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Knowledge of the penetration of ultraviolet radiation flux
into the water column in the Antarctic is essential for assess-
ment of the significance of reduced ozone in the atmosphere
on marine primary production. In the vicinity of Palmer Sta-
tion, we studied variability in the spectral absorption of marine
particulates, penetration of ultraviolet radiation into the water
column, and the spectral aspects of ultraviolet photoinhibition
of phytoplankton. Holm-Hansen, Mitchell, and Vernet (Ant-
arctic Journal, this issue) describe our results for in situ primary
production experiments and Vernet, Mitchell, and Holm-Han-
sen (Antarctic Journal, this issue) describe pigment adaptation
in relation to irradiance in situ.

Methods described by Mitchell and Kiefer (1988) were used
to determine spectra from 300-700 nanometers for absorption
coefficients of marine particulates (a r) and action spectra of
phytoplankton photosynthesis inferred from spectral fluores-
cence excitation of chlorophyll a. Neori et al. (1986) have dem-
onstrated that oxygen evolution action spectra can be estimated
using fluorescence excitation action spectra of phytoplankton
chlorophyll a. We also made detailed studies of in situ optical
properties using a multichannel biological-optical-physical
profiling system deployed from RN Polar Duke. In situ optical
measurements included the diffuse attenuation coefficients (k)
in the visible and at a band centered at 320 nanometers in the
ultraviolet.

We hypothesized that antarctic marine particulates in gen-
eral, and phytoplankton specifically, may contain ultraviolet-
absorbing compounds which attenuate ultraviolet radiation.
Ultraviolet-absorbing compounds have been noted in phyto-
plankton (Vernet et al. 1989) and corals (Dunlap, Chalker, and
Oliver 1986) and, if present in antarctic phytoplankton, may
provide some measure of natural protection from damaging
ultraviolet radiation. We found that intact marine particulates
contain an ultraviolet-absorption peak between 320 and 340
nanometers which can be up to five times higher than the peak
absorption in the visible close to 440 nanometers (figure la).
This absorption band was not always prominent as indicated
in figure la. Fluorescence excitation action spectra for the same
samples are presented in figure lb. We note there is an ap-
parent peak near 320 nanometers in energy transfer to chlo-
rophyll a and, therefore, photosynthesis for sample 25B5 which
had a very high ratio of a (330)/a(440). Although this peak
indicates that absorbed ultraviolet radiation may be used in
photosynthesis, the fluorescence yield due to this ultraviolet
absorption is low when compared to yields due to the ab-
sorption in the visible.

The strong ultraviolet absorption by particulates is expected
to play an important role in the total diffuse attenuation coef-

ficient [(k)(320)] for irradiance measured by the ultraviolet sen-
sor we deployed. The magnitude of k is equal to the sum of
all absorption coefficients divided by the mean cosine of the
radiance distribution (p;):

k = (a + a + ad)/Ii.

where a % , a, and ad are the absorption coefficients for water,
particulates, and dissolved materials, respectively. Using our
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Figure 1. A. The spectral absorption coefficient of marine partic-
ulates (a per meter) from 300-700 nanometers for a station with
a high a(330) and a low a(330) relative to the absorption of pho-
tosynthetic pigments from 400-700 nanometers. Station 25B was
located at 65.90S 64.60W, station 26A located at 64.3 0S 64.9°W. Both
samples were from 5-meter depth in the upper mixed layer. Values
of chlorophyll a for the two samples were similar, in agreement
with the similar magnitude of a(675) in the red absorption maxi-
mum for chlorophyll a. B. Relative fluorescence excitation spectra
of chlorophyll a (FChI ) from 300 to 700 nanometers for 720-nano-
meter emission for the same samples presented in figure la. The
magnitude of a blank filter scanned under the same conditions was
subtracted from the raw data and each spectrum was normalized
to the mean value from 300-700 nanometers.
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techniques, we were able to measure k(320) and a(320) di-
rectly, each of which varied by more than a factor of three
during the cruise. The value for a,,(320) is reasonably well
described (Smith and Baker 1981). Unfortunately, a d and p are
not easily measured, but jI is considered to vary over ,a narrow
range from 0.65 to 0.75 in the upper ocean (Stavn 1988). Thus,
k(320) is expected to be proportional to the sum a(320) +
ad(320). In figure 2a, we present a scatter plot of k(320) versus
a(320). We believe that most of the variance in the observed
relationship is due to variability in ad(320) which we did not
measure.

The ratio ad (320)Ik(320) may be estimated by rearranging the
equation and assuming a, = 0.1 per meter (Smith and Baker
1981), and p = 0.75 (Stavn 1988). When this estimate is plotted
against the value of a(320), one notes that the relative con-
tribution of dissolved material to k(320) varies from 10 to 50
percent and appears to decline as a(320) increases (figure 2b).
This is not surprising considering the strong ultraviolet ab-
sorption by particulates and the fact that our cruise was con-
ducted during the spring bloom period when it was still too
early in the season to expect significant accumulations of det-
ritus and dissolved absorption.

