells was tested 
in four replicates of exponential growth phase cultures 
of Antarctic colonial Phaeocystis. These were exposed 
to irradiances spanning the UV-B irradiance range and 
the same illumination regime as used above together 
with an unirradiated control. A 30-mL aliquot from each 
treatment was added to 70 mL of fresh medium and the 
number of live cells in 15 replicate fields counted on 
days 0 and 13. Growth rates of all treatments were cal-
culated [Verity et al., 1988], and that of the unirradiated  

control was used to predict the initial concentration of 
viable cells in irradiated treatments from the observed 
final cell concentration. 

Measurements of UV-B absorption were made using 
samples concentrated by centrifugation and extracted 
for 30 min at 50°C in growth medium [Scherer et al., 
1988]. This avoided problems associated with loss of 
Phaeocystis colonial material during filtration [e.g., 
Lancelot, 1984; Veldhuis and Admiraal, 1985; Lancelot 
and Mathot, 1987; Verity and Smayda, 1989]. It was 
established that 30 min was the extraction time at which 
there was maximum recovery of the UV-B-absorbing 
compounds. Absorbance was again measured against a 
growth medium blank, and peak height from these 
extractions was obtained by measuring the absorbance 
at 271 nm and 323 nm and subtracting the absorbance at 
these wavelengths from a line tangential to the 
absorbance minima around 250 nm and 380 nm. This 
removed the nonlabile background absorbance observed 
in Figure 4b. 

Exponentially growing colonial Phaeocystis strains 
from Antarctica, Tasmanian coastal waters, East 
Australian Current, and the North Sea and English 
Channel were grown as for aqueous concentrates (i.e., 
without UV-B enhancement) and extracted at 50°C for 
30 min in medium, and the 323-nm absorbance was cal-
culated per unit chlorophyll-a concentration of the cul-
ture. Chlorophyll-a was extracted with methanol 
[Wright and Shearer, 1984], and its concentration calcu-
lated from the spectrophotometric equations of 
Lorenzen [1967]. 

After exposure of the temperate and Antarctic colo-
nial cultures to various UV-B irradiances with constant 
PAR and UV-A (see above), UV-absorbing compounds 
were extracted at 50°C for 30 min in medium, and 323- 
nm absorption was calculated per live cell to ascertain 
whether exposure to UV-B influenced production of the 
UV-B-absorbing compounds. Three xenic and axenic 
Antarctic colonial strains were also extracted, and 
absorption at 323 nm per unit chlorophyll-a concentra-
tion was calculated (as above). Absorbance per unit 
chlorophyll-a was compared at 271 nm and 323 nm by 
paired t test. 

Survival of diatoms was less easily determined by 
microscope than for Phaeocystis. Thus an extension of 
the calculation of Marchant et al. [1991] was employed 
to estimate viable cell concentration. Immediately after 
irradiation (day 0) a 5- or 10-mL aliquot (depending on 
cell concentration) of the control culture was sediment-
ed with Lugol's iodine, and the concentration of cells 
with cytoplasmic contents (defined as living cells) was 
calculated from counts over 15 replicate fields, using an 
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inverted microscope. The mean cell concentration in the 
control culture at day 0 was then calculated (Aro control). 
Also on day 0, a 5-mL aliquot of each irradiated culture 
and the control was inoculated into 30 mL of f/2 medi-
um in a glass flask and returned to the culture mainte-
nance conditions described previously. These subcul-
tures were incubated for up to 10 days, and the concen-
trations of live cells were counted at 2- to 4-day inter-
vals depending on their growth rate. The growth rate of 
the control culture of each species (lcomm) was calculat-
ed using the equation of Verity et al. [1988] (equation 
(1)). Equation (2) was then used to calculate the viable 
cell concentration on day 0 (No  .ated) from the growth 
rate of the control (K), for each of the 15 replicate 
cell concentrations for each species at each irradiance 
(N,. . ated) and the time of culture ongrowth (t): 

K= llt x log2(Nt  /No) 	( 1 ) 

NO irradiated = Nt irradiated'
n K control x t 	(2) 

S% = (No  . .ated/No control ) X 100 	(3) 

where K is growth rate, t is the number of days of 
growth, N, is the number of cells at time t, No  is the 
number of cells immediately after irradiation (day 0), 
and S% is percent survival. 

The viable cell concentration of each replicate field at 
day 0 (No  . ..wed) was then transformed to percent sur-
vival (S%) in comparison with the unirradiated control 
at day 0 (No control )  using (3). During calculation the sur-
vival of irradiated cultures was not allowed to exceed 
100%. The percent survival in each replicate field was 
arcsine square root transformed, the mean and standard 
error of the replicate fields computed, and the mean, 
upper, and lower confidence intervals sine squared to 
revert the data to percentages [Zar, 1984]. 

Equation (1) was then used to calculate the growth 
rate of all ongrown irradiated cultures. Growth rates 
were calculated for each species using the day at which 
the cell concentration in culture had reached a sufficient 
concentration to allow statistically acceptable mean esti-
mates (No) and that 2 days later (N,). For each species, to  
were as follows: N. lecointei, day 4; P. alata, day 6; P. 
inermis, day 6; T. tumida, day 8; and S. microtrias, day 
8. 

Absorption of cell extracts from controls and irradiat-
ed samples were measured. A known volume of culture 
was filtered through 25-mm-diameter Whatman GF/F 
filters. Filters were cut up into a glass homogenizer tube 
and 1.5 mL of 4:1 methanol:tetrahydrofuran (MeTHF) 
was added. The sample was then homogenized using a 

Teflon-headed grinder for 30 s at approximately 2000 
rpm and decanted into a centrifuge tube. A further 0.5 
nth of MeTHF was added to rinse the homogenizer; this 
was again decanted into the centrifuge tube, and the 
sample was centrifuged at 400g for 10 min at 0°C. The 
absorbance of the supernatant was measured using a 
Hewlett Packard 8450A spectrophotometer. If measure-
ments were not carried out immediately, the extracts 
were stored at —120°C for no more than 4 weeks. The 
wavelength of maximum UV absorbance was identified 
and the peak absorption height measured as for 
Phaeocystis. Absorbance was then normalized against 
the chlorophyll-a peak height at 665 nm and calculated 
cell carbon (C) concentration and averaged over all cul-
tures that received sublethal irradiances. Cell carbon 
content was calculated for each species from cell vol-
ume and the equations of Epply et al. [1970]. The 
absorbance of UV-absorbing compounds was expressed 
per unit cell C to allow comparison between species that 
varied in volume from around 7.90 x 102  p.3  to 1.92 x 
105 113  for N. lecointei and P. inermis, respectively. UV 
absorbance was also normalized to cell concentration, 
and regression analysis of log absorbance per cell for 
each species was used to ascertain whether the concen-
tration of UV-B-absorbing compounds was promoted by 
increased UV-B irradiance. 

Absorption of MeTHF insoluble components of five 
diatom species was also measured using exponentially 
growing monospecific cultures of N. lecointei, P. alata, 
7'. tumida., N. curta, and C. simplex, grown in f/2 under 
culture maintenance conditions (as above). The methods 
employed aimed to cause as little damage to the insolu-
ble frustule material as possible. A 75-mL aliquot of 
culture was centrifuged at 200g for 15 min at 0°C to 
concentrate the cells and the supernatant discarded. Two 
milliliters of 4:1 MeTHF was then added, the cells 
resuspended, and the intracellular pigments allowed to 
extract overnight at 0°C. The centrifugation was repeat-
ed and the absorption of the supernatant measured (as 
above). The remaining insoluble material was rinsed 
three times to remove any contamination from intracel-
lular UV absorbing compounds by addition of 2 mL of 
MeTHF, the material resuspended and centrifuged at 
200g for 10 min at 0°C, and the supernatant discarded. 
The material was then resuspended in a further 2.0 rnL 
of MeTHF, and the absorbance measured as above. 

In Situ Studies 

Unialgal cultures of C. simplex, S. microtrias, N. 
curta, and P. pouchetii were maintained in culture as for 
laboratory cultures under cool white fluorescent light 
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Fig. 3. The wavelength transmission of Whirlpak polythene 
bags, mylar, or polycarbonate UV screens used for generating 
different in situ light treatments. 

but at PAR intensity of 5.11 J m -2 s-I. Two hundred and 
fifty milliliters of exponentially growing cultures of 
each species was transferred to each of three Whirlpak 
bags which transmitted wavelengths above 220 nm 
(Figure 3). One bag remained unscreened while the 
remainder were screened with mylar (which transmitted 
wavelengths above 320 nm) or polycarbonate (which 
transmitted wavelengths longer than 370 nm) (Figure 3). 
Bags were then incubated at 0.3 m depth in near-shore 
waters off Davis between February 19 and February 26, 
1992. 

Primary production was estimated by "C bicarbonate 
incorporation. Fifty milliliters of the same culture of 
each species was transferred to Whirlpak bags for pri-
mary production, screened as above, and incubated in 
situ for 4 hours between 1030 and 1430 local solar time. 
Primary production by each species under each irradi-
ance treatment was repeated after 2, 4, and 8 days irradi-
ation as above. The light treatment of each primary pro-
duction incubation was the same as that received during 
the 2-, 4-, and 8-day incubation. Lumagel was used as 
the scintillant, and counts were obtained with the using 
an LICB 1215 Rackbeta II liquid scintillation counter. 
Estimates of counting efficiency were performed each 
sample day before performing decay counts. Triplicate  

time zero blank and dark bag uptake were subtracted 
from counts in calculation of primary production. 

Ten-milliliter subsamples of each exponentially 
growing culture were removed and fixed in Lugol's 
iodine for estimation of initial in situ cell concentration. 
Cell counts were performed as for laboratory cultures, 
and survival of each species under each light treatment 
was calculated (as for laboratory diatom cultures; see 
above). After 2, 4, and 8 days of in situ exposure, 10- 
mL subsamples were removed from each 250-mL 
Whirlpak, and in situ cell concentration was repeated as 
above. Five milliliters were was also inoculated into 30 
mL of fresh medium, returned to culture maintenance 
conditions, and allowed to grow for estimation of sur-
vival and postirradiation growth. These cultures will 
henceforth be referred to as "postirradiation progeny." 

The size of P. pouchetii flagellate and colonial cells 
was measured using an eyepiece micrometer in a Zeiss 
Photomicroscope II at 1000x magnification. A total of 
200 cells were measured from each treatment which had 
been irradiated for 8 days and ongrown for a further 9 
days. 

RESULTS 

Where possible, experimentation on monospecific 
culture strains of Phaeocystis and diatoms was conduct-
ed both in the laboratory and in situ. Laboratory studies 
examined the UV absorption characteristics, growth, 
and survival of species over irradiances sufficient to 
induce mortality. Maximum flux rates greatly exceeded 
that encountered in the natural environment. In situ 
studies addressed the growth, survival, and production 
responses of these species to naturally occurring UV 
flux rates. 

UV-Absorbing Compounds 

Aqueous concentrates of Antarctic colonial 
Phaeocystis pouchetii exhibited strong UV absorbance 
(Figure 4) [Marchant et al., 1991]. Absorbance by the 
colony matrix (Figure 4, curve B), peaked at 211 nm. 
This absorption in the UV-C region of the spectrum 
would provide no significant protection from natural 
solar irradiation as these wavelengths are screened out 
by the atmosphere before reaching the Earth's surface. 
Much of the absorbance by the peak at 271 nm was also 
in the UV-C spectral region, but merging of the shoul-
der of this peak with that at 323 nm provided high 
absorbance between 250 and 370 nm (Figure 4, curve 
A). 

The compounds with absorbance peaks at 271 and 
323 nm were found to be water soluble and labile in the 
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Fig. 4. Absorption spectra of aqueous Phaeocystis cell con-
centrates from colonies of axenic Antarctic isolate with promi-
nent peak at 323 nm (solid arrow), shouldered peak at 271 nm 
(open arrow), unmarked peak at 211 nm, and peak at 680 nm 
from chlorophyll-a (curve A); mucilage of axenic colonies 
possessing only 211-nm peak (curve B); colonies from an East 
Australian Current isolate (curve C); and axenic Antarctic 
motile cells (curve D). 

absence of bacteria [Marchant et aL, 1991]. Preliminary 
evidence indicates that the compounds comprise 
mycosporine-like amino acids (MAAs) and other as yet 
unidentified components (W. C. Dunlap, personal com-
munication, 1992). Comparison of stationary growth 
phase cultures of axenic Phaeocystis strains with the 
same strains containing bacteria showed that the alga 
produces the UV-absorbing compounds and bacteria are 
involved in their decomposition [Marchant eta!, 1991]. 
Colonial P. pouchetii releases acrylic acid which acts as 
a broad spectrum bacteriocide [Sieburth, 1960] and 
inhibits bacterial growth in the vicinity of growing 
colonies [Davidson and Marchant, 1987]. Thus these 
UV-absorbing compounds would be afforded protection 
from bacterial decomposition within the colony. On the 
basis of the high concentration of UV-B absorbing com-
pounds in Antarctic colonial Phaeocystis and the abun-
dance in which this alga occurs in Antarctic waters, it 
has been suggested that this may provide some UV-B 
screening to organisms co-occurring with Phaeocystis 
[Marchant et al., 1991]. Comparison of colonial strains 
from Antarctica, coastal Tasmania, the East Australian 
Current (EAC), and the English Channel showed that 
the Antarctic strain contained a 5 - 10 times greater con-
centration of UV-absorbing compounds than other 
strains (Figure 4, curve C) [Marchant and Davidson, 
1991]. This indicates that the Antarctic strain of 
Phaeocystis cf. pouchetii is better screened against UV 
than those of other geographic origins. Why this should 
be, considering the relatively higher UV irradiance 
experienced at lower latitudes, is unclear. 

Cells of the flagellate stage in the life cycle of 
Phaeocystis from Antarctica lacked any significant UV 
absorption (Figure 4, curve D). 

TABLE 1. Wavelength of Peak MeTHF Soluble UV Absorbance, the Mean Ratio of UV-Absorbing Compound Peak Height to 
Chlorophyll-a, and the Absorbance per Microgram of Cell Carbon Calculated Over All Sublethal Irradiances 

Species Peak 
Absorbance, 

nm 

MeTHF 
Soluble UV 
Abs:chl-a 

MeTHF 
Soluble UV 

Abs/pg Cell C 

Regression 
Statistic (Abs 

Versus Irradiance) 

MeTHF 
Insoluble:Soluble UV 

Abs 

N. lecointei 325 0.9 1.10 x 10-6  0.2>P> 0.1 4.7 
P. alata 336 1.7 6.86x 10-5  0.2>P> 0.1 3.1 
P. inermis 340 2.1 6.17 x 1Cr5  0.5 >P> 0.2 
T. tumida 342 1.2 5.08x l0- 0.5 > P > 0.2 0.75 
S. microtrias 342 1.8 5.91 x 10-7  P> 0.50 
N. curta 342 1.1 6.6 
C. simplex 342 1.0 9.44 
P. pouchetii 323 27. 1.04 x 10-2  0.02 < P < 0.05 

Regression statistics were obtained in linear regression of MeTHF soluble UV absorbance against sublethal UV-B irradiance. 
The ratio of peak MeTHF soluble to insoluble UV absorbance is at the same wavelength. 
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Fig. 5. Log UV absorbance per unit cell carbon of P. inennis, 
N. lecointei, T. tumida, P. alata, S. microtrias, and 
Phaeocystis plotted against UV-B irradiances. 

The ratio of UV-B absorbance to chlorophyll-a for 
the colonial stage of Phaeocystis, 27.5:1, was more than 
an order of magnitude greater than that observed in any 
of the diatom species and the absorbance per microgram 
of cell carbon was in excess of between 2 and 4 orders 
of magnitude greater than that of the diatoms (Table 1). 
Colonial Phaeocystis demonstrated a substantial UV 
absorbance with no recent exposure to UV-B [Marchant 
et al., 1991] and significantly increased the concentra-
tion of UV-absorbing compounds with increasing irradi-
ance (Figure 5, Table 1). The high concentration of UV-
absorbing compounds irrespective of the past light cli-
mate would protect against cell damage or death as a 
result of sudden exposure to UV. This would reduce the 
vulnerability of the remaining population as UV-B-
absorbing pigment production by these cells would con-
tinue [Marchant et al. 1991]. However, with increasing 
UV-B irradiance, Antarctic Phaeocystis is able to fur-
ther increase its protection. This contrasts with the EAC 
strain which, though possessing the 271- and 323-nm-
absorbing compounds, was apparently incapable of 
increasing their concentration with increasing irradiance 
[Marchant etal., 1991]. 

All species of diatom examined exhibited no 
absorbance peaks in the UV-B (Figures 6a and 6b, 

Table 1). Absorbance at these wavelengths was due to 
the shoulder of compounds with absorption peaks in the 
UV-A and UV-C region of the spectrum and back-
ground absorption which gradually increased with 
decreasing wavelength. None of the diatom species 
investigated showed high UV absorbance peaks (Table 
1). The ratio of UV absorbance to that of chlorophyll-a 
for the five diatoms investigated ranged from 0.9 to 
2.1:1, while the UV absorbance per microgram of cell 
carbon ranged from 5.91 x 10 -7  to 6.86 x 10-5 . The 
diatom species were also exposed to constant UV-A and 
PAR irradiance and a range of UV-B irradiances. It was 
also found that increasing UV-B irradiance did not elicit 
any significant increase in the synthesis of UV-absorb-
ing compounds (Table 1, Figure 5). 

The low concentrations of UV-absorbing compounds, 
their absorbance peak outside the UV-B region, and the 
lack of any response in their synthesis to UV irradiance 
would indicate that these intracellular compounds are 
likely to provide little protection against UV-B irradi-
ance. If these compounds are essential to cell metabo-
lism, their absorbance in the UV-B may make them a 
target rather than a protective mechanism. Thus the sig-
nificance of the UV-absorbing compounds in these 
diatom species remains uncertain. 

Possession of intracellular UV-absorbing compounds 
by many diatoms may, however, be superfluous. Cells 
of five diatom species were carefully extracted in 
MeTHF, and the absorbance of the remaining insoluble 
material (consisting largely of frustule) was examined. 
This preliminary investigation showed that absorption in 
the UV region of the spectrum by the insoluble matter 
was around 3 to 10 times greater than the maximum 
MeTHF soluble absorption in the UV-B (Table 1) 
[Davidson et al., 1994]. T. tumida was the only species 
that did not exhibit high absorption by MeTHF insolu-
ble cell components. The reason for this is uncertain, but 
the large diameter and comparative lack of surface fea-
ture on the T. tumida frustule suggest that the amount of 
absorption may be due to size and the extent of surface 
ornamentation. Unlike the absorption by colonial 
Phaeocystis mucilage (Figure 4), that by the insoluble 
material in diatoms declined gradually with increasing 
wavelength and may provide substantial protection from 
UV radiation. Thus it is possible that possession of high 
concentrations of intracellular UV-absorbing com-
pounds by Phaeocystis does not provide this species 
with a competitive advantage in environments which 
experience high UV flux rates. Rather, it increases its 
UV protection to a level similar to that possessed by 
diatoms and allows it to coexist in these environments. 
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Cell Survival and Growth 

Calkins and Thordardottir [1980], El-Sayed [1988], 
Karentz [1990], Karentz et al. [1991a], and Marchant 
and Davidson [1991] have argued that the most likely 
effect of elevated UV radiation on Antarctic marine 
phytoplankton is a shift in the species composition. UV-
induced changes in community composition have been 
observed in experimental systems [Worrest et al., 1981; 
El-Sayed et al., 1990]. Calkins and Thordardottir 
[1980] reported varying survival of marine diatom 
species isolated off Iceland, while Karentz etal. [1991a] 
demonstrated similar variability in diatoms from 
Antarctica and Mitchell and Karentz [1990] reported an 
almost 100-fold interspecific variation among Antarctic 
marine diatoms in the damage and repair of DNA at a 
given UV-B dose. These studies indicate that elevated 
UV-B levels may well act as a selective pressure to alter 
the species composition of Antarctic phytoplankton 
communities. Despite this, very few publications 
address the survival of individual phytoplankton species 
as a result of UV exposure. 

Survival and growth in the laboratory. The occur-
rence of MAAs in marine organisms has received con-
siderable attention because of their potential role in pro-
tecting these organisms against UV exposure [e.g., 
Dunlap et al., 1988]. MAAs occur in many Antarctic 
marine organisms [Karentz etal., 19911,], but it remains 
unknown whether their possession could enhance sur-
vival of these organisms when exposed to harmful UV-
B wavelengths. Colonial Phaeocystis possess substantial 
concentrations of MAAs and other unidentified UV-
absorbing compounds [Marchant et al., 1991], while 
flagellate Phaeocystis and diatoms do not [Davidson et 
al., 1994]. Thus comparison of the survival and growth 
of different life stages of Phaeocystis and between 
Phaeocystis and diatoms was undertaken to investigate 
the protection afforded to colonial Phaeocystis from 
UV-B by these compounds. 

