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STRATOSPHERIC OZONE,

MipDLE ULTRAVIOLET RADIATION
AND PHYTOPLANKTON PRODUCTIVITY

By Raymond C. Smith and Karen S. Baker

MARINE LIFE IN THE UPPER layers of the sea
may be endangered by increased ultraviolet (UV)
radiation resulting from reduction in the thickness of
the earth’s ozone layer. There is undisputed observa-
tional evidence that human activities, including the
production of chlorofluorocarbons. are intluencing
the concentration of stratospheric ozone (Watson.
1988). A significant reduction in average global
stratospheric ozone is predicted over the next cen-
tury. despite international eftorts to address the prob-
lem. Seasonal depletions of ozone in the Antarctic
during austral spring have already reached 50%.
resulting in the widely discussed “ozone hole™
(Brasseur. 1987). Reduced stratospheric ozone will
result in increased biologically damaging ultraviolet
radiation (UV-B, 280-320nm) reaching the surface
of the earth. Since UV-B radiation can penetrate to
ecologically significantdepths in water (Jerlov. 1950:
Lenoble. 1956: Smith and Baker. 1979: Gieskes er
«l., 1989). any ozone reduction results in increased
UV-B penetrating the surface layers of marine envi-
ronments.

The atmospheric component ozone. O . is a strong
selective absorber of ultraviolet radiation (UVR.
200-400nm). The shortest UV wavelengths, UV-C
(200-280nm). while most damaging to organisms.
are absorbed strongly by the atmosphere so that
negligible amounts reach the earth’s surface. Middle
ultravioletradiation. UV-B (280-320nm), isextremely
injurious to organisms and increases when atimos-
pheric ozoneisreduced. UV-A (320-400nm). a region
of the solar spectrum that has been shown to play a
role in both photodamage and photorepair. is es-
sentially unaltered by ozone depletion. Similarly.
photosynthetically available radiant energy (PAR.
400-700nm), the spectral region essential for both
photoprotection and photosynthesis, is unaltered by
ozone depletion. As a consequence. stratospheric
ozone depletion leads to a dramatic increase in
damaging wavelengths within the UV-B portion of
the spectrum, while energy required to drive photore-
pair processes, either through UV-A photoreactiva-
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tion mechanisims or PAR-dependent photosynthetic
processes, remains constant. It is likely that the
degree of photodamage to an organism is a function
of the shifting balance between hazardous UV-B
exposure and the photoprotective capabilities of the
organism provided by longer wavelengths.

Laboratory lindings show some algae as well as
larval stages of fishes and invertebrates are extremely
sensitive to UV-B radiation. The extrapolation of
laboratory findings to prediction of possible ultra-
violet radiation impacts on natural communities of
marine organisms is replete with uncertainty. As a
consequence. there is a pressing need for direct
measures of ultraviolet radiation effects on natural
aguatic communities in order to reliably assess the
potential environmental impact. Recent relevant
reviews include: NAS (1984), Caldwell et al. (1986),
Worrest (1986). NOAA (1987). Voytek (1989) and
Watson (1988).
General Effects of UV-B on Aquatic Organisms

A major body of literature exists on the detrimen-
tal effects of UV radiation on the physiology and
biochemistry of many forms of life (Urbach. 1969;
Giese. 1976: Jagger, 1985). Death and mutagenesis
are the most dramatic of the deleterious effects of UV
radiation. In general, the shorter the wavelength. the
greater and more itreversible the damage. Several
pioneering investigations demonstrated the damaging
effects of ultraviolet radiation on aquatic organisms.
but they lacked precise and accurate determinations
of UV fluence. The assessment ot the ecological
consequences of UV radiation is complicated by the
exacting dosimetry necessary and by the uncertainty
with respect to the photoprocesses., and correspond-
ing biological weighting function, responsible for
damage and repair. In order to estimate the possible
damage to aquatic organisms, it is necessary to
determine the biologically weighted tluence rates at
depth, which depend upon: the spectral UVR inci-
dent at the surface: the optical water type. which
determines the spectral penetration of radiation to
depth: a biological weighting function for UVR
damage: and the mixing rate and depth distribution of
organisms, which determines the time an organism
spends at depth.
Biological Weighting Function