The fate of the energy absorbed in the ultraviolet is important
with respect to assessing the potential consequences of ozone
depletion. Controlled experiments to determine the spectral
sensitivity of ultraviolet photoinhibition were conducted with
an on-deck spectral exposure incubator. Selective screening
with sharp-cut filters allows precise determination of the wave-
bands most effective for inhibiting photosynthesis. Schott long-
wavelength pass filters were used which had nominal 50 per-
cent transmittance values at 375, 335, 320, and 305 nanometers
(figure 3). The maximum increase in photosynthesis due to
ultraviolet screening (375 nanometer filter vs. quartz) was ap-
proximately 100 percent. The largest percentage change in pho-
tosynthesis generally was observed between the 320 and 335
nanometer filter treatments. The table summarizes the results

of an experiment using 1-meter and 10-meter samples from a
15-meter "mixed" layer as determined by continuous profiles
of in situ temperature and salinity. Samples from 1 and 10
meters had essentially the same value for chlorophyll a deter-
mined on extracts (2.85 and 2.9 milligrams of chlorophyll a per
cubic meter for 1 and 10 meters). Although standard criteria
indicated the samples were from the same mixed layer, results
from the spectral exposure incubator indicated a marked dif-
ference in the response of the two samples. Both samples had
similar photosynthetic rates for the quartz treatment. When
wavelengths less than 375 nanometers were screened out, the
rates of primary production, relative to the quartz sample were
120 percent and 190 percent for the 1- and 10-meter sample,
respectively. We hypothesize that the 1-meter sample may
have sustained ultraviolet damage in situ, so its maximal pho-
tosynthetic rate with no ultraviolet was not as great as the 10-
meter sample.

We document strong absorption in the ultraviolet from 320-
330 nanometers for marine particulates (see also Vernet, Neon,
and Haxo in press). Below this region of the solar energy
spectrum, absolute energy levels drop off very dramatically.
Only wavelengths shorter than about 320 nanometers will be
significantly enhanced due to ozone depletion (Caldwell et al.
1986). If the absorption we observed serves a protective role
for phytoplankton photosynthesis, it appears the peak band
is in the region where solar energy increases rapidly and not
in the region where ozone depletion would cause significant
variations in absolute flux. Results on the spectral response of
ultraviolet inhibition of photosynthesis from natural solar en-
ergy indicate that wavelengths from 320-335 provide the great-
est absolute photoinhibitory effect. These results are considered
preliminary since they have not been corrected for quantum
flux. Furthermore, it is not known if there is a relationship
between short-term photosynthetic inhibition and phytoplank-
ton survival or genetic damage.
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Figure 2. A. The relationship between the diffuse attenuation coefficient at 320 nanometer k(320) and the particulate absorption coefficient
a(320) for all observations during the cruise. B. The relationship between the estimated absorption by dissolved material and a(320) for
the same data presented in 2a. Both relationships are significantly correlated (Spearman rank correlation, r = 0.4; n = 66; p 0.001).
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Figure 3. Transmission curves for Schott long-pass filters used in
the spectral exposure incubations. Each filter is characterized by
its nominal 50 percent transmittance wavelength. The actual 50
percent transmission points for the 305 and 320 filters were shorter
than the nominal values.
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Reduced ozone concentrations in the stratosphere over Ant-
arctica have recently received much worldwide attention, be-
cause the seasonal "ozone hole" has been increasing in severity.
This is of much concern ecologically, because decreased ozone
concentrations will result in increased ultraviolet radiation in-
cident upon the Earth. The fluence of ultraviolet-B (280-320
nanometers) incident upon the southern ocean under "nor-
mal" column ozone concentrations is considerably less than
that at lower latitudes. It was hypothesized that antarctic phy-
toplankton are less well adapted to minimizing deleterious
effects of increased ultraviolet radiation as compared to phy

-toplankton in temperature or tropical environments. If ant-
arctic phytoplankton are less well adapted to coping with
ultraviolet radiation, then the dramatic increase in short-wave-
length ultraviolet-B radiation resulting from decreased ozone

concentrations over Antarctica may have serious effects on
phytoplankton cells.

Phytoplankton synthesize many compounds that absorb light
in the ultraviolet-B (290-320 nanometers) and ultraviolet-A (320-
400 nanometers) regions of the spectrum. For example, a group
of compounds which have maxima of absorption from 320 to
340 nanometers are abundant in certain red-tide dinoflagellates
(Yentsch and Yentsch 1982; Carreto, DeMarco, and Lutz 1988;
Vernet et al. in press). Furthermore, most photosynthetic pig-
ments whose absorption peaks are in the visible range of the
spectrum, also absorb substantially below 400 nanometers. Some
of these pigments may even have secondary peaks of absorp-
tion around 340 and/or 370 nanometers (Goodwin 1980).

The objective of this study was to document the rate and
extent of photoadaptation by antarctic phytoplankton as evi-
denced by the synthesis of "screening" pigments which act to
absorb ultraviolet radiation and may protect sensitive chrom-
ophores from ultraviolet radiation which would otherwise re-
sult in cellular damage. Our experimental approach was to
study natural populations of phytoplankton under ambient
environmental conditions as much as possible. We, therefore,
concentrated on studying the degree of photoadaptation of
phytoplankton throughout the upper water column as a func-
tion of the spectral irradiance to which they were exposed.

Water samples were obtained in 10-liter Niskin bottles at-
tached to the rosette which held our optical profiling instru-
mentation (Mitchell, Vernet, and Holm-Hansen Antarctic Journal,

this issue). Pigments were determined using several methods.
Chlorophyll a and phaeopigments were determined by fluo-
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