Phaeocystis: Survival of Antarctic colonial 
Phaeocystis under increasing UV-B alone showed no 
significant decline in survival until UV-B irradiances 
exceeded 0.60 J m-2  s-I with an irradiance resulting in 
50% mortality (L.D. 50) around 0.85 J m -2  s-1  (Figure 
7a). Under increasing simulated sunlight, survival 
declined at UV-B irradiances above 0.32 J m -2  s-1  with 
an L.D. 50 at approximately 0.50 J m 2  s-1  (Figure 7b). 
The initial decline in survival corresponds to around 
60% peak and 150% average Antarctic surface UV-B 
irradiance [Marchant et al., 1991]. Thus laboratory 
studies indicate that Antarctic colonial Phaeocystis cells 

Wavelength (nm) 

350 250 	 450 	550 	650 
Wavelength (nm) 

Fig. 6. Absorbance spectra of extracts in 4:1 methanol:tetrahy-
drofuran for cultures of (a) N. lecointei, N. curta, and P. iner-
mis and (b) T. tumida, S. microtrias, and P. alata maintained 
without enhanced UV-B irradiances. 

can withstand high UV-B but not sustained peak 
Antarctic surface irradiances. UV-B was not solely 
responsible for the observed mortality in the Antarctic 
colonial strain as high simulated solar irradiances 
(Figure 7b) resulted in lower survival at a given UV-B 
irradiance than increased UV-B alone (Figure 7a). In 
contrast, survival of EAC colonial Phaeocystis declined 
beyond the lowest irradiances, and survival at each UV-
B irradiance was similar irrespective of the treatment 
(increasing simulated sunlight or UV-B only) (Figures 
7a and 7b). The Antarctic flagellate stage (Figure 7b) 
also showed rapidly declining survival above the lowest 
irradiances. 

Laboratory incubations demonstrate that flagellate 
cells from Antarctica which lacked UV-absorbing com-
pounds were sensitive to UV-B irradiance. The EAC 
colonial Phaeocystis strain survived no better than 
Antarctic flagellate cells and is apparently afforded little 
protection by the low concentrations of UV-B-absorbing 
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Fig. 7. Percentage of live Phaeocystis cells in (a) the East 
Australian Current colonial (E. Aust. Curr. Col.) and Antarctic 
colonial (Antarctic Col.) cultures exposed to increasing simu-
lated solar irradiance provided by a Suntest UV/white light 
source and (b) Antarctic and East Australian Current colonial 
as well as Antarctic flagellate (Antarctic Flag.) cultures irradi-
ated with various intensities of UV-B and constant PAR and 
UV-A. Error bars represent standard error calculated after Zar 
[1984]. 

compounds it possesses. In contrast, the Antarctic colo-
nial Phaeocystis which contained high concentrations of 
UV compounds (Figure 7) had significantly higher sur-
vival (P < 0.05 for increasing UV-B alone and total 
radiation). Thus it appears that Antarctic colonial 
Phaeocystis is afforded substantial protection from UV-
B-radiation by UV-absorbing compounds [Marchant et 
al., 1991]. 

Diatoms: Five diatom species were exposed to 
increasing UV-B irradiances using methods similar to 
that employed for Phaeocystis. Nitzschia lecointei and 
Proboscia alata showed no significant decline until irra-
diances of 1.75 J m-2  s-I, after which it fell to 0% at 
3.40 J m' s' (Figures 8a and 8b). Survival of 
Proboscia inermis, Thalassiosira tumida, and Stellarima 
microtrias showed no significant decline until an irradi-
ance of 3.40 J m -2  s-1  (Figures 8c, 8d, and 8e). Thus in 
comparison to survival of Phaeocystis, which declined 
to 30% at an irradiance of 1.0 J m -2  s-I and had fallen to 
0% at an irradiance of 2.1 J m -2  s-I (Figure 8f), diatoms 
were able to withstand UV-B equivalent to between 3 
and 6 times the present peak Antarctic surface irradi-
ance. These diatoms exhibited a lack of intracellular 
UV-absorbing compounds and an inability to produce 
these compounds in response to increasing UV-B irradi-
ance. Absorbance by cell components which are insolu-
ble in MeTHF (Table 1) could largely compensate for 
this absence of intracellular compounds and, possibly in 
combination with other mechanisms, allow them to 
maintain the observed survival at remarkably high UV-
B irradiances. 

In situ survival and growth. PAR, UV-A, and UV-B 
have all been shown to elicit photoinhibition in phyto-
plankton [Jones and Kok, 1966]. High PAR irradiances 
are inhibitory to photosynthesis [Biihlmann et al., 1987], 
but this is generally slight [Jokiel and York, 1984]. It is 
UV-A that is reported as being responsible for between 
50 and 75% of the inhibition of photosynthesis and 
growth [e.g., Jokiel and York, 1984; Maske, 1984; 
Holm-Hansen et al., 1989]. UV-B may contribute up to 
25% of the photoinhibition experienced in near-surface 
waters [Worrest, 1983; Helbling et al., 1992], but this 
inhibitory effect is only experienced in the upper 10-15 
m [Holm-Hansen et al., 1989]. UV-A irradiances pene-
trate to greater depths. 

Phaeocystis: During in situ incubations the concen-
tration of colonial Phaeocystis cells changed little in 
control cultures or those cultures which received UV-A 
or both UV-A and UV-B (Figure 9a). While all treat-
ments apparently sustained no significant mortality, 
growth during incubation was slow or negligible and did 
not appear to change significantly as a result of changes 
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in irradiance. Exposure of colonial Phaeocystis to 
unscreened solar irradiance for periods of more than 2 
days greatly increased the rate of growth of the postirra-
diance progeny (Figure 9b). Colonial cells which 
received solar irradiance with UV-B removed also 
showed a marked but lesser promotion of growth rate. 
The growth of control samples which were only 
exposed to PAR showed little increase in growth rate 
with incubation time. Thus it would appear that PAR, 
UV-A, and UV-B are inhibitory to growth during expo-
sure but UV-A and UV-B may promote growth of some 
phytoplankton upon cessation of irradiation and return 
to maintenance conditions. 

The concentration of flagellate cells clearly declined 
as a result of in situ UV radiation. Flagellate concentra-
tions in the PAR-irradiated treatment remained approxi-
mately constant (Figure 9c). Cells in mylar screened 
treatments, which excluded UV-B, declined to around 
20% of their original numbers over the 8-day period 
while unscreened flagellates declined at a similar rate 
but were almost absent after 8 days incubation. The 
growth of the flagellate stage postirradiance progeny 
exhibited similar trends in growth rate irrespective of 
irradiance treatment, suggesting that cells which sur-
vived the incubation were still viable. The only excep-
tion was the mylar-screened treatment after 4 days incu-
bation (Figure 9d), the reasons for which are uncertain. 

The cell diameter of colonial and flagellate stage cells 
increased under increasing UV-A and UV-B irradiance 
(Figures 10a and 10b). While the flagellate cell concen-
tration fell with the introduction of UV-A and UV-B 
into the in situ incubation treatment (Figure 9c), the cell 
diameter of the flagellate stage increased (Figure 10a). 
This increase may reflect inhibition of division by UV 
irradiance, changes in flagellate cell stage [Kornmann, 
1955; L. Peperzak, personal communication, 1993], or 
formation of flagellates from the colonial stage 
[Veldhuis et al., 1986; Verity et al., 1988; Davidson and 
Marchant, 19924 No significant differences in the con-
centration of colonial Phaeocystis cells resulted from 
removal of UV-A or UV-A and UV-B (Figure 9a). Thus 
the increase observed in the cell diameter of the colonial 
stage (Figure 10b) is not due to inhibition of division by 
UV, but instead is caused by other changes in cell physi-
ology which also result in increased growth rates after 
return to culture maintenance conditions (Figure 9b). 

Exposure to natural irradiances over a period of 8 
days showed that survival in the postirradiance progeny 
of colonial Antarctic cells remained high for the entire 
period (Figure 11). The survival of the colonial stage of 
Phaeocystis is unaffected by exposure to in situ UV-A 
or UV-B irradiances. However, that of the flagellate 
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Fig. 8. Percent survival of (a) N. lecointei, (b) P. alata, (c) P. 
inennis, (d) T. tumida, (e) S. microtrias, and (f) P. pouchetii 
irradiated for 24 hours during 48 hours against UV-B irradi-
ance. Error bars represent standard error calculated after Zar 
[1984]. 

stage showed a rapid decline in survival after 4 days 
exposure. Despite suffering significant mortality 
between day 2 and day 4 of in situ incubation (Figure 
9c), those flagellate cells remaining appear viable 
(Figure 11). Irradiances between day 4 and day 8 
remained relatively high, and by day 8 a marked decline 
in survival was observed. This decline was greatest 
when cultures were exposed to the total solar irradiance, 
but a major decline was also observed under a mylar 
screen which removed UV-B from the irradiance. Thus 
the majority of the observed mortality of the flagellate 
stage was due to UV-A radiation. 

Diatoms: The diatoms Stellarima microtrias, 
Chaetoceros simplex, and Nitzschia curta were exposed 
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Fig. 9. Cell concentration during in situ incubation of (a) colo-
nial and (c) flagellate Antarctic Phaeocystis cultures at an 
Antarctic coastal site and growth rate of (b) colonial and (d) 
flagellate cells subcultured from incubated cultures, returned 
to culture maintenance conditions, and allowed to grow for 9 
days. Polycarbonate screens transmitted PAR only, mylar 
transmitted PAR and UV-A and unscreened treatments 
received full solar irradiance. Growth rate was calculated after 
Verity etal. [1988]. Total integrated UV-A and UV-B doses at 
each in situ sample period are given. Error bars represent stan-
dard deviation. 
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to near-surface in situ irradiances in Antarctic coastal 
waters at the same time as Phaeocystis. Irrespective of 
irradiance treatment, the concentration of C. simplex and 
S. microtrias cells did not increase significantly during 
in situ irradiation (Figures 12a and 126). The concentra-
tion of N. curta significantly increased in all treatments. 
The greatest increase was observed in the unscreened 
treatment during the first 4 days of irradiation, after 
which the concentration declined toward day 8 (Figure 
12c), possibly as a result of the high irradiances during 
this time. This decline did not impact upon its survival 
(Table 2), indicating that surviving cells remained 
viable. 

None of the species exhibited any significant decline 
in the survival over the 8-day irradiance as a result of 
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Fig. 11. Percent survival of unscreened (Fig unscreened) or 
mylar-screened (Flg mylar) flagellate stage and unscreened 
(Col unscreened) or mylar-screened (Col mylar) colonial stage 
Antarctic Phaeocystis culture during near-surface in situ incu-
bations at Davis Station, Antarctica. Error bars represent stan-
dard error calculated after Zar [1984] 

UV (Table 2). However, the growth rate of subcultures 
of each species made after the 8 days in situ exposure 
did vary in response to the irradiance treatment 
received. N. curta showed a promotion of growth rate in 
the unscreened treatment similar to that observed for 
Phaeocystis (Table 3). The growth rate of the remaining 
species of diatoms declined with the progressive intro-
duction of UV-A or UV-A and UV-B to the irradiance. 

Diatom species exhibited differing growth responses 
to UV-B radiation. The photobiological strategy favored 
as a result of UV-B exposure would depend on the dura-
tion and intensity of the irradiance received. Though the 
diatoms we have examined survive high UV irradiances 
for a short time (Figure 11), their long-term survival and 
growth during and after irradiation may not advantage 
them over species that appear more vulnerable. For 
example, S. microtrias is able to survive UV-B intensi-
ties approximately an order of magnitude higher than 
that of Phaeocystis; however, it grows little better than  

—0-- Unscreened 
Mylar 

--a-- Polycarbonate 

o 2 	4 	6 
Days Incubation 

0 	5.33 	8.69 	18.53 
Integrated Surface UV-B (x 104  J.rn-2 ) 

0 	6.07 	10.01 	22.11 
Integrated Surface UV-.A (x 10 5  J.rn -2) 

Fig. 12. Cell concentration of polycarbonate, mylar, and 
unscreened (a) C. simplex, (b) S. microtrias, and (c) N. curta 
during near-surface in situ incubations at Davis Station, 
Antarctica. Total integrated UV-A and UV-B doses at each in 
situ sample period are given. Error bars represent standard 
deviation. 

Phaeocystis during in situ incubation, and irradiation 
with UV-B results in depression of growth after expo-
sure. The growth rate of the postirradiance progeny for 
colonial Phaeocystis was approximately 3 times that of 
the PAR-irradiated culture, and this species may be 
favored at sublethal irradiances. 

In situ primary production. UV is widely reported as 
being inhibitory to photosynthesis [e.g., Lorenzen, 1979; 
Worrest et al., 1981; Jokiel and York, 1984; Smith and 
Baker, 1989; Voytek, 1989; Hader and Worrest, 1991]. 
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TABLE 2. Percent Survival of Mylar or Unscreened Diatom 
Cultures Exposed to Near-Surface in Situ Irradiance for 8 
Days Calculated After Davidson etal. [1994] 
Species No Screen Mylar Screen 

Mean 	LI 	L2 Mean 	LI L2 

S. microtrias 95.88 	99.87 	86.77 93.53 	98.55 85.28 
C. simplex 99.17 	99.97 	96.04 98.59 	99.91 95.70 
N. curta 100.00 100.00 100.00 100.00 	100.00 100.00 
Li and L2 represent upper and lower standard errors calculat-
ed after Zar [1984]. 

Estimates of inhibition by near-surface UV-B irradi-
ances range from 15% to 30%, while UV-A resulted in a 
further decline of around 50% [Maske, 1984; Holm-
Hansen et al., 1989; Helbling et al., 1992]. In Antarctic 
waters the increase in UV-B as a result of ozone deple-
tion apparrently results in a reduction of at least 6-12 % 
in primary production [Smith et al., 1992]. To our 
knowledge, however, no studies address simultaneously 
the production, survival, and growth for individual 
species as a result of UV irradiance. 

We found inhibition of production was variable, 
probably as a result of variations in tolerance and pho-
toadaptive ability of each species and changes in the in 
situ irradiance received. Photoinhibition was frequently 
greatest for treatments which received UV-B in the irra-
diance, but differences between light treatments were 
slight and percent inhibition seldom reached the magni-
tude reported above. However, we used nutrient-
enriched monospecific cultures in our investigation, and 
the lower sensitivity may reflect the high-nutrient envi-
ronment [Cullen and Lesser, 1991]. 

Phaeocystis: The photosynthetic rate of Phaeocystis 
pouchetii only declined slightly with incubation time, 
and little difference was observed between the irradi-
ance treatments (Figure 13a). Fixation rates on day 4 
may have been reduced by low surface irradiances. The 
carbon fixation rate per cell in the PAR-screened treat-
ment also exhibited little change with time (Figure 13b); 

TABLE 3. Growth Rate of the Postirradiance Progeny of 
Diatoms After 8 Days Near-Surface in Situ Incubation 
Beneath Mylar or Polycarbonate or Unscreened, Subculturing 
and Grown in Culture Maintenance Conditions for 9 Days  

Growth Rate 
Organism Polycarbonate Mylar Unscreened 
S. microtrias 0.263 0.218 0.122 
C. simplex 0.674 0.336 0.266 
N. curta 0.253 0.289 0.657 

Growth rate calculated after Verity etal. [1988] 

however, fixation rates per cell in the mylar and 
unscreened treatments increased rapidly as a result of 
the decrease in flagellate cell concentration (Figure 9c). 
Although no size-fractionated production was conducted 
to separate the flagellate and colonial stages, the colo-
nial stage in the life cycle of this alga appears largely 
responsible for carbon fixation during these incubations 
as its numbers remained relatively constant during the 8 
days of irradiation. In addition, the irradiance treatment 
and the flux rate during the production incubation 
appear to have little effect on the rate of production by 
the colonial stage (Figure 13a). 

Diatoms: The diatom species investigated showed 
differing photosynthetic responses to the incubation 
(Figure 14). Primary production per cell of Chaetoceros 
simplex increased with time (Figure 14a) despite the cell 
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Fig. 13. The rate of (a) primary production and (b) production 
per cell by cultured Phaeocystis taken from near-surface in 
situ incubations at Davis Station, Antarctica. Fifty-milliliter 
subsamples were removed from polycarbonate, mylar, or 
unscreened light treatments and replaced in situ beneath the 
same screen for 4-hour incubations to estimate primary pro-
duction. Surface UV-A and UV-B irradiance was integrated 
during each production incubation. 
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concentration during incubation remaining constant 
(Figure 12a). The rate of photosynthesis changed little 
with light treatment. Thus the differences between light 
treatments in growth of the postirradiance progeny 
(Table 3) must reflect UV-induced effects on processes 
other than photosynthesis. The rate of production per 
Stellarima microtrias cell declined slightly during the 8- 
day incubation though a slight increase may have result-
ed from the lower surface irradiances on day 4 (Figure 
14b). The cell concentration did not change significantly 
over the duration of this experiment. Rates of produc-
tion were consistently higher in mylar and polycarbon-
ate-screened treatments. The observed differences in the 
growth rate of the postirradiance progeny (Table 3) may 

UnSCreened 
Mylar 
Polycarbonate 

reflect differing photosynthetic reserves resulting from 
differences in rates of production. 

In contrast with other diatoms, the per cell rate of pro-
duction by Nitzschia curta fell (Figure 14c) while the 
cell concentration during the 8 day incubation period 
increased (Figure 12c). However, the division rate of the 
postirradiance progeny of the unscreened treatment for 
this species was more than twice that of other treatments 
(Table 3). This species appears capable of rapid recov-
ery of photosynthetic ability after UV-B exposure. 
Davidson et al. [1994] suggest the possibility of UV-B 
being involved in repair of UV-A-related damage. This 
may explain the higher growth rate of the unscreened 
treatment than that receiving UV-A, but the reason for 
the lower growth rate of the postirradiance progeny 
exposed to PAR is unclear. 

CONCLUSIONS 
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Fig. 14. The rate of primary production per cell by (a) C. sim-
plex, (b) S. microtrias, and (c) N. curta during near -surface in 
situ incubations performed as for Phaeocystis. 

Considerable research has been devoted to the identi-
fication and quantitation of UV-absorbing compounds 
in a range of organisms from various environments 
[e.g., Sivalingam et al., 1974; Nakamura et al., 1982; 
Dunlap and Chalker, 1986; Dunlap et al., 1986, 1988, 
1989; Scherer et al., 1988; Carreto et al., 1990]. These 
compounds, which consist principally of mycosporine-
like amino acids (MAAs), absorb biologically harmful 
UV wavelengths, are frequently possessed by organisms 
that inhabit high-UV environments, often alter their 
concentration in response to UV irradiation, and 
enhance the survival of organisms exposed to UV 
[Dunlap et al., 1986, 1989; Caldwell, 1981; Vernet et 
al., 1989; Carreto et al., 1990; Gieskes and Kraay, 
1990; Karentz et al., 1991b; Marchant etal., 1991]. It is 
unknown whether these compounds are synthesized 
with the primary function of protection from UV expo-
sure, but it is widely accepted that these compounds 
provide a protective screen to shield cells from the full 
impact of ambient UV exposure and may constitute a 
significant protective strategy against UV damage 
[Caldwell, 1981; Dunlap et al., 1986, 1989; Carreto et 
al., 1990; Karentz et al., 1991b]. 

A survey by Karentz etal. [1991b] of some 57 largely 
subtidal or intertidal species of Antarctic fish, inverte-
brates, and algae found that nearly 90% of those exam-
ined contained MAAs. Substantial levels of UV-absorb-
ing substances have also been reported for natural 
assemblages of Antarctic plankton [Mitchell et al., 
1989; Vernet et al., 1989; Gieskes and Kraay, 1990]. 
However, the number and identity of species possessing 
such compounds and their effectiveness as a UV screen 
remain unknown. Our results indicated that possession 
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of these pigments does confer a substantial protection to 
Phaeocystis. Considering also the reported absence or 
low concentration of these compounds in the diatoms 
[Yentsch and Yentsch, 1982; Dallier, 1984; J. Raymond 
personal communication, 1991], we tentatively suggest-
ed that Phaeocystis would increase its dominance at the 
expense of diatoms under the elevated levels of UV-B in 
Antarctica [Marchant and Davidson, 1991]. However, 
our laboratory studies indicate that these compounds do 
not endow Phaeocystis with greater survival than the 
diatoms which largely lack such protection [Davidson et 
a/., 1994]. UV absorption by the MeTHF insoluble 
material of many diatom species may contribute to the 
survival of diatom cells at UV-B irradiances greatly 
exceeding that of Phaeocystis. 