A fundamental law of photochemistry states that
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Fig. 3: Total Ozone Mapping Spectrometer (TOMS) satellite imagery of the Antarctic ozone hole on (a)
October 8, 1988 (Julianday (jd) 282), (b) October 14,1988 (jd 288). (¢) October 21, 1988 (jd 295), (d) October
26,1988 (jd 300). Ozone concentrations are in color-coded Dobson Units (DU ). The images illustrate that the
hole is elongated, not centered on the geographic pole, and variable as a function of time. As a consequence,
there is a spatial region of enhanced UV-B that varies as a function of time. White patches indicate missing

data.

forareaction to occur a photon must be absorbed. To
assess the impact of ozone reduction, it is important
to know the spectral nature of the relative biological
efficiency for the absorption of photons for the par-
ticular photoeffect under consideration. Determina-
tion of the biologically effective radiation is based
upon a weighting function, or action spectrum, that
takes account of the wavelength dependence of the
biological photoprocess under consideration. Ide-
ally, a biological weighting function should be deter-
mined for the organism studied, but it has been more
practical to search for generalized weighting func-
tions (Rundel, 1983: Caldwell e al., 1986). While
there is a great variety of physiological and morpho-
logical phenomena attributable to UV-B radiation,
the principal absorbing compounds for the diversity
of plant and animal responses may have some simi-
larity. For example. it has been observed that action
spectracommonly conform to the absorption spectra
of either proteins or nucleic acids. A relative biologi-
cal efficiency for biological effects involving DNA,
the molecule responsible for the transmission of
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genetic information, €, . is heavily weighted in the
UV-B region of the spectrum (Fig. 1. p. 6). In con-
trast, the relative biological efficiency for photoin-
hibition of chloroplasts, €, shows significant
absorption throughout the ultraviolet and visible
spectrum (Fig. 1). Caldwell er al. (1986) have pro-
posed a biological weighting function that lies
between these two relatively extreme functions.
Also shown in Fig. 1 is a plot of solar radiation
incident at the surface of the ocean for two strato-
spheric ozone concentrations given in Dobson Units
(DU). Labeled curves are shown for a normal mid-
latitude concentration (320 DU) and for a reduced
ozone concentration (240 DU). The additional radia-
tion resulting from the diminished ozone concentra-
tion is confined to the UV-B region of the spectrum
and makes an insignificant contribution to the total
broadband energy as well as to the photosyntheti-
cally available radiant energy (400-700nm), PAR.
The biologically weighted fluence rate for a par-
ticular photoeffect is the product of the appropriate
biological efficiency and the spectral irradiance



A critical factor . . .
is an accurate estimate
of the biological

weighting function.

7y
I IE 0 S
9 ) \ ' )
: \ 2
2 01 L Y Jo1 =
) £ \\ 3 S
o C ‘\‘_‘_\ 8pi . 8
2 : E,(320 DU) ‘\{ ] 2
‘5 i ﬂ| J ~
S 'u 5.
X 001 |- - 001 =
o W 3 §,
- € dna .
0.001 , , Y S R TR T 0.001
200 300 310 320 420 520 620 720
Wavelength(nm)

Fig. 1. Relative biological efficiencies, €, (A)and &

DNA

(A). and dowmward spectral irradiance, E(A), for two

stratospheric ozone concentrations [240 DU, 320 DU] plotted against wavelength [nm]. Note that the
wavelength scale is expanded below 320nni in order to show greater detail inthe UV-B region of the spectrum,

integrated over wavelength. The biological fluence
rate for a particular photoeffect can increase signifi-
cantly due to depleted ozone if the biological weight-
ing function is weighted toward radiation in the
UV-B region (e.g.. Fig. 1 DNA) but would be rela-
tively insignificant for weighting functions that have
significant absorption outside the UV-B spectral
region of ozone absorption. Thus, a critical factor in
assessing the possible influence of increased UV-B
on aquatic organisms is an accurate estimate of the
biological weighting function.

Researchers conducting laboratory experiments
for the assessment of UV-B damage frequently at-
tempt to measure an effect (such as reduced growth
rates. changes in pigment composition. specific
damage. or death of an organism) versus biologically
weighted tluence rate (NAS. 1984). Typically. up to
a threshold fluence rate, there is no measurable
damage to the organism. As the fluence rate is
increased beyond thislevel. an increasing percentage
of the organisms are aftfected. This data describes a
“survival curve” which provides an estimate not only
of the threshold level but also the level lethal to 50%
of the organisms LD . These levels can be compared
with current or predicted future tluence rates to

assess the possible influence of natural radiation on
the organism,
Extrapolation of Laboratory Findings

There are several methodological problems asso-
ciated with attempting to link laboratory and field
observations to possible consequences of solar
UV-B radiation change on natural populations. First,
biological weighting functions have traditionally been
determined by evaluating biological responsiveness
to monochromatic (i.e., narrowband) radiation with
the objective of identifying potential pigment targets
and elucidating photobiological mechanisms.
Caldwell er al. (1986) review evidence to show that
weighting functions determined using polychromatic
(i.e.. broadband) radiation and intact organisms are
of more ecological relevance. Broadband radiation
more nearly approximates the total influence. both
beneficial and detrimental. of all wavelengths pres-
ent in natural sunlight. Second, a critical problem in
discussing survival curves concerns the biological
dose, which is the product of an irradiance rate and
the length of time of the biological exposure. The
dose does not always cause an equal etfect for a short
exposure to a high intensity source as a long exposure
to alow intensity source even though the products are
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equal. Thisis analogous to the “reciprocity problem™
familiar to photographers (Mees, 1954). Presumably
lack of reciprocity is related to the time rates and
spectral responses of repair mechanisms in relation
to the time rates and spectral weighting functions of
the damaging radiation. A third critical factor in the
methodology of laboratory experiments is that radia-
tion regimes in laboratory experiments cannot easily
simulate ambient levels of solar radiation throughout
the total spectrum. While experiments may enhance
the UV-B spectral region. the visible portion of the
spectrum may be as much as an order of magnitude
lower than in nature, which limits the energy for
optimum photoreactivation and photorepair. Fourth.
there is evidence that the sum of effects of enhanced
UV-B may be non-linear and can be antagonistic or
synergistic with respect to other photoprocesses.
These issues confound efforts to extrapolate results
of laboratory experiments to natural communities.
Allevidence should be viewed in the context of these
methodological problems.

Phytoplankton

There is convincing evidence that UV-B radia-
tion. at levels currently incident at the surface of the
ocean. has an influence on phytoplankton productiv-
ity (Harris, 1978:; Smith e al.. 1980 Worrest, 1986).
Early "C work with fixed bottles composed of UV-
transmitting and non-transmitting materials demon-
strated that the ultraviolet component of solar radia-
tion inhibited uptake rates. but did not allow for the
quantitative estimation of the biological weighting
function responsible for the obscrved results. Smith
eral. (1980) and Smith and Baker (1980. 1982) found
the €, action spectra (Fig. 1) was consistent with their
results. but they stressed that time-dependent proc-
esses. such as damage to DNA or the production of
UV-B screening pigments. would not be observed in
productivity incubations that are short compared
with the generation time of the organisms under
study. Short-term incubations may be inadequate for
accurately assessing the long-term ecological conse-
quences of increased UV-B on phytoplankton com-
munitics. These workers stated the limitations of a
linear model as well as the result which estimates that
a 25% depletion in stratospheric ozone at temperate
latitudes would result in a 9% decrease in marine
primary productivity integrated over the entire
euphotic zone.

Calkins and Thordardottir (1980) made a com-
parison of solar UV etfects at high and low latitudes
in order to assess the lethal limit of organisms to
levels of UV flux in their normal habitats. The natural
concentration of stratospheric ozone varies with lati-
tude. being thinner in the tropics with corresponding
greater atmospheric penetration of UV-B than at
higher latitude and is highly dependent on solarangle
as well. As a consequence, UV-B radiation at high
latitudes is roughly half the maximum daily amount
reaching temperate and tropical latitudes. Calkins
and Thordardottir, comparing observations for aquatic
ecosystems in Iceland (63°N) and Kentucky (36°N),

OCEANOGRAPHYNOVEMBER+ 1989

inferred that solar UV is a significant ecological
factor because there was little or no reserve capacity
to withstand increased UV dosage in either habitat.
They argue that while organisms may have pho-
toadaptive capacity or the ability to avoid solar UV,
any adaptation to solar UV reduces the resources
available for other purposes. This suggests that cur-
rent levels ot UV-B are an already occurring natural
stress for phytoplankton communities.