The importance of the flagellate stage(s) in prolifera-
tion and dispersal of Phaeocystis in the Antarctic is 
unknown. In laboratory studies we found that the lethal 
UV intensity for Phaeocystis, particularly the flagellate 
stage, was lower than that of diatoms. In situ incuba-
tions of this species showed the flagellate cell stage suf-
fered mortality as a result of near-surface UV radiation. 
However, UV-A was responsible for most of this mor-
tality. As UV-A irradiances are not significantly 
enhanced as a result of ozone depletion, our results indi-
cate that no major decline in Phaeocystis or diatom 
abundance as a result of UV-B-induced mortality is 
likely. 

Data obtained from coastal waters near Davis Station 
during the 1988/1989 summer [Davidson and Marchant, 
1992b] showed that the physiological peculiarities of the 
colonial stage of this alga, such as its release of dis-
solved organic carbon (DOC) and a bacteriocide, elicit-
ed the formation of a very distinct planktonic communi-
ty. Microheterotrophic abundance was enhanced by high 
concentrations of Phaeocystis, while that of most other 
autotrophs and bacteria remained constant or declined. 
This contrasts with the community at the same site in 
1991/1992, when Phaeocystis was present in much 
lower concentrations (F. Scott and H. J. Marchant, 
unpublished data, 1993). DOC concentrations were 4 
orders of magnitude less than those in 1988/1989 and 
the microheterotroph concentrations were an order of 
magnitude less than that observed by Davidson and 
Marchant [1992b]. This reinforces our conclusion that 
Phaeocystis is a principal determinant of protistan abun-
dance, species composition, and community function. 
Phaeocystis both is widespread and frequently domi-
nates the Antarctic phytoplankton [e.g., Garrison et a/., 
1987; Fryxell and Kendrick, 1988]. Any UV-induced  

decline in the abundance would substantially change 
their protistan characteristics and carbon dynamics in 
Antarctic waters [Marchant and Davidson, 19911. 

Interspecific differences were also observed at sub-
lethal UV irradiances during in situ incubations in 
Antarctic surface waters. Smith et al. [1992] found that 
UV-B irradiance in Antarctic waters beneath regions of 
ozone depletion caused a decline in productivity in the 
water column of between 6% and 12%. Compared with 
a naturally occurring interannual variability of around 
25% [Smith et a/., 1988], the UV-B effect appears to be 
of little significance [Smith et al., 1992]. This would 
appear reasonable were the suppression of production 
not species related. However, the decline in production 
observed by Smith et al. [1992] may be due to the dif-
ferential inhibition of susceptible species. Comparison 
of Chaetoceros socialis and Phaeocystis sp. by Smith et 
al. [1992] demonstrated differing effect of irradiance on 
individual species. Phaeocystis showed significantly 
slower division rates under full solar irradiance than 
with UV-B removed, while the growth rate of C. 
socialis did not change significantly. This supported our 
results for Phaeocystis which demonstrate that, despite 
possessing UV-absorbing compounds, this species was 
more vulnerable to UV irradiance than the diatom 
species investigated [Marchant et al., 1991; Davidson et 
al., 1994; Davidson and Marchant, 1994]. 

The net effect of survival, UV-absorbing compound 
concentration, photosynthetic rate, and growth would 
determine the niche available to each species in the UV 
environment. The nature and duration of UV exposure 
in Antarctic waters have yet to be fully determined. The 
shallow blooms of the MIZ, which are responsible for 
much of the primary production in the Southern Ocean, 
appear vulnerable to increased UV-B radiation as a 
result of stratospheric ozone depletion [Marchant and 
Davidson, 1991]. The differing responses of the phyto-
plankton we have observed at lethal and sublethal irradi-
ances support the suggestion that species or strains pos-
sessing greater tolerance to UV may be favored [Hader 
and Worrest, 1991; Karentz, 1991; Marchant and 
Davidson, 1991]. However, the interaction of in situ UV 
intensity, dose, and the photophysiology of each species 
is complex and the impact on the organisms is not great. 
The consequent changes in phytoplankton species com-
position may be sufficiently slow or slight that they are 
indiscernible from spatial and interannual variability. 
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Abstract. Phaeocystis pouchetii (Hariot) Lagerheim is 
widely distributed in polar waters, and forms massive 
near-surface blooms in the marginal ice-edge zone 
around Antarctica during spring and summer. UV irradi-
ance in the Antarctic marine environment is reportedly as 
high in October and November as in mid-summer due to 
stratospheric ozone depletion. Because of the location 
and timing of the P. pouchetii bloom, this prymnesiophyte 
will be exposed to high levels of UV-B (280 to 320 nm) 
radiation. Colourless water-soluble compounds, pro-
duced by the colonial stage in the life cycle of this alga, 
absorb strongly between 250 and 370 nm, with ab-
sorbance maxima at 271 and 323 nm. The concentration 
of these compounds in cultured P. pouchetii depends on 
the strain, stage in the life cycle, and presence of bacteria. 
As well as conferring substantial protection to this alga, 
these substances may also provide UV protection to 
other organisms present in the water column. 

Introduction 

The marked depletion of stratospheric ozone over 
Antarctica in early October leads to an extended period 
when incident UV radiation is similar that in mid-sum-
mer (Frederick and Snell 1988). Sea-ice around Antarc-
tica commences the southward retreat from its maximum 
extent in late September (Jacka 1983). Increasing insola-
tion at this time leads to proliferation of algae in the 
sea-ice and the marginal ice-edge zone where the develop-
ment of a shallow pycnocline limits vertical mixing and 
promotes the formation of blooms high in the water col-
umn (Smith 1987). Solar UV-B radiation penetrates sea-
water to depths that are able to influence the growth of 
macrophytes and phytoplankton (Jerlov 1950, Calkins 
and Thordardottir 1980, Worrest 1983, Maske 1984, 
Hardy and Gucinski 1989, Smith and Baker 1989, Wood 
1989). However, the impact of UV radiation on Antarctic 
marine phytoplankton is equivocal (Roberts 1989, 
Voytek 1990). 

The cosmopolitan alga Phaeocystis pouchetii is one of 
the first organisms to bloom in the ice and in the upper 
10 m of the water column following the breakup of the 
sea-ice (Garrison et al. 1987, Fryxell and Kendrick 1988). 
This prymnesiophyte has two principal stages in its life 
cycle, free swimming biflageljate cells and a colonial stage 
in which the cells are embedded in mucilage. The colonial 
form of this alga is among the most abundant and wide-
spread organisms of the Antarctic marine ecosystem 
(Fryxell and Kendrick 1988, Vincent 1988). 

Many organisms inhabiting environments that are 
subjected to high incident UV radiation produce UV-B 
absorbing compounds to shield them from exposure to 
these wavelengths (Dunlap et al. 1986, 1989, Caldwell 
1981, Wood 1989, Carreto et al. 1990). Here we report the 
presence of UV-B absorbing substances in Phaeocystis 
pouchetii and demonstrate in culture that they mitigate 
UV damage to this alga. 

Materials and methods 

A predominantly flagellate (Strain DE10) and two colonial axenic 
strains (Al —3 and Al —4) of Phaeocystis pouchetii (Harlot) Lager-
heim, isolated from Prydz Bay, Antaictica (Antarctic Division Cul-
ture Collection, Hobart, Tasmania), and a unialgal strain (165-7), 
isolated from the East Australian Current (CSIRO Culture Collec-
tion of Micro-algae, Hobart, Tasmania) were maintained in GP5 
medium (Loeblich and Smith 1968) in glass flasks at 4 and 20°C, 
respectively on a 12 h light: 12 h dark cycle under cool-white fluo-
rescent tubes at an intensity of 6.19 +0.76 W m 2  with no UV-B 
enhancement.An aliquot of 50 ml was removed from each strain at 
mid-exponential growth phase and was concentrated to 5 ml by 
centrifugation at 200 x g for 50 min at their incubation temperature. 
The predominantly flagellate strain was first filtered through 20 pm 
mesh netting to remove any colonies before the cells were similarly 
conGentrated by centrifugation. Absorbance of the aqueous concen-
trates was measured by monochromatic scanning using a Hitachi 
3200 spectrophotometer. 

The proportion of viable Phaeocystis pouchetii cells in Axenic 
Colonial Al —3, Axenic Flagellate DE10 and Colonial 165-7 strains 
was examined following exposure to enhanced levels of UV irradi-
ation. Cultures in exponential growth phase were illuminated with 
either increasing total irradiance or increasing UV-B only (omitting 
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Fig. 1. Spectral distribution experienced by algae in experiments 
with increasing UV-B only. Relative irradiance was calculated from 
relative emission (maximum emission =1) of UV-B fluorescent 
tubes (Westinghouse instrument specifications) x spectrophotometric 
transmittance of attenuating screens used in the experiments includ-
ing attenuation due to polystyrene culture flask. Curve 1: polystyrene 
flask alone; Curves 2-6: increasing attenuation by glass screens. All 
experimental UV-B irradiances were obtained using a single UV-B 
fluorescent tube, except the two highest irradiances (not plotted) 
which had spectral distributions of 1 and 2 but required two UV-B 
tubes 

Strain DE10). A Haraeus Suritest CPS Xenon arc UV/white-light 
source which closely reproduces the spectral composition of solar 
radiation (instrument specifications) was used to generate increas-
ing total irradiance. Cool-white ,  fluorescent tubes and FS20T12- 
UV-B Westinghouse Sunlamps gave photosynthetically active radi-
ation (PAR) at 3.99 +1.00 x 10 W m 2 , UV-A at 0.70 + 0.36 W 
while the spectral distribution and resulting intensity of UV-B was 
varied by attenuation with glass screens and the polystyrene culture 
flasks (Lux) in which the organisms were grown (Fig. 1). The irradi-
ance to which the cells were exposed (beneath the glass screen and 
polystyrene) was measured with an International Light IL 1700 
Radiometer equipped with detectors to measure photosynthetically 
active radiation (PAR), UV-A and UV-B. Primary calibration of 
detector response was made using a National Institute of Standards 
and Technology intercomparison package (NIST Test # 534/240436- 
88) with further calibration using four International Light primary-
transfer standards. Control cultures were unirradiated. After incu-
bation for 48 h under the 12 h light :12 h dark regime (i.e., 6, 12 and 
6 h light exposures with intervening 12 h dark periods) aliquots of 
the cultures were fixed with Lugol's iodine, sedimented, and the 
percentage of undamaged cells was determined using a minimum of 
300 cells over five replicate fields for each treatment. 

The long-term viability of irradiated cells was tested using four 
exponential growth phase cultures of Antarctic colonial Phaeocystis 
pouchetii (Strain Al —3), which were exposed to irradiances span-
ning the UV-B irradiance range under the same illumination regime 
as used above plus an unirradiated control. A 30 ml aliquot from 
each treatment was added to 70 ml of fresh medium and the number 
of live cells in 15 replicate fields was counted on Days 0 and 13. 
Growth rates of all treatments were calculated (Verity et al. 1988), 
and that of the unirradiated control was used to predict the initial 
concentration of viable cells in irradiated treatments from the ob-
served final cell concentration. 

Quantitative measurements of UV-B absorption were made us-
ing samples concentrated by centrifugation and extracted for 
30 min at 50°C in growth medium (Scherer et al. 1988). It was  

established that 30 min was the extraction time at which there was 
maximum recovery of the UV-B absorbing compounds. Peak height 
from these extractions was obtained by measuring the absorbance 
at 271 and 323 nm and substracting the absorbance at these wave-
lengths from a line tangential to the absorbance minima around 250 
and 380 nm. This removed the nonlabile background absorbance 
observed in Fig. 2 B. 

Exponentially growing colonial Phaeocystis pouchetii strains 
from Antarctica (Al —3), Tasmanian coastal waters (PE.2, CSIRO 
Culture Collection of Micro-algae, Hobart, Tasmania), East Aus-
tralian Current (165-7) and the North Sea and English Channel 
(Veldhuis and 540, Plymouth Culture Collection, England) were 
grown as for aqueous concentrates (i.e., with no UV-B enhance-
ment), and were extracted at 50°C for 30 min in the culture medium; 
the 323 nm absorbance was calculated per unit chlorophyll a con-
centration of the culture. Chlorophyll a was extracted with metha-
nol (Wright and Shearer 1984) and its concentration was calculated 
from the spectrophotometric equations of Lorenzen (1967). 

Colonial Cultures A1-3 and 165-7 were exposed to various 
UV-B irradiances with constant PAR and UV-A (see paragraph 2 
above), and then extracted at 50°C for 30 min in the culture 
medium; 323 nm absorption was calculated per live cell to ascertain 
whether exposure to UV-B influenced production of the UV-B-ab-
sorbing compounds. 

Xenic and axenic Antarctic Colonial Strains A1-3, Al —4, 
DE10, RG1.2 were also extracted and absorption at 323 nm per unit 
chlorophyll a calculated. Absorbance per unit chlorophyll a was 
compared at 271 and 323 nm by a paired 1-test. The value obtained 
for the A1-3 strain was also used to predict the attenuation of 
UV-B radiation in Antarctic coastal waters. 

Results and discussion 

UV-B absorbing substances are produced by a wide 
range of organisms, including the eye-lens tissue of fish 
(Dunlap et al. 1989), higher plants (Caldwell 1981), 
corals (Dunlap et al. 1986), algae (Sivalingam et al. 1974, 
Carreto et al. 1990) and cyanobacteria (Shibata 1969, 
Scherer et al. 1988). There is compelling evidence that 
such compounds shield the organisms from UV damage 
(Dunlap et al. 1989, Wood 1989, Carreto 1990). 

Aqueous concentrates of the colonial stage of Antarc-
tic strains of Phaeocystis pouchetii exhibit strong ab-
sorbance at 323 nm, a shouldered peak at 271 nm and a 
third peak at 211 nm (Fig. 2A). These absorbances 
greatly exceed that of chlorophyll a at 680 nm and 
carotenoids. The colourless UV-B absorbing compounds 
were fully soluble in water at 50°C, as evidenced by the 
lack of any absorbance in resuspended concentrate from 
this extraction. These UV-B-absorbing compounds have 
also been found in field samples from Antarctic coastal 
waters (Davidson unpublished data). 

Only the absorbance peak at 211 nm was present in 
aged axenic cultures in which no living cells remained 
(Fig. 2 B). Thus, this peak represents the absorbance of 
the colony matrix which constitutes most of the algal 
volume (Davidson and Marchant 1987) and any residual 
material from dead cells. Absorbance at wavelengths 
shorter than 280 nm is unlikely to confer protection be-
cause of the marked attenuation of such short wave-
lengths by the atmosphere and water (Smith and Baker 
1979), but provides a background absorbance on which is 
superimposed that of the protective compounds. The dis- 
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Table 1. Phaeocystis pouchetii. Absorbance at 323 nm of 50°C-ex-
tracted 323 nm absorbance per pg chlorophyll a of colonial strains 
from Antarctic (A1-3), Port Esperance, Tasmania (PE.2). East Aus-
tralian Current (165-7) and English Channel (Veldhuis and 540) 

Strain Absorbance 

A1-3 0.1173 
PE.2 0.0195 
165-7 0.0143 
Veldhuis 0.0048 
540 0.0047 

Table 2. Phaeocystis pouchetii. Test of viability using growth rate of 
colonial cells. Growth rate of unirradiated control was 0.22 dou-
blings per day; concentration of organisms is cells x 10 -3  ml -
+ S D 

 

UV-B irradiance (v m -2 )  
Observed live cells at: Predicted 

viable cells at 
Day 0 

 

Day 0 	Day 13 
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1 
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WAVELENGTH ( nm ) 

Fig. 2. Phaeocystis pouchetii. Absorption spectra of aqueous cell 
concentrates from (A) colonies of axenic Antarctic isolate with 
prominent peak at 323 nm (filled arrow), shouldered peak at 
271 nm (open arrow), unmarked peak at 211 nm, and peak at 
680 nm from chlorophyll a; (B) dead axenic colonies possessing 
only 211 rim peak; (C) colonies from an East Australian Current 
isolate; (D) axenic Antarctic motile cells 

appearance of the 271 and 323 nm peaks from the aged 
axenic cultures shows that they are labile in the absence 
of bacteria. Absorption maxima were significantly higher 
at both 271 and 323 nm in late stationary-phase axenic 
cultures than those of the same strain and culture age 
containing bacteria (0.025 < P < 0.050, n=8), indicating 
that the alga is producing the compounds and that bacte-
ria are also involved in their decomposition. The ability 
of Phaeocystis pouchetii to inhibit bacterial growth within 
the immediate vicinty of growing colonies (Sieburth 1960, 
Davidson and Marchant 1987) such that their number, in 
the order of 10 8  cells 1 -  (approximately an order of mag-
nitude less than that during stationary phase) would pro-
long retention of the UV-B absorbing compounds by this 
life stage. That these compounds are labile and degraded 
by bacteria indicates that they are likely to be only short-
lived outside growing colonies. 

We have not been able to maintain Phaeocystis 
pouchetii from the East Australian Current in axenic cul-
ture, and thus bacterial decomposition of the UV-B ab-
sorbing compounds may contribute to the lower ab-
sorbance found in this strain (Fig. 2C). Bacterial impact 
was minimised, however, by using cultures in the expo-
nential growth phase. Davidson and Marchant (1987) 
reported that bacterial numbers were more than an order 
of magnitude less in the mid-exponential growth than in 
the stationary phase. Cells of the flagellate stage in the life 
cycle of Antarctic strains contained negligible concentra- 

0 17 	+ 6.7 111+ 	62.3 
0.286 51 	±25.2 99+ 	28.1 14 
0.598 29 	+ 7.8 184+109.2 26 
1.310 14 	+13.7 78+ 	34.3 11 
2.059 0.3± 0.5 3+ 	2.76 0.5 

tions of these compounds (Fig. 2D). The absorbance at 
323 nm of the media containing cultures of flagellates in 
log phase of growth was low (<O.0034 cm - I ). Cultures 
of colonial P. pouchetii from near Tasmania, the North 
Sea and the English Channel, grown under identical con-
ditions, in exponential growth phase, and having the 
same morphology, are similar to the East Australian Cur-
rent material in having substantially less of the 323 nm 
absorbing material per jig of chlorophyll a than the 
Antarctic strain (Table 1). The reasons for this marked 
difference in the amount of UV-B absorbing compounds 
are not clear. 

Determination of both the proportion of undamaged 
cells following exposure to enhanced UV irradiation and 
their viability indicated that the UV-absorbing com-
pounds provide substantial protection to colonial 
Phaeocystis pouchetii cells. Viability studies showed that 
the live cell concentration, predicted from the growth rate 
of the unirradiated control, was well within the standard 
deviation of the observed cell concentration (Table 2). 
The exception, at an irradiance of 0.28 W m -2 , was prob-
ably due to the counting procedure. This was the only 
culture in which the observed growth rate was negative 
between Days 0 and 2, by which time the predicted value 
fell within the standard deviation of the observed cell 
concentration. Thus, the characterization of chlorotic 
and greatly vesicularized cells as "dead" in the survival 
studies shown in Fig. 3 provided valid critera by which to 
quantitate the viable cells in culture after UV-B irradia-
tion. 

The efficacy of the UV-absorbing compounds in pro-
tecting colonial Phaeocystis pouchetii cells from UV radi-
ation is apparent from Fig. 3. The percentage of un-
damaged (live) cells in cultures of colonial East Aus- 
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Fig. 3. Phaeocystis pouchetii. Percent-
age of live cells (A) in East Australian 
Current Colonial (E. Aust. Curr. Col.), 
Antarctic colonial (Antarctic Col.) and 
Antarctic flagellate (Antarctic Flag.) 
cultures exposed to increasing light in-
tensities provided by Suntest UV/white 
light source; and (B) in Antarctic and 
East Australian Current colonial cul-
tures irradiated with various intensities 
of UV-B and constant photosyntheti-
cally active radiation (PAR) and 
UV-A. Error bars represent standard 
errors calculated from Zar (1984) 

(A) 
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tralian Current and Antarctic motile cells decreased 
markedly with increasing total irradiance (Fig. 3A). In 
contrast, Antarctic colonial cells were apparently unaf- 0.6 
fected when the total irradiance was lower than 
13.27 W m -2 , corresponding to an experimental UV-B 
irradiance of 0.32 W m -2 . This irradiance is approxi- 	0.5 	 y = 1.918 + 0.573x 
mately 60% of peak and 150% of average surface irradi- 
ance measured at the Australian Antarctic station of 
Casey at Latitude 67°S (Wood personal communica- 	0.4 
tion). At higher irradiances, mortality of colonial cells 
increases at about the same rate as motile cells. The per-
centage of live East Australian Current colonial cells was 
equivalent at each UV-B irradiance, irrespective of 	0.3  
whether this was under increasing total radiation 
(Fig. 3 A) or UV-B alone (Fig. 3 B). This contrasted with 
the Antarctic colonial strain. Under increasing total irra- 	< 0.2 
diance the proportion of live cells declined to approx 
40% when exposed to a total irradiance of 24.5 Wm', 
of which 5.81 x 10 -1  W -2  was UV-B (Fig. 3 A). In- 	0.1 
creasing UV-B irradiance alone produced no significant 
mortality until irradiance exceeded 0.60 W m -2  
(Fig. 3 B), suggesting inhibition by elevated PAR under 0.0 increasing total irradiance, or sustained greater cell dam-
age since the UV-B spectrum was only attenuated to Dis-
tribution 6 (Fig. 1) in all cases. This UV-B irradiance 
approximates peak Antarctic coastal surface irradiance 	Fig. 4. Phaeocystis pouchetii. UV-B absorbing pigment per cell 
(Wood personal communication), 	 plotted against sublethal UV-B irradiance at constant PAR and 

UV-A. Regression for Antarctic Colonial (Antarctic Col.) strain Production of UV protecting pigments is enhanced by 	was significant (0.02 <P<0.05), while that for the East Australian 
exposure to UV radiation in higher plants (Caldwell 	Current Colonial (E. Aust. Curr. Col.) was not 
1981) and the cyanobacterium Nostoc commune (Scherer 
et al. 1988). Sublethal irradiance of Antarctic colonial 
Phaeocystis pouchetii with UV-B was also found to signif- 	sorbing compound production by the colonial stage of 
icantly increase the absorbance per cell at 323 nm 	Antarctic P. pouchetii is responsive to ambient UV-B cli- 
(Fig. 4). Only three of the experimental irradiances were 	mate. Our data show that the resulting increase in UV-B 
sublethal to East Australian Current colonial 	absorbance by the Antarctic strain would enhance their 
P. pouchetii, but these appeared to reduce rather than 	survival. Should the UV-B screening prove insufficient, 
promote pigment production. Thus, the rate of UV-B-ab- 	cells are damaged or die and production rates of UV-B 

- Antarctic Col. 
- 	- E. Aust. Curr. Col. 

y =. 0.777 - 0.1473x 

0 0 	0.1 0.2 	0.3 	0.4 
UV-B (W m-2 ) 

0.5 0.6 
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absorbing compounds would decline, increasing the vul-
nerability of the remainder of the population to further 
UV-B damage. However the colonial stage of Antarctic 
P. pouchetii carries a substantial complement of UV-B-
absorbing material irrespective of past UV climate 
(Fig. 2A) which would help mitigate such breakdown of 
UV-B protection in the wild. In contrast, the East Aus-
tralian Current colonial strain produces less pigment and 
is apparently unable to increase the rate of production 
under UV-B stress. 

The absorption of Antarctic colonial Phaeocystis 
pouchetii Strain A1-3 at 323 nm was 1.219 cm' at a 
chlorophyll a concentration of 810 fig 1 -1 . In the mar-
ginal ice-edge zone near the Antarctic coast, the concen-
tration of P. pouchetii reached 6.0 x 10 cell 1 -1 , which 
corresponds to a chlorophyll a concentration of 
4.59 ag 1 - 1 (Davidson and Marchant 1991). Relating the 
chlorophyll a-normalized 323 nm absorbance in culture 
to the chlorophyll concentration of the Antarctic 
P. pouchetii bloom indicates that at such a concentration 
absorbance would be about 80% m' at 323 nm. Al-
though this predicted value is only approximate 
(combining data from different laboratory and field stud-
ies), it does indicate that P. pouchetii is likely to provide 
UV-B protection for organisms present in the water col-
umn at the same time such as diatoms and green algal 
flagellates that contain little or no UV-B absorbing pig-
ments (Yentsch and Yentsch 1982, Raymond personal 
communication, Davidson and Marchant unpublished 
data). 

Acknowledgements. We thank S. Wright for discussions, and S. 
Jeffrey and S. Blackburn for providing algae from the CSIRO Cul-
ture Collection of Micro-algae, and acknowledge financial support 
from the Australian Research Council. 

Literature cited 

Caldwell, M. M. (1981). Plant responses to solar ultraviolet radia-
tion. In: Lange, 0. L., Nobel, P. S., Osmond, C. B., Ziegler, H. 
(eds.) Encyclopedia of plant physiology. New series. Physiolog-
ical plant ecology. 1. Springer-Verlag, New York, p. 169-197 

Calkins, J., Thordardottir, T. (1980). The ecological significance of 
solar UV radiation on aquatic organisms. Nature, Lond. 283: 
563-566 

Carreto, J. I., Carignan, M. 0., Daleo, G., De Marco, S. G. (1990). 
Occurrence of mycosporine-like amino acids in the red-tide di-
noflagellate Alexandrium excavatum: UV-photoprotective com-
pounds? J. Plankton Res. 12: 909-921 

Davidson, A. T., Marchant, H. J. (1987). Binding of manganese by 
Antarctic Phaeocystis pouchetii and the role of bacteria in its 
release. Mar. Biol. 95: 481-487 

Davidson, A. T., Marchant, H. J. (1991). Protist interactions and 
carbon concentration during a Phaeocystis-dominated bloom at 
an Antarctic coastal site. (in preparation) 

Dunlap, W. C., Chalker, B. E., Oliver, J. K. (1986). Bathymetric 
adaptations of reef-building corals at Davies Reef, Great Barrier 
Reef, Australia. III. UV-B absorbing compounds. J. exp. mar. 
Biol. Ecol. 104: 239-248 

Dunlap, W. C., Williams, D. McB., Chalker, B. E., Banaszak, A. T. 
(1989). Biochemical photoadaptation in vision; U.V.-absorbing 
pigments in fish eye tissues. Comp. Biochem. Physiol. 93B: 601 - 
607 

Frederick, J. E., Snell, H. E. (1988). Ultraviolet radiation levels 
during the antarctic spring. Science, N.Y. 241: 438-440 

Fryxell, G. A., Kendrick, G. A. (1988). Austral spring microalgae 
across the Weddell Sea ice edge; spatial relationships found 
along a northward transect during AMERIEZ 83. Deep-Sea 
Res. 35: 1-20 

Garrison, D. L., Buck, K. R., Fryxell, G. A. (1987). Algal assem-
blages in the antarctic pack ice and in ice-edge plankton. J. 
Phycol. 23: 564-572 

Hardy, J., Gucinski, H. (1989). Stratospheric ozone depletion: im-
plications for marine ecosystems. Oceanography, Wash. 2: 18 - 
21 

Jacka, T. H. (1983). A computer data base for Antarctic sea ice 
extent. A.N.A.R.E. Res. Notes 13: 1-54 

Jerlov, N. G. (1950). Ultra-violet radiation in the sea. Nature, 
Lond. 166: 111-112 

Loeblich, A. R. III, Smith, V. E. (1968). Chloroplast pigments of the 
marine dinoflagellate Gymnodinium resplendens. Lipids 3: 3-15 

Lorenzen, C. J. (1967). Determination of chlorophyll a and 
phaeopigments: spectrophotometric equations. Limnol. 
Oceanogr. 12: 343-347 

Maske, H. (1984). Daylight ultraviolet radiation and the photoinhi-
bition of phytoplankton carbon uptake. J. Plankton Res. 6: 
351-357 

Roberts, L. (1989). Does the ozone hole threaten antarctic life? 
Science, N.Y. 244: 288-289 

Scherer, S., Chen, T. W, Boger, P. (1988). A new UV-A/B protect-
ing pigment in the terrestrial cyanobacterium Nostoc commune. 
Pl. Physiol. 88: 1055-1057 

Shibata, K. (1969). Pigments and UV-absorbing substance in corals 
and a blue-green alga living in the Great Barrier Reef. Pl. Cell 
Physiol., Kyoto 10: 325-335 

Sieburth, J. McN. (1960). Acrylic acid, an "antibiotic" principle in 
Phaeocystis blooms in Antarctic waters. Science, N.Y. 132: 676 - 
677 

Sivalingam, P. H., Ikawa, T., Yokohama, Y, Nisizawa, K. (1974). 
Distribution of 334 UV-absorbing-substances in the algae, with 
special regard of its possible physiological roles. Botanica mar. 
17: 23-29 

Smith, R. C., Baker, K. S. (1979). Penetration of UV-B and biolog-
ically effective dose-rates in natural waters. Photochem. Photo-
biol. 29: 311-323 

Smith, R. C., Baker, K. S. (1989). Stratospheric ozone, middle 
ultraviolet radiation and phytoplankton productivity. Oceanog-
raphy, Wash. 2: 4-10 

Smith, W. 0., Jr. (1987). Phytoplankton dynamics in marginal ice 
zones. Oceanogr. mar. Biol. A. Rev. 25: 11-38 

Verity, P. G., Villareal, T. A., Smayda, T. J. (1988). Ecological 
investigations of blooms of colonial Phaeocystis pouchetii - 
I. Abundance, biochemical composition, and metabolic rates. J. 
Plankton Res. 10: 219-248 

Vincent, W F. (1988). Microbial ecosystems of Antarctica. Cam-
bridge University Press, Cambridge 

Voytek, M. A. (1990). Addressing the biological effects of decreased 
ozone on the Antarctic environment. Ambio 19: 52-61 

Wood, W. F. (1989). Photoadaptive responses of the tropical red 
alga Eucheuma striatum Schmitz (Gigartinales) to ultra-violet 
radiation. Aquat. Bot. 33: 41-51 

Worrest, R. C. (1983). Impact of solar ultraviolet-B radiation (290 - 
320 nm) upon marine microalgae. Physiologia Pl. 58: 428-434 

Wright, S. W, Shearer, J. D. (1984). Rapid extraction and high 
performance liquid chromatography of chlorophylls and 
carotenoids from marine phytoplankton. J. Chromat. 294: 281 - 
296 

Yentsch, C. S., Yentsch, C. M. (1982). The attenuation of light by 
marine phytoplankton with special reference to the absorption 
of near-UV radiation. In: Calkins, J. (ed.) The role of solar 
ultraviolet radiation in marine ecosystems. Plenum, New York, 
p. 691-706 

Zar, J. H. (1984). Biostatistical analysis. 2nd ed. Prentice-Hall, New 
Jersey 



Progress in Phycological Research, Vol. 8 (FE. RoundlD J . Chapman, eds) 
Biopress bd., 1992 
	

1 

The biology and ecology of Phaeocystis 
(Prymnesiophyceae) 

ANDREW T. DAVIDSON and HARVEY J. MARCHANT 

Australian Antarctic Division, Channel Highway, 
Kingston, Tasmania 7050, Australia 

I. Introduction 	 2 
2. Taxonomy 	 3 
3. Cell structure and life cycle 	 5 

3.1 	P. scrobiculaia 	 5 
3.2 	P. pouchetii 	 6 

3.2.1 Flagellate cells 	 6 
3.2.2 Non-motile single cells 	 9 
3.2.3 Colonial cells 	 9 
3.2.4 Life cycle changes 	 11 

4. Distribution and abundance 	 13 
5. Grazing 	 16 

5.1 	Shellfish 	 16 
5.2 	Fish 	 17 
5.3 	Metazooplankton 	 17 
5.4 	Microheterotrophs 	 19 
5.5 	Fate of P. pouchetii blooms 	 19 

6. Physiology 	 20 
6.1 	Growth 	 20 
6.2 	Temperature 	 21 
6.3 	Nutrients 	 21 
6.4 	Light 	 25 
6.5 	Biochemical composition 	 26 
6.6 	Photosynthetic pigments 	 27 
6.7 	Extracolonial release 	 28 
6.8 	Dimethylsulfide production 	 29 
6.9 	Acrylic acid and antibiosis 	 30 
6.10 Sea foam 	 31 

7. Conclusions 	 32 
Acknowledgements 	 32 
References 	 33 



2 

1. INTRODUCTION 

Plzaeocystis is a marine phytoplanktonic genus in which two species are 
presently recognised, P. pouchetii (Hariot) Lagerheim and P. scrobiculata 
Moestrup. However, Jahnke and Baumann (1986) and Baumann and Jahnke 
(1986) separate P. globosa from P. pouchetii on the basis of colony 
morphology while Fryxell and Kendrick (1988) and Soumia (1988) indicate 
that the status of the species P. pouchetii is uncertain at present. Due to 
these taxonomic uncertainties we adopt the view of Parke et al. (1971) that 
the species is best referred to as Phaeocystis pouchetii "sensu lato" and in 
that way all references to P. pouchetii in this chapter are meant. P. pouchetii 
is apparently the most abundant and widespread species of Phaeocystis and 
the literature relating to this species is extensive. P. pouchetii has a world-
wide distribution. In high latitudes its blooms can attain very high 
concentrations of cells which dominate the phytoplankton over large areas 
(e.g. Savage 1930; Hart 1942; Lancelot 1983; Barnard et al. 1984; Chang 
1984; Fryxell and Kendrick 1988; Eilertsen 1989; Lutter et al. 1989; 
Davidson and Marchant 1992). Because of its abundance and the diversity 
of its extracellular products, P. pouchetii is one of the most important 
phytoplanktonic organisms in polar and subpolar seas (Lancelot et al. 1987; 
Davidson and Marchant 1992). So conspicuous are the blooms of P. 
pouchetii that the colloquial names "Tasman Bay slime" (Chang 1983), 
"baccy juice", "fishennans sign", "weedy water" and "stinking water" 
(Orton 1923; Savage 1930) have been coined to describe them. 

Progressive eutrophication of the Wadden Sea has led to this alga 
increasing in abundance and duration of its bloom to the extent that it has 
become a weed (Cadet and Hegeman 1974, 1979, 1986; Verity et al. 
1988b). Blooms of P. pouchetii are avoided by fish, clog commercial fishing 
nets (e.g. Savage 1930; Chang 1983), are of low nutritional value and appear 
detrimental to the growth and reproduction of shellfish and metazooplankton 
(e.g. Walne 1970; Pieters et al. 1980). They also contaminate the sea floor 
and high tide mark with mucilage (Grontved 1960), which becomes anoxic 
with bacterial activity. This results in avoidance by fish and causes 
widespread mortality amongst the benthic infauna and littoral invertebrates 
(Rogers and Lockwood 1990). Sea foam, derived from the dissolved organic 
carbon released during collapse of P. pouchetii blooms, forms massive foam 
deposits that accumulate on beaches of Northern Europe (e.g. Eberlein et al. 
1985; Lancelot et al. 1987) and smother appendicularians and nematodes 
(Armonies 1989). Blooms also release prodigious quantities of 
dimethylsulfide (DMS) which may contribute significantly to acid rain over 
Scandinavia (Pearce 1988). The economic ramifications of these blooms, 
coupled with their ecological significance, maintain this species as the focus 
of considerable research effort. 

P. pouchetii is an enigma with respect to its taxonomy, species 
succession, ecological roles, antibiosis and the fate of its blooms (Fryxell 
and Kendrick 1988; Verity et al. 1988b). To this should be added its life 
cycle and aspects of its physiology. Thus, despite the obvious impacts of  
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blooms of this alga (Lancelot eral. 1987; Davidson and Marchant 1992) and 
the wealth of research published about it, knowledge of its relationship with 
the biotic and abiotic environment remains relatively poor (VVeisse et al. 
1986). Therefore, a review of current knowledge concerning this alga 
appeared timely and useful. 

There are two main stages in its life history, a biflagellate motile stage 
and colonial form. With few exceptions, blooms of P. pouchetii are 
composed of colonial stage cells. This stage confers intriguing abilities to 
which P. pouchetii must owe much of its prevalence. Transition from the 
flagellate to the colonial phase results in each cell losing part of its 
autonomy (Verity et al. 1988b). Each colonial cell exudes large quantities of 
its photoassimilated carbon (e.g. Lancelot 1984a), the majority as 
mucopolysaccharides, which perform both a structural function by 
contribution to the colony matrix and a physiological role by acting as a 
carbon source in dark catabolism (Lancelot and Mathot 1985), a reservoir of 
phosphate (Veldhuis and Admiraal 1987) and a site of UV-B screening 
compounds (Marchant eral. 1991). Colony size and its low nutritional value 
result in decreased grazing pressure on this alga while its prolific release of 
compounds such as DMS (Andreae and Raemdonck 1983; Barnard et al. 
1984; Gibson et al. 1990) and acrylic acid (Sieburth 1960) may deter grazers 
(Estep et al. 1990) and hinder microbial decomposition (Sieburth 1960, 
1961; Davidson and Marchant 1987). 

2. TAXONOMY 

Taxonomic delimitation of P. pouchetii remains uncertain (Parke et al. 
1971; Sournia 1988) as the morphology and arrangement of cells within the 
colony are characters that are insufficiently stable for use in determining 
species. Taxonomic problems are exacerbated by the life cycle being 
polymorphic and the life history incompletely known (Fryxell and Kendrick 
1988; Soumia 1988). On the basis of differences in periplast scales and 
"stars" produced by its motile cells there is little doubt (see Sections 3.1 and 
3.2.1) that P. scrobiculata (Moestrup 1979) is a separate species. Whether 
the strains of P. pouchetii that have different growth habits in the colonial 
phase of the life cycle and exhibit different temperature tolerances are 
separate species or simply different strains remains to be ascertained. 

The first description of cells now known as Phaeocystis was made by 
Hariot in Pouchet (1892) as Tetraspora Poucheti sp. nov. Later, Lagerheim 
(1893) created the genus Phaeocystis then reclassified this alga as belonging 
to it (Lagerheim 1896). Nine species of Phaeocystis have been formally 
described but only two are currently regarded as sufficiently 
morphologically distinct to justify species status, namely Phaeocystis 
pouchetii (Hariot) Lagerheim and P. scrobiculata Moestrup. Reviews of the 
genus (Komrnann 1955; Bourrelly 1957; Kashkin 1963) resulted in 
Phaeocystis globosa Scherffel, P. sphaeroides Buttner, P. amoeboidea 
Buttner, P. giraudyi (Derb. et Sol.), P. antarctica Karsten and P. brucei 
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Mangin being relegated to synonymy with P. pouchetii s.l. because the 
nature and arrangement of cells within the colonies were not considered a 
criteria to justify their taxonomic separation. 

The organism described as Procytella primordialis (Haeckel 1890) may 
well be P. pouchetii, but if synonymy were ever established, it is 
recommended that this name be ignored in favour of Phaeocystis as "nomen 
conservandum" (Soumia 1988). The species name P. poucheti occasionally 
appears in the literature (e.g. Kornmann 1955; Guillard and Hellebust 1971); 
however the original Poucheti was amended to pouchetii to comply with the 
orthographic conventions of the International Code of Botanical 
Nomenclature (Voss 1983, cited in Sounna 1988). Reference to Phaeocystis 
antarctica Karsten as a blue green alga (Richardson and Whitaker 1979) is 
erroneous. Its colonies, described as growing extensively in sea ice off 
Signy Island, are likely to be of Phaeocystis pouchetii. The alga 
Corymbellus aureus Green is a colonial prymnesiophyte of similar cell size 
and gross morphology to P. pouchetii and it is possible that mis-
identification may have occurred (Fryxell and Kendrick 1988). The former, 
however, forms simple clusters of flagellate cells which are not bounded by 
a mucilaginous sheath (Green 1976). 

P. pouchetii is a cosmopolitan organism with occurrences reported from 
the tropics (Estep et al. 1984; Margalef 1978; Al-Hassan et al. 1990) to both 
northern and southern polar waters (e.g. El-Sayed et al. 1983; Barnard et al. 
1984). It has also recently been isolated by Hallegraeff and Blackburn (pers. 
comm.) from equatorial waters off Palau. P. pouchetii reportedly has 
thermally distinct strains (e.g. Kommann 1955; Kayser 1970; Grimm and 
Weisse 1985; Weisse et al. 1986; Marchant et al. 1991) and fills different 
ecological roles (e.g. Colijn 1983; Palmissano et al. 1986; Fryxcll and 
Kendrick 1988). 