Worrest and co-workers (Worrest, 1986), using
naturally derived microcosms. explored whether
predicted increases in UV-B radiation might over-
whelm natural protective mechanisms and produce
changes that would have damaging consequences to
the ecosystem. In agreement with others, they found
that acute exposure to UV-B radiation significantly
depressed the radiocarbon estimate of primary pro-
ductivity and that various phytoplankton species
showed a differential sensitivity to UV-B radiation.
Their results suggest that long-term studies, and by
inference natural communities. would show altera-
tion of algal community structure as a result of
exposure to enhanced levels of UV-B radiation.
Further, a DNA-like biological weighting function
was most consistent with their experiments.

Jokiel and York (1984) also focused on experi-
ments that tested long-term ccological effects. They
used monoculture experiments with natural sunlight
to determine the influence of current levels of UV-B
and PAR on the growth of microalgae. Over a period
of one to two weeks, little or no photoinhibition of
growth rate in the absence of UV radiation was
found. They concluded that when long-term growth
inhibition was observed. it was almostentirely caused
by UV radiation. This supports the suggestion that
othermolecules besides chlorophyll sensitize or shield
algae in the UV portion of the spectrum. This work
also suggests that the biological weighting for long-
term effects of UV on phytoplankton will be heavily
weighted in the UV-B with some weighting in the
UV-A region of the spectrum, which implies an g(A)
that lies somewhere between the examples given in
Fig. 1.

Recently Buhlmann er of. (1987) studied the in-
fluence of UV on the "*C-assimilation of phytoplank-
ton. These workers conclude that photoinhibition is
caused by UV-A radiation and that the additional
influence of UV-B is of minor importance. In agree-
ment with Jokiel and York (1984). they find that high
intensities of PAR (up to 1800 UE m~ s') cause only
minor photoinhibition in the absence of UV-A.

Effects on phytoplankton. other than those influ-
encing growth rates, have been observed. Dohler
(1985) has shown direct influence of UV-B on pro-
tein content. dry weight. and pigment concentration.
This work demonstrated that UV-B resulted in chlo-
roplast damage and may also directly affect proteins
of the photosynthetic apparatus. For motile microor-
ganisms, Haeder (1987) has shown that both the
motility and phototactic orientation can be impaired
by UV radiation. For corals. Jokiel (1980) has shown

Acute exposure to
UV-B radiation
significantly depressed
the radiocarbon
estimate of primary

productivity.



The extreme change
in ozone ... produces
a sharp gradient which
creates a UV-B front
analogous to an

oceanographic front.

that the current level of ultraviolet radiation directly
influences physiology and growth.
Antarctic Ozone Hole and UV-B Fronts

The recent dramatic reduction in stratospheric
ozone over the Antarctic (Stolarski et al.. 1986;
Schoeberl and Krueger. 1986: Farman er ul.. 1985:
Connor et al.. 1987: Frederick and Snell. 1988:
Lubin ez al.. 1989) includes 30-50% springtime loss
resulting in at least a several-fold increase in UV-B
incident on the Southern Ocean, compared to pre-
ozone hole levels. This has raised concern that the
ozone hole may cause increases of ultraviolet radia-
tion at the ocean s surface and cause harm to aquatic
organisms (Voytek. 1989). The debate over the
possible consequences of the ozone hole on aquatic
life in the Antarctic (Roberts. 1989) illustrates the
difficulty in extrapolating laboratory and shipboard
findings to predictions of possible impacts at the
community andecosystem level. The extreme change
in ozone associated with the hole produces a sharp
gradient which creates a UV-B front analogous to an
oceanographic front. Comparative studies of UV-B
effects across this front may provide a natural labo-
ratory for direct observation of the impact of UV-B
on natural phytoplankton communities.

Solarradiation inpolarregions is distinguished by
low sun elevations and persistent cloud cover. lead-
ing to generally lower UV and visible radiation. At
the same time, the ratio of diffuse (sky) to global (sky
plus direct sun) radiation is high in polar regions,
leading to higher reflectances trom the ocean surface
and slight spectral shifts in the in-water light field.
Thus. one might suppose that phytoplankton in
Antarctic waters receive absolute levels of UV-B
exposure significantly less than levels currently
experienced by phytoplankton at lower latitudes.
However. acritical issue withrespect to light-limited
Antarctic phytoplankton is the ratio of biologically
weighted fluence rate (UV-B dose) to the photoreac-
tivating UV-A and photosynthetically available
radiation (PAR). These ratios provide a measure of
the energy available for UV-B damage to that avail-
able for photorepair and/or photosynthesis. The ratio
of UV-B to longer wavelengths increases as ozone is
depleted in spite of the generally lower incident solar
radiation in Antarctic regions. As discussed above,
the biological impact of these changing ratios are
critically dependent on a choice of the biological
weighting function g(A) for the photoeffect under
consideration.