Phaeocystis globosa has long been a contender both for separate species 
status and potential taxonomic precedence over P. pouchetii. The 
description of P. globosa by Scherffel (1899, 1900) is more detailed than the 
description of P. pouchetii by Hariot in Pouchet (1892). Sournia (1988) 
considers that Scherffel better describes both a prymnesiophyte and 
Phaeocystis than do Hariot or Lagerheim's (1896) diagnoses. However, 
despite P. globosa being a more complete description of the species, P. 
pouchetii takes taxonomic precedence and the former has fallen into disuse 
until recently. Studies by Rick and Aletsee (1989), Jahnke and Baumann 
(1986, 1987) and Baumann and Jahnke (1986) contend that differences in 
environmental optima and colonial morphology warrant the re-establishment 
of P. globosa as a separate species. The arguments presented for its re-
establishment do not, however, contain ultrastructural data on the flagellate 
stage, upon which the taxonomy of the species of Phaeocystis is based. 

Numerous studies of the genus Phaeocystis have concluded that colony 
morphology was an insufficient criterion on which to separate Phaeocystis 
species and that the globosa-type colony was one of several morphological 
varieties of P. pouchetii (Kommann 1955; Kashkin 1963; Parke and Dixon 

1968; Chang 1983). Further, the suggestion by Rick and Aletsee (1989) that 
the geographic separation of the colony morphotypes in the North Sea with 
P. pouchetii to the north and P. globosa to the south was refuted as early as 
1930 by Savage who found pouchetii-type Phaeocystis in the Southern 
Bight of the North Sea. This led Ostenfeld to rescind his claim made in 1910 
(cited in Savage 1930) that the species distributions were mutually 
exclusive. Analysis of the elemental composition and growth dependence of 
pouchetii-type and globosa-type Phaeocystis by Jahnke (1989) did little 
more than demonstrate already documented differences in thermal strain and 
physiology that result from inhabiting different environments. 
Consequently, we conclude that P. globosa represents one of the morpho-
logical forms of P. pouchetii s.l. This does not, however, preclude the use of 
these names as terms descriptive of the Phaeocystis morphotype under 
investigation. 

While it is unlikely that Phaeocystis pouchetii and P. globosa will 
become separate species, it is possible that P. pouchetii may eventually be 
found to comprise a number of species (Fryxell and Kendrick 1988; Soumia 
1988). It will require chemotaxonomy and more detailed life history and 
ultrastructural studies to ascertain whether or not this is the case. If P. 
pouchetii is found to be a single species it demonstrates truly remarkable 
morphological, ecological and physiological plasticity. In contrast, the 
related genus Chrysochromulina, which also has a global distribution, 
contains at least forty seven described species (Estep and Maclntyre 1989). 

3. CELL STRUCTURE AND LIFE CYCLE 

3.1 P. scrobiculata 

It is yet to be reported whether P. scrobiculata has a colonial stage and, 
if so, whether it is distinguishable from P. pouchetii. The only reports of this 
species are as preserved flagellates. These differ from P. pouchetii in the 
structure and arrangement of the periplast scales and the arrangement of its 
thread-like arrays or "stars". The stars of P. scrobiculata consist of thread-
like material with their proximal ends arranged into a nine-rayed figure (Fig. 
la). The cells are covered by two types of scales. The dimensions of the 
larger oval scales were reported by Moestrup (1979) as being 0.6 x 0.45 gm 
and the small circular-oval scales 0.21 um in diameter. Hallegraeff (1983) 
found these larger scales to be 0.41 x 0.3 tun and the smaller scales 0.1 ttm 
in diameter. The smaller scales, which have a dorsal patternless rim, 
occurred between, and probably more proximal to the cell than, the larger 
oval scales (Moestrup 1979). Both scale types bear ridges radiating from a 
plain centre on their ventral surface and an undecorated dorsal side 
(Moestrup 1979; Hallegraeff 1983). 
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3.2 P. pouchetii 

The life cycle of Phaeocystis has only been reported for P. pouchetii and 
this is only partly resolved. It is known to contain at least two different 
planktonic phases and may also include a benthic stage (Korrunann 1955; 
Kayser 1970; Verity et al. 1988b). Each of these phases is apparently 
capable of vegetative reproduction. However, differentiation of one phase 
from another remains largely unknown and surprisingly little ultrastructural 
work has been reported. In addition, no information is available concerning 
sexual reproduction of the species or the ploidy of the various cell stages. 

3.2.1 Flagellate cells 

Using isolates from the English Channel, Parke et al. (1971) provide the 
only detailed description of P. pouchetii motile cells. These have an anterior 
depression, two golden brown plastids, the thylalcoids of which are arranged 
in stacks of three with a girdle lamella. The two flagella are of equal length 
bearing hair points. Arising between the flagella but in a different plane 
from the flagella bases is a short, stiff, bulbous ended haptonema (Fig. 2a 
and b). Cells bear a periplast of two layers of organic scales. The scales of 
the outer layer are almost circular flat plates, 0.18 x 0.19 gm in size with a 
perpendicular, outwardly raised rim and usually exhibiting 48 ridges 
radiating from a rectangular plain centre on both surfaces. The scales of the 
inner layer are oval, 0.10 x 0.13 gm in size, with a strongly inflexed rim and 
30 ridges radiating from an oval plain centre on both surfaces. 

Flagellate cells of P. pouchetii produce threads arranged as a five armed 
"star" array. Each constituent thread is up to 20 tun long, tapering towards 
its tip. The proximal ends form a pentagon bounded by a membrane (Fig. 
lb). These stars remain something of an enigma and few reports shed light 
on their mode and rate of synthesis or their release from the cells, let alone 
their function. We have found in shadow cast preparations of Antarctic 
material that the threads are tubular in section and appear to consist of 
overlapping segments as well as single pieces (Fig. 1c). The flagellate cells 
reportedly possess at least two anterior, membrane bound discs which are 
circular to oval in shape and contain the threads (Parke et al. 1971; Picnaar 
1991). These discs may either become, or are released into, prominent 
vesicles which protrude from flagellate cells (Parke et al. 1971; Davidson 
unpubl.) as Davidson (1985) reports that threads were regularly arranged, 
closely appressed to the inside of the vesicle membrane. Once the vesicle 
ruptures the arrays are released from the cells giving the characteristic 
appearance of threads apparently coiled about the cell (Parke et al. 1971; 
Hallegraeff 1983) (Fig. 2b). The arrays presumably then separate and the 
arms straighten, adopting their characteristic configuration (Figs lb, 2a). 

Cellular structures of P. pouchetii including the pentagonal stars, scales 
and flagella exhibit very little variation over the organism's range (Booth et 
al. 1982; Buck and Garrison 1983; Hallegraeff 1983; Davidson 1985; 
Marchant and Nash 1986; Lancelot et al. 1987; Perrin et al. 1987). Reports  
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Fig.  I.  Electron micrograph of (a) Phaeorystis scrobieulata star (micrograph from C. 
Hallegraeff): (h) P. pouchetii star, and (c) detail of the star arms showing the presence or 
overlapping segments. Scale bars = 2 gm, 5(X) nm and 2(X) nm respectively. 



Fig. 2. Nomarski light micrographs of the flagellate stage of P. poucherii showing (a) 

flagella, haptonema and five-armed stars, and (h) cells surrounded by thread like star arms 

(scale bars = 5 pm). 

indicate variation in the length ()I star amis which may reach 50 pm (Ruck 
and Garrison 1983: Lancelot et al. 1987) to 1(X) t.mi (Fryxell 1989) and 
circular plate scales which reach 0.25 gm diameter (I lallegraeff 1983) but 
there is no compelling morphological evidence at this stage to suggest that 
Phaeocystis pouchetii is not a single species. 

Kommum (1955) suggested that the flagellates may be subdivided into 
time types, all of which are capable of vegetative multiplication, namely: 

I.  An asexual "swarmer" (between 4.5 to 8 gm diameter) 
2. A microzoospore (3 to 5 gm) 
3. A macmzoospore 
Doubt exists as to the validity of these as serparate stages. The 

macrozoospore is of unspecified size and uncertain significance in the life 
cycle.  Kommann (1955) provides the only record of this stage but claims 
that Schulte' (1899) also described a colony containing macroz(x)spores. 
Fssentially all recent investigations fail to distinguish between the remaining 
two flagellate stages of P. pouchetii on the basis of size. Flagellates 
reportedly range in size from 3 to 8 p.m (Kommann 1955; Parke et a/. 1971: 
Buck and Garrison 1983; Hallegraeff 1983; Fryxell 1989; Lancelot et at 
1987), the same as that reported by Verity etal. (1988b) for colonial cells. 
however, .Kommann (1955) proposed that this range in cell size contains 
the microzoosivre and "swarmer" cell stages which differ from each other 
in  size  alone as their function in the life cycle is indistinguishable. It remains 
unclear whether or not there is more than one motile stage in the life cycle 
of  P.  pouchetii. The observed variations could he due to environment. 
phenotypic variability or changing size during the cell cycle. 

3.2.2 Non-motile single cells 

In  addition to these flagellate cells. Konmiann (1955) and Kayser (1970) 
observed a solitary non-motile cell type. Kommann (1955) described the 
formation of this stage from flagellate cells which in turn formed colonies. 
In contrast, Kayser (1970) reported that this stage attaches to solid surfaces 
and releases new, free single cells and colonies into the water column. These 
non-motile single cells were proposed as being benthic or attached to motile 
particles in nature. Whether or not both authors refer to the same cell type is 
uncertain. 

3.2.3 Colonial cells 

It  is in the colonial form ("palmella"-stage) that Phaeocystis pouchetit 
blooms and is most conspicuous. Colonies may reach 2 cm in diameter 
(Gieskes and Kraay 1975; Verity et al. 1988a) and exhibit the physiological 
peculiarities for which the species is renowned. In spite of the widespread 
occurrence and ecological importance of the colonial stage, there is only one 
report of its ultrastructure (Chang 1984). Colonial cells lack body scales, 
haptonema and flagella and are embedded in a mucilaginous matrix (Fig. 3a, 
b, c and d). Chang (1984) proposes that chrysolarninariti vesicles, which he 



Fig. 3. Nomarski light micrograph of P. poucheiii colonies showing (a), (b), (c) and (d) a 
range of colony diameter sizes (scale bars = 5, 5, 20 and 50 tun respectively), (c) a section of 
an elongate colony in which cells arc differentiating into the flagellate stage (scale bar = 15 
p.m), and (f) part of a large senescent colony in which small colonies are being formed (scale 
bar = 30 tun).  

observed protruding through the plasmalemma, deposit a multi-layered 
mucilaginous envelope. Our observations of Antarctic colonial Phaeocystis 
have revealed no indication of multiple mucilaginous layers. Chang (1984) 
claims that in all other respects this stage is indistinguishable from the 
flagellate stage. 

The ultrastructural variability of the colonial stage over its range remains 
unknown but gross colony structure and arrangement of cells can be 
extremely variable. Colonies range in size from approximately 10 gm 
containing a single cell to 2 cm containing thousands of cells (Gieskes and 
Kraay 1975; Verity etal. 1988a) (Fig. 3a, b, c and d). The shape of colonies 
can vary greatly. Spherical (Fig. 3a, b, c and d), ovoid, elongate (Fig. 3e), 
lobed (Kommann 1955; Batje and Michaelis 1986), irregular flat discs 
(Kayser 1970) or dense aggregated mats (Chang 1983; Nichols et al. 1991) 
have been reported. Similarly, the distribution of cells within colonies can 
be the random (globosa -type) (Fig. 3a, b, c and d), clumped (pouchetii - typc) 
or aggregated at one pole (Davidson unpubl.). Emigration of cells results in 
"ghost" colonies, bereft of cells (Verity etal. 1988b). 

The cells of the colonial stage secrete 5-80% of their photoassimilated 
carbon (e.g. Guillard and Hellebust 1971; Gieskes and Bennekom 1973; 
Colijn 1983; Lancelot 1983; Laanbrock et al. 1985; Veldhuis et al. 1986a), 
much of which is devoted to matrix formation (Lancelot and Mathot 1987). 
The rewards for this metabolic expense of colony formation arc apparently 
considerable. The colony creates its own microcnvironment in which it can 
manipulate trace metal concentrations (Lubbers et al. 1990), protect against 
bacterial attack (Davidson and Marchant 1987), store photosynthate for 
catabolism in the dark (Lancelot and Mathot 1985) and retain UV-13 
absorbing compounds which shield the cells from damaging wavelengths 
(Marchant et al. 1991). Furthermore, the colony tends to function as a 
biological entity rather than a passive aggregation of cells (Lancelot and 
Mathot 1985; Veldhuis and Admiraal 1985; Lancelot et al. 1986; Veldhuis 
et  al.  1986a). Verity etal. (1988a) showed that the colonies had endogenous 
regulation of formation, growth, senescence (Fig. 30 but more importantly 
were capable of cleavage to produce smaller daughter colonies. Such 
sophisticated organization of the colony is reminiscent of the green algal 
order Volvocales (Verity etal. 1998a). 

3.2.4 Life cycle changes 

Differentiation of cell stage by P. pouchetii in culture is not entirely 
predictable. Flagellate cells may persist indefinitely by vegetative 
reproduction, can be released by colonies (Fig. 3c) and the "swimmers" may 
reform colonies (Kommann 1955; Kayser 1970; Parke et al. 1971; Verity et 
al. 1988b; Fryxcll 1989) (Fig. 4). However, the regulation of differentiation 
is poorly understood. Colonial cells that experience a rapid decrease in 
temperature or chronic nutrient deprivation change to the flagellate cell 
stage and exit the colony (Verity etal. 1988b). Once initiated this process is 
irreversible. This exodus probably accounts for the high numbers of 
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Fig. 4. Current known stages and relationships between stages in the life cycle of P. 
pouchetii (after Veldhuis 1987). 

flagellates observed following the decline of colonial blooms (Veldhuis et 
al. 1986b; Davidson and Marchant 1992) and may help explain the apparent 
sudden disappearance of P. pouchetii blooms (Orton 1923; Admiraal and 
Venekamp 1986). Similar to colonial cultures (see Section 3.1), colonial 
blooms in the field reportedly release "swarmers" (Jones and Haq 1963) or 
microzoospores (Veldhuis et al. 1986b, Verity et al. 1988b). Non-motile 
unicells may also contribute to the formation of new colonies (Chang 1983). 
The change from the flagellate to colonial stage may also be stimulated by 
exudates from diatoms (Boalch 1984). Eutrophication (Guillard and 
Hellebust 1971) or high phosphate concentration alone (Veldhuis and 
Admiraal 1987) can also induce the dominance of flagellates in culture. The 
phosphate induced differentiation of colonial cells to flagellates can be 
inhibited by simultaneous addition of soil extract (Veldhuis and Admiraal 
1987). However, the identity of the constituentis of soil extract that 
influence differentiation are unknown. 

The over-wintering strategy of P. pouchetii is unclear. Only its flagellate 
stage is commonly observed to persist in the phytoplankton throughout the 
year (Parke et al. 1971; Boalch 1987). Their hardiness led Kommann 
(1955), NOst-Hegseth (1982), Boalch (1984), Veldhuis et al. (1986b) and 
Verity et al. (1988b) to propose that the flagellate represents a spore-like 
stage, a refuge from conditions stressful or lethal to the colonial stage. In 
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contrast, this stage is capable of rapid vegetative reproduction (Korrunann 
1955; Kayser 1970), Verity et al. 1988b), occasionally comprising the 
majority of the P. pouchetii bloom (Morris 1971), and by returning to the 
colonial stage, may contribute to the colonial blooms (Kommann 1955; 
Jones and Hag 1963; Cad& and Hegemann 1986; Tande and Bamstedt 
1987; Veldhuis and Admiraal 1987; Eilertsen 1989; Fryxell 1989; Davidson 
and Marchant 1992). Such behaviour better befits description as escape from 
the confines of colonial metabolism to a proliferation and dispersal phase 
rather than a "spore" or "refuge". Jones and Haq (1963), Kayser (1970) and 
Verity etal. (1988b) suggest that, alternatively, the flagellate may be part of 
more complex life cycle changes that result in the development of resistant 
spores. The attached solitary cell stage has also been proposed as an over-
wintering form of P. pouchetii (Kayser 1970; Sieburth 1979), a life cycle 
strategy that would, according to Sieburth (1979), restrict this alga to 
inshore or coastal waters. 

4. DISTRIBUTION AND ABUNDANCE 

Phaeocystis scrobiculata has been reported off New Zealand where it 
was first described (Mocstrup 1979), in the East Australian Current 
(llallegraeff 1983) and from the equatorial Atlantic (Estcp et al. 1984) (Fig. 
5). The infrequency of reported occurrences of this species may reflect a 
limited geographic range, low abundance, or problems of distinguishing it 
from P. pouchetii. 

Phaeocystis pouchetii is a minor component of the phytoplankton in 
warm temperate and tropical waters (Fig. 5). Guillard and Hcllebust (1971) 
found that a tropical isolate of this alga from waters off Surinam grew 
rapidly in culture and noted, in the light of this finding, that the relative 
absence of P. pouchetii in warm neritic waters was unexpected. Al-Hassan 
etal. (1990) subsequently reported a bloom of P. pouchetii in Kuwait Bay in 
the Arabian Gulf, demonstrating that blooms of the species are not excluded 
from tropical waters. Interestingly, Al-Hassan et al. (1990) concluded that 
such near-surface summer blooms of P. pouchetii were probably due to 
nutrient enrichment by industries and sewage. Thus, in the absence of 
nutrient enrichment by human activity (Al-Hassan et al. 1990) or upwelling 
(Margalef 1978), oligotrophic tropical waters may not be an environment 
conducive to the development of its blooms. Observations of the species by 
Al-Hassan et al. (1990), Estcp et al. (1984), Atkinson et al. (1978), 
Margalef (1978), Hallegracff (1983), and Hallegraeff and Blackburn (pers. 
comm.) have exended the range of this species in the tropics beyond that 
reported in Kashkin (1963). 

P. pouchetii is most abundant throughout the cool temperate, sub-polar 
and polar waters in both the northern and southern hemispheres (e.g. Savage 
1930; Lucas 1940; Hart 1942; Jones and Haq 1963; Kashkin 1963; Iverson 
et al. 1979; Eilertsen et al. 1981; Wilier and Dawson 1982; Booth et al. 
1982; Chang 1983; Bodungen et al. 1986; Garrison et al. 1987; Fryxell and 
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(Rogers and Lockwood 1990). Legendre (1990) proposed that avoidance of 
P. pouchetii by grazers (sec Section 5) contributes to the widespread high 
concentrations of this species. 

Continuous plankton records from the North Sea indicate that the 
abundance of P. pouchetii has changed significantly between 1946 and 1987 
(Reid 1975; Owens et al. 1989). In the northeast Atlantic Ocean and North 
Sea, the abundance of P. pouchetii has declined considerably from their 
maximum in the late 1940's and autumnal and winter occurrences, which 
were frequent before the mid 1950's, have largely vanished. Bennekom et al. 
(1975) and Gieskes and Kraay (1975, 1977) also report a decline in P. 
pouchetii abundance between the 1950's and 1970's. Since 1980, though, the 
occurrence of P. pouchetii has apparently increased again. Owens et al. 
(1989) also observed a three yearly cycle in P. pouchetii abundance that was 
due to large scale physical changes which impacted the entire phytoplankton 
and zooplankton communities. In contrast, P. pouchetii abundance in 
northern European coastal waters, particuarly in the region of the Wadden 
Sea, appears to have increased (e.g. Bcnnekom et al. 1975; Cadee 1986; 
Cadee and Hegeman 1986; Lancelot et al. 1987). It appears that 
anthropogenic nutrient enrichment of stratified coastal waters off northern 
Europe (e.g. Foster et al. 1983; Lancelot et al. 1987) is causing P. pouchetii 
blooms to attain higher numbers and persist longer (Cadde and Hegeman 
1986; Lancelot et al. 1987; Cad& 1991). In high latitudes, similar to 
occurrences in enriched waters, P. pouchetii attains very high numbers and 
numerically dominates the phytoplankton for most of the growing season 
(Eilensen etal. 1981; Davidson and Marchant 1992). 

P. pouchetii is most abundant in spring but also occasionally appears in 
lesser numbers in autumn (Savage 1930, 1932; Jones and Haq 1963; Cad& 
and Hegeman 1986; Owens etal. 1989). In contrast, Eilensen et al. (1981) 
reported a remarkable year-round occurrence of this species in Balsfjord, 
spanning a temperature range of 1-7°C while Verity et al. (1988a) also 
reported a winter bloom off Rhode Island. Savage (1930) mentions the 
occurrence of winter blooms in the North Sea. More recently, however, P. 
pouchetii colonies have reappeared as a feature of the winter phytoplankton 
in the Wadden Sea (Cade and Hegcman 1986). This may again reflect the 
eutrophication of these waters. The seasonal span encompassed by this 
species again underlines its environmental plasticity. 