In order to illustrate thc magnitude of spectral
irradiance changes caused by the Antarctic ozone
hole and to compare these changes with those at
lower latitudes, an atmospheric model (Tanre er u/..
1979) as well as data from polar latitudes are used to
estimate the ratio of UV to PAR without considera-
tion of (A). Fig. 2 shows a plot of the ratio of spectral
irradiance to total PAR (E(l)/EP Ar) for the Antarctic,
normalized by this same ratio for equatorial latitudes
with an ozone concentration of 263 DU, Aratioot 1.0
in Fig. 2 indicates that the spectral balance of solar
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Fig. 2: E()t)/Emk Jor the Antarctic (McMurdo Sta-
tion. solar noon sun ungle 71°) divided by E (A)E, .,
for modeled equatorial latitudes (solar noon sun
angle 23° ) for the wavelength region 280-380nm
with ozone concentration of 263 DU. Bottom curve
Jfor Julian day 294 (1988) with ozone concentration
of 386 DU (outside the ozone hole); middle curve for
Julian dav 281 (1988) with ozone concentration of
263 DU (inside the hole). Data are from NSF-DPP
UV -monitoring program. C.R. Booth. personal
communication. Top curve is for a sinudated ozone
concentration of 140 DU, near the lowest ozone
concentration yet observed in the Antarctic, using
the same atmospheric model used for normalizution
to equatorial conditions.

radiation passing through the Antarctic atmosphere
is comparable to that for low latitudes. A ratio less
than 1.0 indicates that the portion of spectral UV in
the Antarctic is lower than for equatorial latitudes.
We normalize to equatorial latitudes because tropical
seas normally experienced the lowest ozone con-
centrations and. thus. higher ratios of incoming
UVB:UVA:PAR than any other ocean areas. The
Antarctic data from the National Science Foundation
Division of Polar Programs (NSF-DPP) UV moni-
toring program (C.R. Booth. private communica-
tion) corresponds to two ozone regimes: a day “out-
side™ the ozone hole. with a stratospheric ozone con-
centration of 386 DU (jd 294. 1988) and a day
“inside™ the ozone hole. with a stratospheric ozone
concentration of 263 DU (jd 28 1. 1988). We simulate
a day “inside™ the ozone hole. with a stratospheric
ozone concentration of 140 DU (near the lowest
ozone hole concentrations yet observed). by use of
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the same atmospheric model used to estimate the
spectral balance for the equatorial normalization.

A comparison of the two lower curves (jd 281 and
jd 294) shows that the ratio of spectral irradiance
inside to outside the hole doubles at 308nm and
increascs thirty-fold at 300nm. The upper curve. cor-
responding {0 an ozone hole concentration near the
lowest value yet recorded, indicates that UVB to
PAR ratios can approach those of equatorial latitudes
despite clouds and low solar elevations. The middle
curve (jd 281) shows the correspondence of the E(A)/
E, . ratio for polar to equatorial regions for the same
ozone concentrations, but the data from the polar
region were for cloudy skies and for low solar eleva-
tion (solar zenith angle of 71°). These data indicate
that the relatively longer atmospheric path lengths
tor incident radiation in polar regions reduce the
UVB to PAR ratio. but not as much as might be
expected considering only absolute irradiance lev-
els.

Tilzer and co-workers (1985) have shown that the
photosynthetic capacity (photosynthesis per chl-a at
optimum light) and maximum quantum yield of
photosynthesis (moles carbon dioxide assimilated
per mole light quanta absorbed) are lower, on aver-
age, in Antarctic phytoplankton than for phytoplank-
ton in temperate regions. They suggest that this
diminished low-light photosynthesis may be caused
by temperature-controlled rate-limiting processes that
become dominant in otherwise light-limited situ-
ations. If this diminished photosynthetic capacity for
Antarctic phytoplankton is true in general. then it is
likely that these organisms have less reserve resis-
tance for adaptation and repair of increased UV-B
damage. This follows the argument of Calkins and
Thordardottir { 1980) that while organisms may have
photoadaptive capacity with respect to UV-B, an
adaptation to enhanced solar UV reduces the re-
sources available for other purposes. Thus. while the
E(?»)/EP,\R ratio incident on organisms in polar re-
gions may not exceed values already experienced by
those in equatorial regions. the current values within
the ozone hole are one to two orders of magnitude
greater than pre-ozone hole values.

Some of this proportional increase in UV-B will
penetrate to ecologically significant depths in Ant-
arctic waters. For example. Smith and Baker (1979)
find that for moderately productive waters (chl-a
concentration 0.5 mg m*) the effective attenuation
coetficient weighted for DNA photodamage is
K, ~0.4m™. Thus. this mutagenic radiation would
penetrate to over Smbefore being reduced by a factor
of ten. Gieskes er «l. (1989) report that 10% of the
UVR (340nm) measured above the surface pene-
trated to 25m in Antarctic waters. and Karentz (per-
sonnel communication) reports similar findings.

The spatial characteristics of the ozone hole may
also influence the potential impact on aquatic sys-
tems. Satellite data show substantial motion of the
south polar vortex position relative to geographic
locations on the surface (see Fig. 3. p. 5). In addition
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to low ozone concentrations in the south polar vortex
ozone hole during austral spring. there is a continu-
ous change in the day-to-day size. shape and position
of the vortex (Hofmann ef «/., 1986). The Nimbus 7
Total Ozone Mapping Spectrometer (TOMS) data
(Fig. 3) show relative ozone concentrations with
respect to the underlying Antarctic continent for four
days in October 1988 (including jd 281 and jd 294)
and show how quickly ozone levels can change over
any given surface location. The difference in total
ozone between the two days at a given geographic
location can be nearly a factor of two (i.e.. the
difference between being outside or inside the ozone
hole). Thus, from a biological perspective, the pat-
tern of surface UV-B exposure at a given location in
the Southern Ocean is highly variable with large and
rapid changes. It should be emphasized that UV-A
and PAR will not change correspondingly in passing
from inside to outside the ozone hole. Thus. there is
abiological dose gradient corresponding to the ozone
gradient (1.e., a UV-B or biological dose front). This
front. analogous to oceanographic fronts. provides a
unique opportunity to carry outexperiments compar-
ing the influence of a change in UV-B stress on
natural populations on either side of the front. In
particular, the time scales of photosynthetic physiol-
ogy and photodamage/photorepair processes are such
that if the passage of a UV-B front is ccologically
significant it would be followed first by changes in
the rapid processes (hours) and then by those on
longer time scales (days). If such a comparison could
separate natural variation from that caused by pas-
sage of the UV-B front. it could provide a natural
environmental test of the hypothesis that phyto-
plankton populations in Antarctic waters are endan-
gered by ozone depletion.
Summary

There is ample laboratory evidence that enhanced
UV-B radiation is detrimental to marine organisms
and grounds for supposing that enhanced levels of
UV-B may be detrimental to various natural commu-
nities of marine organisms. However, the ability to
accurately and unambiguously predict effects re-
mains elusive. Estimated impacts range from the
insignificant to the catastrophic. Difficulties in quan-
titatively extrapolating laboratory and shipboard
findings to the potential effects of increased UV-B
radiation on natural communities include: the natural
variability of in-water radiation levels influenced by
both physical (e.g.. cloud cover and sun elevation)
and biological (e.g.. in-water biological constituents
leading to changes in UV-B penetration) processes;
the wide range of aquatic organisms and a natural
variability in their development stages. pigment-
absorptive characteristics and sensitivities to UV-B
radiation: the possibility that natural communities of
algae might quickly adapt to changes in UV flux
simply through selection of resistant types; the pos-
sibility that light-limited phytoplankton may have
photosynthetic light utilization efficiencies that are
insufficient to drive the added synthetic reactions

Some of this
proportional increase
in UV-B will penetrate
to ecologically
significant depths

in Antarctic waters.
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required to overcome additional UV-induced dam-
age: the potential for significant indirect effects such
as changes in community structure: and the large
statistical variance associated with the reproductive
success of many aquatic organisms. The uniqueness
ot the sharp ozone hole UV-B front in the Antarctic,
along with knowledge that low-light, low-tempera-
ture adapted phytoplankton may be especially vul-

nerable to enhanced UV-B. may provide the kind of

opportunity needed for investigating phytoplankton
communities in the field with and without ozone
induced UV-B stress. The need is great for direct
measures ol ultraviolet radiation effects on natural
communities in the world’s oceans.
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