Blooms of P. pouchetii are frequently reported to occur close to the 
surface (e.g. Margalef 1978; Eilertsen etal. 1981; Palmissano and Sullivan 
1985; Bodungen et al. 1986; Fryxell and Kendrick 1988; Colijn et al. 1990) 
and many of its physiological adaptations point to it being well suited to a 
high light climate (see Section 6.4). In marked contrast, El-Sayed et al. 
(1983) found P. pouchetii from the surface to 150 m depth adjacent to the 
Ross Ice Shelf, Antarctica. Here 25% of the total primary production in the 
water column occurred below the depths of 1% light penetration. In 
addition, Palmissano et al. (1986) found this alga could adapt to as little as 
16 p.Em -2s -1  light when advccted beneath sea ice. Thus, although 

Fig. 5. The global distribution of P. poucheiii and P. scrobiculata. Regions of frequent P. 
pouchetii occurrence are denoted by stippling, single records of P. poucheiii by circles and 
occurrences of P. scrobiculata by squares. 

Kendrick 1988; Verity et al. 1988a; Holm-Hansen et al. 1989) (Fig. 5). Its 
blooms frequently dominate the phytoplankton (e.g. Joint and Pomeroy 
1971; Buck and Garrison 1983) where it is reported by various authors as 
contributing 40-83% of the total phytoplankton numerical abundance during 
the productive period (Eilertsen et al. 1981; Nost-Hegseth 1982), in excess 
of 90% of the total phytoplankton cell number at peak (Joins et al. 1982; 
Lancelot 1984b; Lancelot et al. 1986; Veldhuis et al. 1986b), and 65% of 
the annual primary production (Joiris et al. 1982). In polar waters it is often 
the first species to bloom (e.g. Hart 1942; Lutter et al. 1989; Davidson and 
Marchant 1992) and frequently dominates the algal community within the 
sea ice (e.g. Fryxell et al. 1984; Garrison et al. 1987; Garrison and Buck 
1989) from where it may seed the water column (Fryxell et al. 1984; Fryxell 
and Kendrick 1988; Garrison and Buck 1989) to dominate the ice-edge 
blooms (e.g. Buck and Garrison 1983; Garrison et al. 1987; SooHoo et al. 
1987). The flagellate stage of P. pouchetii is also a major contributor to the 
ice edge and open water phytoplankton community during the austral winter 
(Ashworth et al. 1990). 

In temperate waters the bloom of P. pouchetii occurs after that of 
diatoms (e.g. Jones and Haq 1963; Gieskes and Kraay 1975; Cadee and 
Hegeman 1979; Colijn 1983; Cad& 1982; Boalch 1984; Weisse et al. 1986; 
Veldhuis et a/. 1986b; Lancelot et al. 1987). Here it has received much 
attention from waters of the North Sea where its conspicuous blooms have 
been known since last century (Pouchet 1892, Scherffel 1899. 1900; Gran 
1902; Wulf 1934; Lucas 1940; Kiinne 1952; Kommann 1955; Ebcrlein et al. 
1985; Owens et al. 1989; Riegman et al. 1990). These blooms may turn the 
sea oily, brown and smelly over areas more than 170 km across (Savage 
1932) but are usually shortlived, collapsing a few days after their peak 
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characteristically recorded as a species that forms near-surface blooms, P. 
pouchetii is not restricted to these depths. 

5. GRAZING 

In northern European waters P. pouchetii blooms may contribute up to 
99% of the total phytoplankton cell number (Lancelot 1984b) and 65% of 
the annual primary production (Joins a al. 1982). Reports from polar and 
subpolar waters indicate it plays a similarly important role (e.g. Bolter and 
Dawson 1982; El-Sayed et al. 1983; Bodungen a al. 1986; Palmissano a al. 
1986; Fryxell and Kendrick 1988; Davidson and Marchant 1992). Such a 
major source of carbon is of considerable significance to higher trophic 
levels but evidence of the trophic fate of P. pouchetii appears contradictory. 
P. pouchetii is variously reported to be of low nutritional value (Sargent et 
al. 1985; Al-Hassan et al. 1990; Claustre et al. 1990; Nichols a al. 1991), 
incapable of supporting copepod growth and reproduction (Walnc 1970; 
Gabbot and Walker 1971; Verity and Smayda 1989), avoided by 
invertebrates and fish (Orton 1923; Savage 1930, 1932; Bradstock and 
MacKenzie 1981; Martens 1981; Chang 1983; Schnack 1983; AinIcy eral. 
1986; Verity and Smayda 1989; Hansen et al. 1990; Rogers and Lockwood 
1990), inefficiently grazed (Dagg et al. 1982; Dam 1985; Verity and 
Smayda 1989; Hansen et al. 1990) or incapable of being grazed (Picters et 
al. 1980). In contrast, it is also reported that P. pouchetii is grazed by 
protozoa (Admiraal and Venekamp 1986; Weisse and Scheffel-Mdser 1990; 
Davidson and Marchant 1992) and metazooplankton (Lebour 1922; Nicholls 
1935; Sieburth 1960; Marr 1962; Jones and Haq 1963; Fretter and 
Montgomery 1968; Schnack 1983; Weisse 1983; Marchant and Nash 1986; 
Huntley et al. 1987; Tande and Bamstedt 1987; Sargent and Falk-Petersen 
1989; Wcisse and Scheffel-Moser 1990), that its blooms are not avoided 
(Jones and Haq 1963; Fryxell et al. 1984; Weisse et al. 1986) and may 
provide a substantial proportion of the carbon necessary to support 
heterotrophic production (Luttcr etal. 1989). 

5.1 	Shellfish 

Feeding studies have shown that few grazers are incapable of ingesting 
P. pouchetii. Pieters et al. (1980) reported that the feeding apparatus of 
Mytilus edulis became clogged with colony mucilage and that this probably 
resulted in starvation. P. pouchetii was also found to be a poor food for adult 
oysters (Gabbot and Walter 1971) and resulted in reduced bivalve spawning 
success (Walne 1970; Pieters et al. 1980). This suggests that the ciliary 
feeding mode of the bivalves is poorly suited to the ingestion of 
mucilaginous material. Blooms of this alga did not, however, reportedly 
cause adult bivalve mortality in British or New Zealand waters (Gabbott and 
Walker 1971; Pieters et al. 1980; Bradstock and MacKenzie 1981)  

indicating that normal feeding could resume after the P. pouchetii bloom 
receded. 

5.2 	Fish 

P. pouchetii blooms, though reportedly not directly toxic to fish (Parke et 
al. 1971), are also avoided by them (Orton 1923; Savage 1930, 1932; 
Bradstock and MacKenzie 1981; Chang 1983; Rogers and Lockwood 1990). 
Savage (1932) refers to the slimy and probably unpalatable character of its 
blooms. Rogers and Lockwood (1990) proposed that the sea floor becomes 
covered with an anoxic layer of senescent P. pouchetii. This was avoided by 
juvenile flatfish and caused widespread mortality amongst benthic infauna 
and littoral invertebrates. No other authors have ventured reasons for the 
observed avoidance. 

5.3 Metazooplankton 

While euphausiids, copepods, cladoccrans and meroplanIctonic larvae 
have been shown to graze P. pouchetii (Lcbour 1922; Nicholls 1935; Jones 
and Haq 1963; Fretter and Montgomery 1968), the extent of their grazing 
provides a less coherent picture than those so far discussed. Blooms of this 
species are often massive but shortlivcd. The reproductive response time of 
metazoa, particularly at low temperatures, renders it highly improbable that 
such grazers as copepods could optimally utilize such a temporally transient 
substrate (Verity and Smayda 1989). Further, Weissc etal. (1986) state that 
the coincidence of P. pouchetii blooms with an absence of copepods 
observed by Martens (1980, 1981) was not a causal one but instead reflects 
development of their populations in time. This may also explain the 
declining copepod numbers observed by Smayda (1973) during a P. 
pouchetii bloom. 

A recurrent result of P. pouchetii grazing studies is that it is a suboptimal 
substrate. Biochemical analyses have shown that, in comparison with other 
phytoplankton, especially diatoms, P. pouchetii contains low concentrations 
of polyunsaturated fatty acids, neutral lipids, essential fatty acids and 
vitamin C (Sargent et al. 1985; Claustrc et al. 1990; Priscu et al. 1990; 
Nichols et al. 1991). This may partly explain reports of poor growth and 
reproduction in shellfish (Wain 1970; Gabbott and Walker 1971; Pictcrs et 
al. 1980) and copepods (Rijswijk et al. 1989; Verity and Smayda 1989). In 
addition, the release of organic substances by P. pouchetii, particularly DMS 
(Barnard et al. 1984; Gibson et al. 1990), acrylic acid (Sciburth 1960; 
Guillard and Hellebust 1971) and large quantities of carbohydrate (Guillard 
and Hellebust 1971; Lancelot 1983), may deter organisms from grazing it 
(Verity and Smayda 1989; Rogers and Lockwood 1990) or occupying the 
same watcrmass (Smayda 1973; Martens 1980, 1981). Verity and Smayda 
(1989), refute this proposition on the basis that if colonies are ingested by 
some large suspension feeding copepods they cannot be chemically 
undesirable to these species and may not be to any species. Recently, 
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however, Estep et al. (1990) found in field studies that predation on P. 
pouchetii colonies by three copepod species was dependant upon the 
physiological state of the alga. Calanus finmarchicus, C. glacialis and C. 
hyperboreus avoided actively photosynthetic P. pouchetii colonies but 
ingested senescent ones. Estep et al. (1990) also attributed this avoidance to 
the release of chemical deterrents by actively growing P. pouchetii, possibly 
acrylic acid or DMS. These results are at variance with those of Tande and 
Bamstedt (1987) and Hansen et a/. (1990) who found the same copepod 
species actively grazing freshly cultured P. pouchetii. 

As discussed earlier (see Section 3.2.1), flagellate P. pouchetii are 3 to 
8 gm in diameter (Komrnann 1955; Kayser 1970; Parke et al. 1971). The 
nutritional value of the flagellates is equivalent to Chaetoceros for Calanus 
spp. (Tande and 13Amstedt 1987). Nichols et al. (1991) showed that the 
flagellate had a higher lipid and fatty acid content than the colonial stage, 
making it a better source of nutrition. The size of the colonial stage ranges 
from little larger than the flagellate to 2 cm in diameter. Thus alternation by 
P. pouchetii from the colonial to flagellate stage allows changes in size of 
over three orders of magnitude (Parke etal. 1971; Gieskes and Kraay 1975; 
Verity et al. 1988a). This would have profound effects on the capacity of 
zooplankton to graze its blooms and the efficiency with which they are 
grazed, potentially making this alga relatively unavailable to mctazoo-
plankton (Reynolds et al. 1982; Verity et al. 1988b). Schnack (1983) and 
Miller and Hampton (1989) reported that omnivorous copepods and those 
with a "mixed and raptorial feeding mode" grazed P. pouchetii in Antarctic 
waters while filter feeders did not. In spite of the ability of krill to graze this 
alga, it appears that diatoms make up most of the diet of krill in Antarctic 
waters (Meyer and El-Sayed 1983; Miller and Hampton 1989). Raptorial 
grazing by copepods on P. pouchetii was reported by Weisse (1983) who 
found that colonies between 50 and 350 gm diameter were preferred. 
Calanus finmarchicus grazed P. pouchetii colonies from 30 to 100 p.m 
diameter at the same rate as diatoms and tended to ignore large colonies 
(Hansen et al. 1990). They also found that animals at later developmental 
stages preferred the larger food particles. Large suspension feeding 
copepods also appear capable of grazing P. pouchetii (Huntley et al. 1987; 
Tande and Bamstedt 1987) while Miller and Hampton (1989) suggest that 
this alga is avoided by most small metazooplankton. 

Calanus finmarchicus and C. hyperboreus can both grow on a diet of P. 
pouchetii (Tande and 13Amstedt 1987) as can Acartia clausi and Temora 
longicornis (Weisse 1983). However, Verity and Smayda (1989) found that 
grazing rates of Acartia hudsonica and A. tonsa on P. pouchetii flagellate 
cells and colonies were very low and that egg production was related to the 
concentration of diatoms alone. When offered only P. pouchetii, egg 
production of the copepods fell to the level of the starved controls. In a field 
study Claustre et al. (1990) found that, although P. pouchetii comprised 
97% of the algal biomass, the diatoms comprised some 74% of the copepod 
diet. 

Zooplankton are limited in the extent and rate of their grazing by feeding 
behaviour and the structure and geometry of their feeding apparatus. These 
change with the developmental stage of a grazer and determine significantly 
the particle size available to it. This structural limitation of particle size 
available to a grazer is of particular importance when considering P. 
pouchetii because of the enormous potential range in size of this alga. 
Particle size may also be of greater importance than the gelatinous nature of 
the colonies and the potential unpalatability of this exudate in determining 
copepod grazing rate on P. pouchetii (Schnack 1983) but clogging of 
feeding appendages has been cited as a major limiting factor (Martens 1981; 
Schnack 1983). 

5.4 Microheterotrophs 

Microheterotrophs appear capable of grazing P. pouchetii (Hollowday 
1949; Fryxcll etal. 1984; Admiraal and Venekamp 1986; Lutter etal. 1989; 
Wassmann et al. 1990; Weissc and Scheffel-MOser 1990; Davidson and 
Marchant 1992). Ciliates, hetcrotrophic dinoflagellates and choano-
flagellates are well suited to rapid population increase in response to the 
spectacularly rapid development of P. pouchetii blooms and Admiraal and 
Venekamp (1986) suggested that tintinnid grazing was sufficient to limit the 
duration of its bloom. Although rate of grazing on P. pouchetii colonies 
themselves may be low, "the microbial loop" may form an important link 
with higher trophic levels (Davidson and Marchant 1992). 

5.5 The fate of P. pouchetii blooms 

Selective avoidance of P. pouchetii by grazers may contribute to the 
development of its blooms (Verity and Smayda 1989); indeed, exceptional 
blooms often involve species such as P. pouchetii and Gyrodinium 
aureolum which are avoided by grazers (Holligan 1987; Paerl 1988). 
Claustrc et al. (1990) found only 1.5% of the biomass of a P. pouchetii 
bloom was grazed by copepods, the remainder apparently being lost to the 
pelagic food web. The unique physiology of P. pouchetii and growth of this 
alga relatively unconstrained by grazing mortality results in massive 
accumulations of organic carbon and nitrogen (Bolter and Dawson 1982; 
Davidson and Marchant 1992) which sediment within the euphotic zone to 
give the highest POC and PON sedimentation rates ever recorded 
(Wassmann et al. 1990). However, its blooms apparently contribute little to 
direct carbon flux to the deep ocean as much of the carbon fixed by this alga 
is respired by microhetcrotrophs and bacteria in the upper 100 m 
(Wassmann et al. 1990; Davidson and Marchant 1992). Avoidance of P. 
pouchetii by grazing zooplankton would mean that this alga also contributes 
little to vertical carbon flux as faeces and moulted exoskeletons (Marchant 
and Davidson 1991). Thus, despite accounting for a significant proportion of 
the primary production in the higher latitudes, this alga apparently does little 
to ameliorate the accumulation of atmospheric CO2. 
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6. PHYSIOLOGY 

Phaeocystis pouchetii possesses a peculiar physiology (Lancelot et al. 
1987) and it is in the colonial stage that these peculiarities are exhibited, 
enabling it to outcompete other algae. Despite the importance and ubiquity 
of P. pouchetii, its physiology, growth and metabolism are not well 
understood. 

6.1 Growth 

The factors that determine the growth rate of P. pouchetii are the subject 
of some conjecture. It has been found to depend on inorganic nutrient 
availability, irradiance, and/or temperature (Batje and Michaelis 1986; 
Weisse et al. 1986; Lancelot and Mathot 1987; Verity et al. 1988a). 
Lancelot and Mathot (1987) found that photosynthetic rate, mucilage 
production, and thus to some extent increase in colony diameter, are 
independent of both ambient nutrient concentration and temperature. 
However, Verity et al. (1988a) indicated that irradiance and nitrate 
concentration appear to be the two major determinants of growth and photo-
synthetic rates in P. pouchetii. 

In the only report describing the genesis of a P. pouchetii bloom, Batje 
and Michaelis (1986) found isolated patches of red-brown discolouration 
which increase in diameter and spread over the entire area. Thus, both the 
cells necessary as a seed source for the bloom and the conditions conducive 
to their proliferation occur simultaneously and independently over a 
considerable area. This gives rise to patches of P. pouchetii which coalesce 
during development of the bloom. Its outbursts have been attributed to 
various physical and biotic factors (see Sections 6.3, 6.4); however, the 
factor/s initiating blooms are unclear (Cad& and Hegemann 1986; Wcisse et 
al. 1986; Lancelot et al. 1987). 

Weisse et al. (1986) reported that P. pouchetii blooms occur between the 
spring diatom bloom and the development of the summer phytoplankton 
assemblage in temperate latitudes. They concluded that P. pouchetii does 
not replace other species but instead provides extra production to the 
system. This is not true of polar waters where Phaeocystis commonly 
precedes the diatom bloom (Gran 1929, 1930; Smayda 1980; Davidson and 
Marchant 1992) and seems only partially sustainable in temperate latitudes 
where Phaeocystis is commonly observed to have an antagonistic effect on 
co-occurring phytoplankton. Proliferation of P. pouchetii inhibits the 
development of populations of other phytoplankton groups (Lucas 1940; 
Jones and Haq 1963; Smayda 1973; Barnard et al. 1984; Admiraal and 
Venekamp 1986; Batje and Michaelis 1986; Veldhuis et al. 1986b; Weisse 
et al. 1986; Davidson and Marchant 1992). Thus, it is equally possible that 
the bloom of P. pouchetii interrupts or terminates the diatom bloom. 
Possible reasons for this limitation of other algae include preferential 
grazing by copepods on diatoms (e.g. Verity and Smayda 1989; Claustre et 
al. 1990), the ability of P. pouchetii to outcompete other phytoplankton for 

macronutricnts (Laandbrock et al. 1985), silicate depletion by diatoms 
(Verity et al. 1988a) and accumulation of trace metals by P. pouchetii 
(Davidson and Marchant 1987; Lubbers et al. 1990). These are discussed in 
more detail in Section 6.3. 

6.2 Temperature 

Phaeocystis pouchetii grows in a wide variety of environments. Kashkin 
(1963) characterized this species as .eurythermal and reports indicate that P. 
pouchetii isolated from different thermal environments have different 
temperature tolerances (Table 1). Growth rates presented are merely 
indicative as they are not maximum growth rates; these also vary between 
strains. Thus, P. pouchetii has developed many thermally distinct strains. It 
is thus able to occupy marine environments ranging from polar waters at 
-2°C (e.g. Davidson and Marchant 1992) to equatorial water with 
temperatures in excess of 36°C (Al - Hassan et al. 1990). No absolute 

3 temperature can be proposed for bloom initiation throughout its range (Jones 
and Haq 1963; Wcisse et al. 1986). It also appears that no one temperature 
initiates P. pouclietii blooms at a single site (Cad& and Hegeman 1986; 
Wcisse et al. 1986). Strains of differing thermal tolerance would be 
expected to respond differently to temperature change. It may be the rate or 
magnitude of the change in temperature that elicits a physiological response 
from the alga (Verity et al. 1988a). 

Table I. The temperature tolerance and growth rates of different strains of P. 
pouchetii isolated from tropical, temperate and polar waters. 

Temperature at 
which growth rate 
calculated (°C) 

Temperature range 
of growth (°C) 

Growth rate 
(Doublings/DaY) 

Author 

2-6 2-12 0.16-0.8 Verity el al. I988a 
3-6 Not given 0.4-1.1 Nost-Hcgseth 1982 
4 Not given 0.22 Marchant et al. 1991 
6 0.8-1.3 Guillard and Hellebust 

1971 
15 Not given Kayser 1970 
15 7-20 3.4 Grimm and Weisse 

1985 
:14  20 17.27 1.5-2.0 Guillard and Hellcbust 

1 1971 

3 6.3 Nutrients 

The concentrations of nitrate (Bougard 1979; Eilertscn and Taascn 1984; 
B5tje and Michaelis 1986; Rcigman et al. 1990) or phosphate (Jones and 
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Haq 1963; Bcnnekom et al. 1975; Gieskes and Kraay 1975; Veldhuis et al. 
1986b) have been suggested as significant determinants of the timing, extent 
and duration of the P. pouchetii bloom. This alga is reportedly tolerant of 
low concentrations of phosphate (Weisse et al. 1986) which may be due to 
its ability to store phosphate (Veldhuis and Admiraal 1987) and nitrogen 
(Verity et a/. 1988a) in the colonial stage. Dissimilar to the flagellate stage, 
uptake of phosphate by colonial cells is maintained in the dark and the 
energy requirements for this dark assimilation are met by catabolism of 
intracolonial carbon (see Section 6.5) (Veldhuis et al. 1991). P. pouchetii 
also appears adept at growing under conditions of low nitrate concentration 
(Verity et al. 1988a). While providing both a store of nutrient and carbon 
substrate the mucilaginous envelope of the colony does not greatly impede , 
nutrient uptake rates (Veldhuis et al. 1987; Veldhuis et al. 1991). Jahnke 
(1989) contends that P. pouchetii has a relatively poor capacity to store 
phosphate and indicates that it would not provide a competitive advantage 
over diatoms. However, the nutrient uptake dynamics reported by Veldhuis 
et al. (1991) may provide an advantage over organisms limited to nutrient 
assimilation during exposure to light. In contrast, the proposed tolerance of 
low macronutricnt concentration does not explain the almost exclusive 
occurrence of flagellate P. pouchetii in oligotrophic waters (Estcp et al. 
1984) and nutrient enrichment resulting in the appearance of the colonial 
stage in tropical waters (Al-Hassan et al. 1990). 

The observed capacity of P. pouchetii to thrive at low macronutrient 
concentration (Jones and Haq 1963; Bougard 1979; Eilertsen and Taascn 
1984) appears advantageous to the species in temperate latitudes where its 
blooms occur after the diatom bloom (e.g. Eberlein et al. 1985; Baje and 
Michaelis 1986; Veldhuis et al. 1986b; Weisse et al. 1986; Veldhuis et al. 
1988). Apparently, nitrate in particular remains in the water column 
following the diatom bloom (Batje and Michaelis 1986; Weisse et al. 1986) 
and this nutrient may well determine the magnitude of the P. pouchetii 
bloom (Bougard 1979; Eilertsen and Taascn 1984; Lancelot et al. 1986; 
Verity et al. 1988a; Colijn et al. 1990). Data from El-Saycd et al. (1983) 
indicate that P. pouchetii blooms result in significantly greater depletion of 
nitrate than other phytoplankton species. Most authors (Jones and Haq 1963; 
Bennekom etal. 1975; Gieskes and Kraay 1975; Cade and Hcgcman 1986; 
Wcisse et al. 1986; Veldhuis et al. 1986b; Veldhuis 1987) agree that 
phosphate depletion eventually limits the P. pouchetii bloom, others 
(Lancelot 1983, 1984b; Lancelot and Billen 1984; Lancelot and Mathot 
1985), however, reported nitrogen as being the limiting nutrient. 

In contrast to diatoms, P. pouchetii has no nutritional requirement for 
silicate (e.g. Codispoti etal. 1990; Stefansson and Olafsson 1990). This may 
account for the appearance of P. pouchetii blooms after diatoms in the 
temperate latitudes. Diatoms exhaust the available silicate during their 
blooms and several authors (Jones and Haq 1963; Jones and Spencer 1970; 
Bennekom et al. 1975; Gieskes and Kraay 1975; Cad& and Hegeman 1979, 
1986; Colijn 1983; Boalch 1984; Veldhuis et al. 1986b; Weisse et al. 1986; 
Veldhuis and Admiraal 1987; Verity et al. 1988a) propose that this allows 
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P. pouchetii to utilize the remaining macronutrients. Verity et al. (1988a) 
also showed that in mixed phytoplankton communities, replenishment of 
silicate results in co-occurrence of P. pouchetii and diatoms. In contrast, 
Laanbroek et al. (1985) reported that silicate remains in the water column 
during the P. pouchetii bloom. The decline in silicate after the collapse of 
the bloom was considered evidence that P. pouchetii outcompetes diatoms 
for nutrients. 

No mechanism has been proposed to determine the position of 
Phaeocystis pouchetii in the phytoplanlcton species succession in polar 
waters. Limitation of diatom abundance by silicate depletion does not apply 
to the observed phytoplankton sequence as here P. pouchetii is the first 
species to bloom (see Section 4). It remains to be seen what causes this 
fundamental difference in its behaviour in polar waters. 

The lack of dependence by P. pouchetii on silicate concentration may be 
important in determining its proliferation in coastal waters of the North Sea. 
Agricultural runoff and domestic waste have enriched these waters with 
nitrate and phosphate but not silicate. This selectively advantages flagellates 
at the expense of diatoms (Owens etal. 1989) and at least some strains of P. 
pouchetii appear well suited to proliferating in these eutrophic conditions 
(Lancelot et al. 1987). Nutrient enrichment increases the concentration and 
duration of blooms of this alga (e.g. Lancelot and Billen 1984; Cad& and 
Hegeman 1986; Lancelot eral. 1987). Thus, P. pouchetii can proliferate in a 
broad spectrum of nutrient environments from diatom depleted 
concentrations to the cutrophic levels encountered in Northern European 
coastal waters (Veldhuis et al. 1987). 

Nutrient stress has been observed in this species. At low concentrations it 
causes increased carbon to chlorophyll a, nitrogen and ATP ratios and, 
under conditions of chronic deprivation, results in the alga assuming the 
flagellate form (Verity et al. 1988b). Low phosphate concentrations also 
lead to increased carbon excretion rates (Veldhuis et al. 1986a), an increase 
in alkaline phosphatase activity (Admiraal and Veldhuis 1987; Veldhuis and 
Admiraal 1987) and usage of enzymatically hydrolysable phosphorus 
(Veldhuis et al. 1987). Low nitrate concentration leads to decreased protein 
synthesis, increased production of polysaccharides (Lancelot et al. 1986), 
and a greater proportion of production being expended on secretion of 
mucilage than metabolism (Lancelot 1983; Lancelot and Mathot 1987). 
Such metabolic effects of nutrient deprivation may exclude P. pouchetii 
from blooming in oligotrophic tropical waters. 

Highly nutrient enriched culture media have also been reported as 
increasing the proportion of flagellates in cultured P. pouchetii (Kayser 
1970; Veldhuis and Admiraal 1985, 1987) and data from Batje and 
Michaelis (1986) and Cad& and Hegcman (1986) suggest that the number 
of flagellate blooms in eutrophic waters of the coastal northern Europe has 
Increased (Owens et al. 1989). Colonial and flagellate cells have been 
observed at all nutrient concentrations that would support cell growth 
(Veldhuis and Admiraal 1987; Verity et al. 1988a). Thus, unlike 
temperature changes (Verity et al. 1988b), change in nutrient concentration 
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did not elicit a change in cell stage by the entire P. pouchetii population. 
Instead, it caused a shift in the ratio of flagellate to colonial cells (Kayser 
1970; Veldhuis and Admiraal 1985). Verity et al. (1988b) proposed that 
such changes may also be determined by endogenous factors such as the 
possible development of sexuality, or behavioural factors including escape 
from conditions that are stressful to the colonial stage. 

P. pouchetii has been shown to accumulate trace metals (Morris 1971), 
particularly manganese (Davidson and Marchant 1987; Lubbers et a/. 1990). 
This accumulation of up to 75% of the available soluble manganese is 
caused by photosynthetic CO2  uptake and 02 evolution which increases the 
pH and Eh within the microenvironment of the colony (Lubbers et al. 1990). 
The increased pH resuilts in oxidation of the manganese to an insoluble 
brown precipitate and Davidson and Marchant (1987) reported that it is the 
presence of these oxides in the colony matrix that accounts for the 
characteristic colouration of P. pouchetii blooms (e.g. Savage 1930; El-
Sayed et al. 1983). Colonial P. pouchetii also has a demonstrated 
bacteriocidal capacity (Sieburth 1960; Davidson and Marchant 1987) which 
would result in limited remineralization of the accumulated manganese. 
Thus, by accumulating this micronutrient which is essential to plant growth 
(O'Kelly 1974) and limiting its re-release this alga may mediate the 
phytoplankton species succession (Davidson and Marchant 1987; Lubbers et 
al. 1990). 

Mixotrophy has been proposed for this alga (Chu 1946; Komrnann 1955; 
Jones and Haq 1963; Foster et al. 1983; Weisse et al. 1986) but not 
demonstrated. Weisse et al. (1986) suggested utilization of diatom 
ectocrines by P. pouchetii while Boalch (1984) found that formation of 
colonies from the flagellate stage of P. pouchetii was enhanced by chemical 
products of Chaetoceros. Weisse et al. (1986) also postulated the converse, 
namely that ectocrines from blooms preceding P. pouchetii were inhibitory 
to its development. No empirical data have been provided to support such an 
interaction and these suggestions perhaps better reflect the lack of 
understanding of P. pouchetii bloom initiation than any real mixotrophic 
activity. Addition of soil extract to cultures reportedly enhances growth of 
P. pouchetii and it has been suggested that this represents mixotrophic 
utilization of terrigenous compounds (Chu 1946; Kommann 1955; Jones and 
Haq 1963). In contrast, Kayser (1970) found that P. pouchetii grew poorly 
in culture media containing soil extract. Such differences probably reflect 
the variability in soil quality. Our observations indicate P. pouchetii does 
grow well in media containing soil extract. However, no mixotrophic 
nutrient sources are obligatory as the colonial stage was successfully 
maintained over more than six culture generations in Aquil synthetic sea-
water (Morel et al. 1979) from which vitamins were omitted (Davidson, 
unpubl.).  
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6.4 Light 

Reported responses of P. pouchetii to light intensity vary. Verity et al. 
(1988a) claim that it is able to utilize light at higher irradiances than other 
algae. This is consistent with reports of P. pouchetii being commonly 
observed in surface waters. Again, however, this alga exhibits extraordinary 
environmental plasticity. It is reported to adapt to light climates ranging 
from 1600 gm -2s -1  (Palmissano and Sullivan 1985) to 16 j.tEm -2s -1  
(Palmissano et al. 1986). Eilertsen (1989) and Joint and Pomroy (1981) 
report high photosynthetic efficiency of both the colonial and flagellate P. 
pouchetii at low light intensities. Pahnissano et al. (1986) showed that P. 
pouchetii adapted to the low light conditions beneath sea ice by increasing 
its photosynthetic efficiency three to four fold per unit chlorophyll a and 
two to three fold per cell. This adaptation reporteddy involved increasing its 
absorption of blue-green wavelengths (SooHoo et al. 1987). While able to 
adapt to low light intensities, saturating light intensities for P. pouchetii are 
reportedly high (Colijn 1983). Lancelot and Mathot (1987) found that low 
light adapted P. pouchetii suffered no significant light inhibition at high 
intensities and they proposed that this may be due to attentuation of light by 
the mucilaginous envelope. 

The colonial stage of Antarctic strains of P. pouchetii strongly attenuated 
ecologically significant light wavelengths below 370 nm (Marchant et al. 
1991) irrespective of past UV-B climate. Production of absorbing 
compounds could, however, be further enhanced by irradiation with UV-B 
light. Possession of these compounds by the colonial stage provides 
substantial protection against damage by UV-B radiation. However, the 
flagellate stage lacks the pigmentation, and temperate, tropical and northern 
hemisphere colonial strains of P. pouchetii contain substantially less of these 
absorbing compounds and are correspondingly less able to survive UV-B 
exposure (Marchant and Davidson 1991). 

The ice-edge bloom provides much of the production in the Southern 
Ocean (Smith and Nelson 1986) which is a major nutrient source to sustain 
the wealth of life at higher trophic levels. P. pouchetii is a significant 
contributor to these blooms (e.g. SooHoo et al. 1987; Garrison et al. 1987; 
Fryxell and Kendrick 1988) and producing UV-B absorbing compounds is 
consistent with its occupancy of these near surface waters. However, spring-
time UV-B irradiances are increasing due to stratospheric ozone depletion 
(Stolarski et al. 1986) and these enhanced UV-B irradiances coincide with 
the ice-edge bloom. This led Marchant and Davidson (1991) to propose that 
P. pouchetii could become increasingly dominant at the expense of diatoms 
in these waters. This could profoundly affect the food web function, 
nutritional status and production of higher trophic levels (Section 5). In 
addition, P. pouchetii appears to contribute little to the direct vertical flux of 
carbon to deep water and the sea floor (Wasmann et al. 1990) and would 
contribute little to carbon flux as faeces and moulted exoskeletons as it is 
reportly poorly linked to higher trophic levels (Claustrc et al. 1990). This 
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may significantly reduce the capacity of the Southern Ocean to act as a sink 
for atmospheric CO 2  (Marchant and Davidson 1991). 

6.5 Biochemical composition 

The commonly used technique of filtration to separate particulate from 
dissolved organic matter and cellular from extracellular material results in 
loss of colony matrix and contents to the filtrate (Miter and Dawson 1982; 
Lancelot 1984b; Veldhuis and Admiraal 1985; Veldhuis et al. 1986a; 
Lancelot and Mathot 1987; Verity and Smayda 1989; Rousseau et al. 1990; 
Davidson and Marchant 1992). Thus, it is difficult to discriminate between 
P. pouchetii cell contents, colony contents and extracolonial excretion 
(Bolter and Dawson 1982; Eilertsen and Taasen 1984; Lancelot 1984b; 
Veldhuis and Admiraal 1985; Verity and Smayda 1989). 

As discussed earlier (Section 3.2.3), the extent to extracellular release by 
P. pouchetii reportedly ranges from 5-80% of its photoassimilated carbon. 
In addition, the amount of extracellular release by a population also varies 
over time (Veldhuis et al. 1986a). The majority of the substances released 
are mucopolysaccharides (Guillard and Hellebust 1971; Lancelot and 
Mathot 1987). These may comprise around 40% of the primary production 
and are mainly utilized as colony matrix (Lancelot 1984a; Lancelot and 
Mathot 1987). That which remains within the colony has been described as 
"apparent excretion" by Verity et al. (1988a), reflecting the developing 
realization that the colony functions more as a single biological entity than a 
simple aggregation of cells. 

High light intensities reportedly cause inhibition of mucilage secretion, 
suggesting that it may suppress one of the steps in mucilage production 
(Lancelot and Mathot 1987). Consequently, exposure to high light may 
explain why some cultures form colonies with high cell densities and little 
mucilage (Nichols et a/. 1991). Jahnke (1989) also implicated temperature 
in the carbon balance of the cells as cultures exposed to a rise in temperature 
decreased in carbon content. 

Early growth of the P. pouchetii bloom exhibits rapid photosynthesis 
with protein synthesis dominating carbohydrate production. By the peak of 
the bloom, carbohydrate was the dominant end product of photosynthesis 
(Veldhuis et al. 1986a). Supporting these findings, Hickel (1984) found that 
the ratio of particulate nitrogen to carbon fell sharply during the P. pouchetii 
bloom. However, Verity et a/. (1988a) showed that P. pouchetii, in spite of 
its prolific release of photoassimilated carbon, had a carbon to nitrogen ratio 
similar to that of other non-gelatinous phytoplankton. According to Eberlein 
et a/. (1985), breakdown of colonies released large amounts of dissolved 
organic nitrogen. This is at variance with reports of low nitrogen content of 
colonies (Hickel 1984) and low nitrogen content of the mucilage (13iIlen and 
Fontigny 1987; Lancelot et al. 1987). Veldhuis et al. (1986a) proposed that 
change in metabolism toward carbohydrate synthesis may represent the 
formation of storage products for the colony. Such intracolonial storage of 
macromolecules and their catabolism during dark periods have also been  
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proposed (Lancelot and Mathot 1985; Veldhuis and Admiraal 1985). Thus, 
the excretion of macromolecules is more than a means of building the 
colony matrix, rather it participates in the energy balance of the constituent 
cells. This extracellular but intracolonial storage of photosynthate for 
catabolism is a metabolic pathway which is facilitated by possession of a 
colonial phase and highlights the function of the colony as a biological 
entity rather than a Omple aggregation of cells. 

Polyunsaturated 1.atty acids in P. pouchetii vary considerably in 
composition and quantity (Sargent et al. 1985; Al-Hassan et a/. 1990; 
Claustre et a/. 1990; Nichols et al. 1991). This variation may reflect 
differences in strains or species. It may also result from the differing 
physiological strictures, such as maintaining membrane function with 
changing temperature and increasing unsaturation of fatty acids at lower 
temperatures (Al-Hassan et a/. 1990; Claustre et al. 1990). Lipid synthesis 
accounts for a relatively constant 20% of carbon fixed (Lancelot 1984b), 
however, as discussed in Section 5.3, P. pouchetii is low in neutral lipids, 
polyunsaturated fatty acid and vitamin C. As a consequence, this alga is 
characterized as being of low nutritional value to grazers (Claustre et a/. 
1990). Differences in the fatty acid and lipid composition between stages in 
the life cycle of this alga suggest that the flagellate is marginally more 
nutritious than the colonial stage (Nichols etal. 1991). 

Protein may comprise between 20 and 42% of the total carbon fixed 
(Lancelot 1984b). The rate of synthesis is, however, variable and is 
dependent on light history (Lancelot et al. 1986) and nitrate concentration 
(Lancelot 1984b). While P. pouchetii blooms are associated with high DON 
concentration (Eberlein et al. 1985) they also coincide with the lowest 
seasonal concentrations of dissolved free amino acids (DFAA) (Laanbroek 
et al. 1985) and low concentrations of ammonia (Eberlein et al. 1985; 
Laanbroek et al. 1985). These authors proposed that the low concentrations 
of the latter could be caused by either antibiosis of P. pouchetii blooms 
resulting in decreased heterotrophic decomposition of the available DFAA 
or the increased ammonia uptake and regeneration by this alga. 

One conceptual feature of research into P. pouchetii colonies that has 
emerged recently is the appreciation of the colony as an integral unit rather 
than being a collection of autonomously functioning cells (Lancelot and 
Mathot 1985; Veldhuis and Admiraal 1985; Lancelot et al. 1986; Veldhuis 
et al. 1986a; Verity et al. 1988a). The same is also true of the colonial P. 
pouchetii biomass and production. Biovolume and colonial carbon biomass 
(Rousseau et al. 1990) rather than cell number appear to provide a far better 
indication of production by P. pouchetii blooms (Lancelot and Mathot 1985; 
Veldhuis and Admiraal 1985; Veldhuis etal. 1986a). 

6.6 Photosynthetic pigments 

The concentration of some minor components of the pigment arrays in 
strains of P. pouchetii from opposite hemispheres reportedly differs. 
Chlorophyll c3  is ubiquitous in P. pouchetii (Vcsk and Jeffrey 1987), but the 
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major carotenoid concentrations were found to vary between strains. 
Bjornland et a/. (1988) found that the main carotenoid pigments in tropical 
P. pouchetii were fucoxanthin, 19'-hexanoyloxyfucoxanthin and 19'-butan-
oyloxfucoxanthin. Fucoxanthin dominated in the northern hemisphere 
strains with trace quantities of 19'-acyloxyfucoxanthins (Claustre et al. 
1990; Gieskes and Kraay 1986) while in the southern hemisphere the 
dominance of these pigments was reversed with 19'-hexanoyloxy-
fucoxanthin comprising the majority (Wright and Jeffrey 1987; Nichols et 
al. 1991). Bjornland et al. (1988) claimed the presence of 19'-acyloxy-
fucoxanthins distinguished the tropical strain from other P. pouchetii strains 
and proposed that this was evidence of P. pouchetii being composed of more 
than one species. This appears unjustified as these carotenoids do occur in 
other strains (Gieskes and Kraay 1986; Wright and Jeffrey 1987) and their 
differing abundance could be construed as changes in biochemistry with 
environment and/or strain. Furthermore, Bj0mland et al. (1988) proposed 
that the acyloxyfucoxanthins comprised a chemosystematic marker. These 
pigments also occur in Emiliania huxleyi, Pelagococcus subviridis (Wright 
and Jeffrey 1987), Corymbellus aureus (Gieskes and Kraay 1986) and some 
dinoflagellate genera (Marchant and Wright, unpubl.) and, not being 
confined to P. pouchetii, they are not definitive of the species. However, P. 
pouchetii has an antagonistic effect on blooms of other algae (Section 6.1) 
and other acyloxyfucoxanthin-containing algae are sparse in the Southern 
Ocean. Thus these pigments may be useful as a marker when combined with 
microscopic examination. 

The chlorophyllase activity also varies between strains of P. pouchetii. 
Percent conversion of chlorophyll a to chlorophylide a was five times 
greater in a Southern Ocean strain than one isolated from the East Australian 
Current (Jeffrey and Hallegraeff 1987). The reported differences in pigment 
complement and chlorophyllase activity may be due to genetic differences at 
the population or species level but may equally be due to physiological 
differences imposed by the ambient environment. 

6.7 Extracolonial release 

P. pouchetii blooms are often associated with very high DOC 
concentrations (e.g. Wilier and Dawson 1982; Eberlein et al. 1985; 
Davidson and Marchant 1992). Extracolonial release of carbon has been 
referred to as the only "true excretion" by P. pouchetii (Verity etal. 1988a). 
Carbon released in this way constitutes around 2-14% of the 
photoassimilated carbon in naturally occurring populations (Laanbroek et al. 
1985; Veldhuis et al. 1986a; Lancelot and Mathot 1987) and cultures 
(Veldhuis and Admiraal 1985; Veldhuis et al. 1986a). Thus, extracolonial 
excretion accounts for a relatively small proportion of total production 
(Cad& 1982). The DOC responsible for the spectacular occurrences of sea 
foam at the end of P. pouchetii blooms in the coastal zone of northern 
Europe (Eberlein eral. 1985; Batje and Michaelis 1986) appears likely to be 
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derived from collapse and decay of ungrazed production by this alga (Cadde 
1982; Verity etal. I988a). 

6.8 Dimethylsulfide production 

A cellular product of marine microorganisms, dimethylsulfonio-
propionate (DMSP), which is thought to have an osmoregulatory function 
but may also be used as a structural component of cells, a buoyancy aid or a 
bacteriocidal agent (Sieburth 1961, 1964; Barnard et al. 1984; 
Variavamurthy et al. 1985), can be cleaved to form acrylic acid and 
dimethylsulfide (DMS) (Sieburth 1960). DMS and its precursor DMSP are 
ubiquitous in the biosphere and are a common product of algae (Green 
1962; Lovelock etal. 1972; Barnard etal. 1984; Variavamurthy etal. 1985). 
DMS is released when algae die, are exposed to air or as a consequence of 
normal metabolism (Barnard et al. 1984; Variavamurthy et al. 1985). 
Substantial release of DMS is restricted to a few classes of phytoplankton, 
mainly belonging to the Dinophyceac and Prymnesiophyceae (Keller et al. 
1989). Such members of the Prymnesiophyceae as Hymenomonas carterae 
and Phaeocystis pouchetii produce three orders of magnitude more DMS per 
cell than most other groups of phytoplankton (Barnard et al. 1984). The 
abundance of P. pouchetii at higher latitudes corrrelates with greatly 
elevated concentration of this sulfur compound in the water column (Andrac 
and Raemdonck 1983; Barnard et al. 1984; Pearce 1988), particularly in 
Antarctic waters (Deprez et al. 1986; Gibson et al. 1990). 

Biogenic DMS production may account for as much as 50% of the 
natural sulfur emission and 21% of the total global sulfur flux (Andreae and 
Raemdonck 1983). DMS is rapidly oxidized in the atmosphere to SO2 , 
methanesulfonate and sulfate (Hatekeyama et al. 1985; Yin etal. 1986). It is 
proposed that sulfate particles act as cloud condensation nuclei thereby 
establishing a mechanism for regulation of global albedo, and thus climate, 
by marine biological activity (Charlson et al. 1987; Bates er al. 1987a) (Fig. 
6). Additional ecological significance is imparted to these sulfate aerosols as 
they may contribute 25-50% of the total sulfur acids in Scandinavian air 
during North Sea phytoplankton blooms (Pearce 1988; Pain 1989). 

The world average DMS concentration in sea-water is approximately 
2tiM (Bates et al. 1987b), however, Gibson et al. (1990) measured 
concentrations as high as 290 nM during a near-shore bloom of P. pouchetii. 
Such extraordinarily high concentrations of DMS in the water column led 
Gibson et al. (1990) to speculate that up to 10% of the global DMS flux to 
the atmosphere may emanate from Antarctic seas. Thus, the rate of DMS 
evolution by P. pouchetii, the dominance in the water column and 
widespread occurrence of this alga in the higher latitudes make this species 
a major contributor to the global sulfur budget and possibly able to influence 
global climate. 
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Fig. 6. Schematic diagram of the biogenic sulfur cycle. 

6.9 Acrylic acid and antibiosis 

Photosynthetic products excreted by P. pouchetii are readily utilized by 
bacteria (Hickel 1982; Eberlein et al. 1985; Veldhuis et al. 1986b; Davidson 
and Marchant 1987; Verity et al. 1988a). By enzymatically cleaving DMSP 
to produce DMS, P. pouchetii also releases equimolar quantities of acrylic 
acid (Sieburth 1960) and this has been shown to inhibit bacteria (Sieburth 
1960, 1961, 1979; Barnard et al. 1984). This is supported by the observation 
that colonies devoid of cells supported bacterial numbers two orders of 
magnitude greater than those containing cells (Verity et al. 1988b). 
Davidson and Marchant (1987) demonstrated bacterial inhibition in culture 
and showed that this bacterial defence was confined to the vicinity of each 
colony rather than throughout the entire culture. Eberlein et al. (1985) 
proposed suppression of bacterial growth by actively growing P. pouchetii 
as the reason for the accumulation of very high concentrations of organic 
carbon during its blooms and suggested that the proliferation of saprophytic 
bacteria in sea foam derived from P. pouchetii blooms (Eberlein et al. 1985; 
Gunkel 1982) represents loss of the alga's antibiosis upon the collapse of the 
bloom. Billen and Fontigny (1987) and Lancelot et al. (1987) consider that 
mucilage is deficient in nitrogen and suggest that this would slow its 
bacterial degradation in comparison with other cells. This supports 
observations by Rousseau et al. (1990) that mucilage synthesis is enhanced 
at low nutrient concentrations but, as Hickel (1984) points out, it is refuted 
by the observed proliferation of saprophytic bacteria in sea foam produced 
by P. pouchetii. Inhibition of bacteria would also result in the reduced 
decomposition of dissolved free amino acids and the low ammonia  

concentrations observed by Eberlein et al. (1985). Davidson and Marchant 
(1992) propose a mechanism combining bacterial suppression by acrylic 
acid with microheterotrophic grazing of bacteria as the reason for the low 
bacterial concentration during an Antarctic coastal P. pouchetii bloom. 
Bacteria are commonly reported to proliferate following the collapse of P. 
pouchetii blooms (Eberlein et al. 1985; Laanbroek et al. 1985; Veldhuis et 
al. 1986b; Davidson and Marchant 1987, 1992; Verity et al. 1988a). Thus, it 
appears likely that colonial P. pouchetii protects its energetic investment in 
the colony matrix against bacterial attack by producing acrylic acid and such 
protection allows the alga to benefit from the various attributes associated 
with this cell stage. If this is the case, as proposed by Barnard et al. (1984), 
the prolific release of DMS by this alga, which has attracted much attention, 
is nothing more to the alga itself than a by-product of its protective 
mechanism. 

Antibiosis has been reported from field observations of Antarctic P. 
pouchetii blooms (Burkholder and Sieburth 1961). Bacterial uptake rates 
increased during the bloom of P. pouchetii but peaked as the bloom declined 
(Laanbroek et al. 1985; Lancelot and Billen 1984). This may reflect 
antibiosis during active growth of P. pouchetii but may also be a 
temperature mediated lag between production and utilization. Bitten and 
Fontigny (1987) claim close linkage between the bacterial biomass and 
substrate availability from a P. pouchetii bloom. Thus, published opinions 
concerning the effectiveness of the antibiosis vary. However, the bacterial 
defence mechanism proposed by Davidson and Marchant (1987) may 
reconcile these opposing views as the bacterial biomass and incorporation 
rates are dependent on the equilibrium between actively growing and 
senescent colonies at any stage in the population dynamics. Thus, bacterial 
numbers and incorporation rates may still be relatively high (Bitten and 
Fontigny 1987) while allowing antibiosis of actively growing colonies. 

6.10 Sea foam 

A few days after the peak of P. pouchetii bloom the colonies begin to 
break up. At this time characteristic development of sea foam is observed, 
forming long streaks on the open ocean (Eberlein et al. 1985; Rogers and 
Lockwood 1990). The foam results from dissolved organic carbon, 
composed of proteins and polymeric carbohydrates, released into the water 
column from decomposition of the massive POC generated during a bloom 
of P. pouchetii (Guillard and Hellcbust 1971; Lancelot 1983; Veldhuis etal. 
1986a). In contrast Eberlein etal. (1985) observed close correlation between 
P. pouchetii numbers and the concentration of DOM and concluded that the 
latter must result from direct exudation. The time of appearance of the sea 
foam would, however, indicate that the necessary concentrations of 
dissolved organics are reached only following collapse of the bloom. 
Blooms of P. pouchetii have been observed in the North Sea for a long time 
but the appearance of foam is a recent phenomenon, having first occurred in 
1978 (13atje and Michaelis 1986). This has been ascribed to the 
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anthropogenic enrichment of northern European coastal waters (e.g. 
Bermekom et al. 1975) which in turn increases the frequency, abundance 
and duration of its blooms suggesting that strains of this alga are 
physiologically adapted to proliferation in nutrient enriched environments 
(Lancelot et al. 1987). Foam deposits reach depths of up to two metres on 
beaches in the area (Eberlein et a/. 1985; Batje and Michaelis 1986; 
Lancelot et a/. 1987) being of substantial nuisance value (Lancelot et al. 
1987). Harpacticoids either passively or actively occupy the foam while 
appendicularians and nematodes are smothered by it (Armonies 1989). 

7. CONCLUSIONS 

Phaeocystis pouchetii has become a nuisance alga in the North Sea 
(Lancelot et al. 1987) where the occurrence, abundance and duration of its 
blooms have increased (e.g. Cad& and Hegeman 1986; Lancelot et al. 
1987) in response to the anthropogenic enrichment of these coastal waters 
(e.g. Bennekom et al. 1975). Hitherto, few occurrences of P. pouchetii have 
been reported from tropical waters; however, the appearance of blooms of 
this alga in the Arabian Gulf coincide with nutrient enrichment of these 
waters by sewage and industries (Al-Hassan et al. 1990). Based on its 
possession of UV-B absorbing compounds, Marchant and Davidson (1991) 
predict that this species could increase in dominance in Antarctic waters. 
Thus, it would appear that anthropogenic alteration of the environment 
enhances the abundance, dominance and distribution of P. pouchetii 
allowing it to display its prominence by forming near monospecific blooms. 
It remains to be seen whether future human alteration of the marine 
environment causes P. pouchetii increasingly to prosper at the expense of 
other phytoplankton. If this does occur, ecosystem structure and function in 
the areas where the species abounds will be strongly influenced by its 
unique physiology (Lancelot et al. 1987; Davidson and Marchant 1992), 
potentially causing reduced secondary production (e.g. Claustre et al. 1990), 
reduced vertical carbon flux (Marchant and Davidson 1991) and causing 
changes in the composition of food webs (Lancelot et al. 1987; Davidson 
and Marchant 1992) (Fig. 7). 
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Possible Impacts of Ozone Depletion on Trophic Interactions 
and Biogenic Vertical Carbon Flux in the Southern Ocean 

Harvey J. Marchant and Andrew Davidson 
Australian Antarctic Division, Kingston, Tasmania, Australia 

ABSTRACT 
Among the most productive region of the Southern Ocean is the marginal ice 

edge zone that trails the retreating ice edge in spring and early summer. The timing 
of this near-surface phytoplankton bloom coincides with seasonal stratospheric 
ozone depletion when UV irradiance is reportedly as high as in mid-summer. Re-
cent investigations indicate that antarctic marine phytoplanlcton are presently UV 
stressed. The extent to which increasing UV radiation diminishes the ability of 
phytoplankton to fix CO2 and/or leads to changes in their species composition is 
equivocal. The colonial stage in the life cycle of the alga Phaeocystis pouchetii is 
one of the major components of the bloom. We have found that this alga produces 
extracellular products which are strongly UV-B absorbing. When exposed to in-
creasing levels of UV-B radiation, survival of antarctic colonial Phaeocystis was 
significantly greater than colonies of this species from temperate waters and of the 
single-celled stage of its life cycle which produces no UV-B-absorbing compounds. 
Phaeocystis is apparently a minor dietary component of antarctic hill, Euphausia 
superba, and its nutritional value to crustacea is reportedly low. Phytoplankton, 
principally diatoms, together with fecal pellets and molted exoskeletons of grazers 
contribute most of the particulate carbon flux from the euphotic zone to deep water. 
If the species composition of antarctic phytoplankton was to shift in favor of Phae-
ocystis at the expense of diatoms, changes to pelagic trophic interactions as well as 
vertical carbon flux are likely. 

INTRODUCTION 
Stratospheric ozone over Antarctica and the Southern 

Ocean is markedly depleted during spring [Stolarski et al., 
1986], resulting in UV flux rates similar to mid-summer 
conditions [Frederick and Snell, 1988]. Solar UV-B radia-
tion penetrates oceanic water to depths that are able to in-
fluence the growth of macrophytes and phytoplankton Pius 
et al., 1976; Lorenzen, 1979; Calkins and Thordardottir, 
1980; Worrest, 1983; Maske, 1984; Wood, 1987, 1989]. In 
addition, Trodahl and Buckley [1989] suggest that antarctic 
sea ice in early spring may be sufficiently transparent to UV 
for organisms living in and under it to receive levels of ra-
diation high enough to have biological consequences. 

The effect of UV-B radiation on antarctic marine phy-
toplanIcton is equivocal [Roberts, 1989]. El-Sayed et al.  

[1990] concluded that antarctic phytoplankton are presently 
under UV stress and are likely to be seriously affected by 
any increase in UV-B radiation as would the higher trophic 
levels of the Southern Ocean food web. In contrast, Holm-
Hansen et al. [1989] found that although the rate of photo-
synthesis by phytoplankton in the top meter of the water 
column was depressed by about 30%, organisms at depths 
greater than 20 m were unaffected by in situ exposure to 
UV. They concluded that increased UV irradiation would 
have little impact on the phytoplankton and higher trophic 
levels of the Southern Ocean. Species of phytoplanIcton dif-
fer in their ability to survive UV irradiation [Calkins and 
Thordardottir, 1980], and Karentz [1991] has argued that the 
most likely effect of elevated UV irradiation on antarctic 
marine phytoplankton is a shift in the species composition. 
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The principal primary producers in the Southern Ocean 
are diatoms. As well as contributing directly to the vertical 
flux of carbon, they are grazed by crustacea, especially 
euphausiids. The feces and molted exoskeletons of grazers 
constitute a major avenue of carbon to deep water [Nicol 
and Stolp, 1989]. Here we briefly review the spatial and 
temporal distribution of antarctic marine phytoplankton, 
especially Phaeocystis pouchetii. We discuss ow finding of 
UV-B-absorbing pigments in this alga and the protection 
that they confer [Marchant et al., 1991] and consider the 
possible consequences on trophic interactions and biogenic 
vertical carbon flux of Phaeocystis surviving elevated levels 
of UV exposure. 

SPRINGTIME SEA ICE RETREAT AND THE 
MARGINAL ICE EDGE ZONE 

Meltwater released from the retreating sea ice generates a 
pycnocline at about 20 m depth above which phytoplankton 
bloom. Data from Jennings et al. [1984] indicate that 25— 
67% of the nutrient depletion in the Southern Ocean is due 
to phytoplanlcton production in the marginal ice edge zone 
[Smith and Nelson, 1986]. This southward-moving region of 
high productivity is coupled to higher trophic levels [Ainley 
et al., 1986], providing much of the carbon required to 
sustain the large populations of zooplanlcton, birds and 
mammals for which the Southern Ocean is noted [Ross and 
Quetin, 1986; Sakshaug and Skjoldal, 1989]. 

The most abundant components of the phytoplankton of 
the marginal ice edge zone are diatoms, principally of the 
genus Nitzschia, and the prymnesiophyte Phaeocystis pou-
chetii [Garrison et al., 1987; Fryxell and Kendrick, 1988; 
Garrison and Buck, 1989; Davidson and Marchant, 1991]. 
The massive deposits of diatomaceous ooze in Southern 
Ocean sediments, the species composition of which is dom-
inated by the taxa found in the ice edge bloom [Truesdale 
and Kellogg, 1979] are thought to be due to reduced 
coupling of production and consumption in the marginal ice 
edge zone. Thus a substantial amount of the biogenic pro-
duction sinks rapidly from the euphotic zone [Smith and 
Nelson, 1986] and while some is grazed, sedimentation is 
apparently the principal fate of much of this ice edge bloom 
[Smith and Nelson, 1986; Bodungen et al., 1986; Fischer et 
al., 1988]. 

THE ROLE OF PHAEOCYSTIS IN 
THE MARGINAL ICE EDGE ZONE 

The cosmopolitan alga Phaeocystis pouchetii has two 
principal stages in its life cycle, free-swimming biflagellate 
unicells and a colonial phase in which cells are embedded in 
a mucilaginous matrix. Colonial Phaeocystis has been re-
ported from the sea ice and the marginal ice edge zone 
where it is frequently one of the most abundant algae 
blooming in the top few meters of the water column. Phae-
ocystis apparently plays a pivotal role in the timing of the 
successional sequence of other autotrophs by mediating the 
availability of manganese [Davidson and Marchant, 1987; 
Lubbers et al., 1989]. Also, at least in antarctic waters, this 
alga provides substrates for heterotrophs by secretion of a 
large proportion of its photoassimilated carbon as particulate 
and dissolved organic matter [Davidson and Marchant, 
1991]. In addition, Phaeocystis is reportedly the principal 
producer of dimethyl sulfide (DMS) in antarctic waters  

[Gibson et al., 1990]. Oxidation of this DMS forms sulfate 
particles which constitute a major source of cloud condensa-
tion nuclei (CCN). Bates et al. [1987] and Charlson et al. 
[1987] propose that the abundance of CCN determines 
global albedo thereby establishing a mechanism for the reg-
ulation of climate by marine biological activity. Gibson et 
al. [1990] estimate that antarctic Phaeocystis may contribute 
as much as 10% of the total global flux of DMS to the at-
mosphere. 

GRAZING ON PHAEOCYSTIS 
Although Phaeocystis is grazed by herbivores including 

Euphausia superba [Sieburth, 1960; Marchant and Nash, 
1986], the effect of grazing on this alga and its food value 
are equivocal [Verity and Smayda, 1989]. In an in-
vestigation on the impact of copepod grazing on a 
phytoplankton bloom in which Phaeocystis comprised about 
97% of the biomass and the remainder was mainly diatoms, 
the diatoms accounted for some 74% of the copepod diet 
[Claustre et al., 1990]. Only 1.5% of the biomass of 
Phaeocystis was grazed by the copepods, the remainder 
apparently being lost to the pelagic food web. In addition, 
Claustre et al. [1990] reported that the low nutritional value 
of Phaeocystis was due to its fatty acid to chlorophyll a ratio 
being much lower than was found in diatoms. This was also 
the case for amino acids and vitamin C. Phaeocystis from 
antarctic sea ice has been found to have significantly lower 
concentrations of neutral lipids than diatom assemblages 
dominated by Nitzschia and Navicula [Priscu et al., 1990]. 
Antarctic euphausiids reportedly have a dietary preference 
for diatoms [Meyer and El-Sayed, 1983; Miller and 
Hampton, 1989]. We have found that at an antarctic inshore 
site very little of the carbon attributable to Phaeocystis is ap-
parently utilized by metazoa [Davidson and Marchant, 
1991] and, as was found by Claustre et al. [1990], most of 
the carbon was not used in situ. 

VERTICAL CARBON FLUX IN 
THE SOUTHERN OCEAN 

In addition to the direct contribution of the primary pro-
ducers, fecal pellets of heterotrophs including protozoa 
[NOthig and Bodungen, 1989; Buck et al., 1990] and meta-
zoa, including bill [Wefer et al., 1988], contribute sub-
stantially to particulate carbon flux from surface waters of 
the Southern Ocean. In contrast to the marked seasonality of 
the sedimentation of primary producers and the feces of 
grazers, cast exoskeletons of E. superba are likely to con-
stitute a major year-round flux of particulate organic carbon 
from the euphotic zone to deep water or the sediments 
[Nicol and Stolp, 1989]. 

UV-ABSORBING COMPOUNDS PRODUCED 
BY PHAEOCYSTIS 

We have found that the mucilage of Phaeocystis colonies 
themselves as well as substances secreted into them absorb 
strongly in the UV region of the spectrum. Axenic cultures 
of this alga isolated from Prydz Bay, Antarctica, produce 
extracellular products that absorb strongly at 323 and 271 
run [Marchant et al., 1991]. Absorbance at 271 nm is un-
likely to provide protection to the alga additional to that 
conferred by the attenuation of water [Smith and Baker, 
19791. The motile cells of Phaeocystis from Antarctica lack 
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