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Stratospheric Ozone, Middle Ultraviolet Radiation, and 

Carbon-14 Measurements of Marine Productivity 
Abstract. The effects of increased ultraviolet radiation, due to decreased strato- 

spheric ozone, on marine phytoplankton have been investigated with the use of static 
bottle in situ carbon-14 productivity measurements. The relative biological efficiency 
for photoinhibition may be used to calculate biologically effective doses and result- 
ant amplification factors. The carbon-14 technique (short-term incubations) is in- 
adequate for assessment of possible large amplification factor photoprocesses that 
may be ecologically significant. 

Middle ultraviolet (MUV) radiatior 
280 to 340 nm, can penetrate to ecolog 
cally significant depths in natural water 
(1, 2). Thus, there is concern that re 
duced stratospheric ozone, and a cor 
sequent increase in MUV at the ocea 
surface, may have an adverse effect o 
phytoplankton productivity (3). To as 
sess this problem, measurements of stal 
ic bottle 14C productivity under a variet 
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Fig. 1. Relative biological efficiencies, EpI() 
and EDNA(X), and downward spectral irrn 
diance, EA(X), for two stratospheric ozon 
concentrations plotted against wavelengtl 
The wavelength scale is expanded below 32 
nm in order to show greater detail in the MU' 
region of the spectrum. The effective biolog 
cal dose is the product of the appropriate bic 
logical efficiency e(X) and the spectral irrn 
diance Ed(A) summed over each infinitesimi 
wavelength interval. 

1, of quantitative MUV irradiance regimes 
i- have been made (4). We have concluded 
7s that this widely used field technique, 

-measuring the uptake of radioactive car- 
1- bonate in incubations lasting from a few 
n hours to 24 hours, is inadequate for accu- 
n rately assessing the potential impact of 
s- increased MUV on the primary produc- 
t- tivity of natural phytoplankton popu- 
y lations. 

Concerns over an anthropogenic re- 
duction of the stratospheric ozone layer 
and the possible consequences of in- 
creased biologically harmful ultraviolet 
radiation have been widely publicized 
(3). Estimates of the amount of ozone de- 
pletion continue to be debated, with re- 
cent estimates ranging from 2 to 50 per- 
cent, and a latest estimate (August 1979) 
projecting a 16 percent reduction of 

E ozone during the next several decades if 
1977 input rates of stratospheric con- 

: taminants continue (5). 
An important consideration, when dis- 

1 cussing the potential impact of ozone re- 
r duction, is the spectral nature of biologi- 

cal photoeffects, which are frequently 
heavily weighted toward radiation in the 
MUV region of the spectrum. As a con- 
sequence, a 1 percent decrease in ozone 
may cause an A percent increase in bio- 
logical effect, where A has been termed 
an amplification factor (6). More recently 
(7), this amplification factor has been 
subdivided into two components: (i) the 

) ratio of the percentage change in biologi- 
a cally effective dose, AEe/E, to the per- 

cent change in ozone thickness, wl/w 
!o [the radiation amplification factor 
V R = (AEE,)/)(Aw/w)]; (ii) the ratio of the 
^ percentage change in biological effect, 

AP/P, to the percentage change in bio- 
al logically effective dose, AE,/E, [the bio- 

logical amplification factor B = (AP/P)/ 
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(AE, IE)]. The product of these two com- 
ponents is the overall amplification fac- 
tor (A =R B). 

For a particular photoprocess the bio- 
logically effective dose is given by 

E, = f Ed() e (X) dX 

where Ed(A) is the downward spectral ir- 
radiance and e(X) is the relative biologi- 
cal efficiency for the biological photoef- 
fect under study. If e(X) and its wave- 
length normalization are specified, and 
Ed(X) is known, then quantitative calcu- 
lation and comparison of biologically ef- 
fective dose rates can be made (2). 

The subject of marine photosynthesis 
and its measurement has been discussed 
in detail (8). Productivity is normally 
measured over relatively short periods of 
time, generally less than the division 
time of the populations under study. 
Ecologists are then faced with extrapo- 
lating these short measurements to 
growth rates and maintenance of the 
population. Although the '4C technique 
is widely used to estimate the photosyn- 
thesis of natural phytoplankton popu- 
lations, the interpretation of results con- 
tinues to be debated (9). 

Productivity measurements, with the 
static bottle 14C technique, were carried 
out over a range from low to highly pro- 
ductive ocean waters. These productiv- 
ity measurements were carried out for a 
range of quantitatively measured MUV 
irradiance regimes, by both excluding 
and enhancing natural radiation. Our re- 
sults, in qualitative agreement with those 
of others (3a, 10), show that enhanced 
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Fig. 2. Radiation amplification factor, R, 
plotted against the stratospheric ozone thick- 
ness, for two biological efficiencies: Setlow's 
(12) average action spectrum for biological ef- 
fects involving DNA, EDNA(X), as given in ana- 
lytical form by Green et al. (15); and Jones 
and Kok's (11) action spectrum for photoinhi- 
bition as renormalized by Smith et al. (4). 
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levels of MUV increase photoinhibition 
and that excluding MUV decreases pho- 
toinhibition in 14C productivity measure- 
ments. 

A quantitative analysis of our data (4), 
shows that the biological weighting func- 
tion for photoinhibition of chloroplasts 
(11) allows calculation of a biologically 
effective dose which is consistent with 
the measured photoinhibition. This pos- 
tulated relative biological efficiency for 
photoinhibition (PI), epi(X), is shown in 
Fig. 1 where we have included the DNA 
action spectrum (12), eDNA(X), for com- 
parison. 

A distinguishing feature of epI(X) is 
that, while it has a maximum in the 
MUV, it continues into the visible region 
of the spectrum. For surface irradiance 
[Ed(X) in Fig. 1], a quantitative evalua- 
tion shows (4) that 25 percent of the pho- 
toinhibition weighted dose is due to radi- 
ation below 340 nm (the MUV region), 
50 percent of this dose is due to radiation 
below 390 nm, and the remainder is due 
to wavelengths longer than 390 nm. In 
contrast, biologically effective doses, for 
photoprocesses such as eDNA(X), are com- 
pletely due to radiation in the MUV re- 
gion of the spectrum. 

In Fig. 1 we have also plotted down- 
ward spectral irradiance for two strato- 
spheric ozone thicknesses (13). The ef- 
fect of a diminished ozone thickness is to 
cause an increase in the irradiance at the 
ocean surface in the MUV region. The 
potential biological impact of this in- 
creased MUV is dependent on e(X), as 
manifest in the respective amplification 
factor. In Fig. 2 we have plotted the radi- 
ation amplification factor, R, versus 
stratospheric ozone thickness for EpI(X) 
and EDNA(h) (14). These curves show that 
R is approximately 0.1 for photoinhibi- 
tion, while it ranges between 2 and 4 for 
photoprocesses weighted by eDNA(X). 
Thus the radiation amplification factor is 
20 to 40 times larger for EDNA than for epi. 

If we accept the hypothesis that epI(X) 
adequately describes the spectral 
weighting of photoinhibition and the ef- 
fects of excluded and enhanced MUV on 
phytoplankton photosynthesis, as mea- 
sured by the static bottle 14C technique, 
then we can draw the following con- 
clusions and observations: (i) possible 
changes in the stratospheric ozone thick- 
ness will cause only small changes in the 
biologically effective photoinhibition 
dose, Epi (since RPI < 0. 1); (ii) even if the 
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clusions and observations: (i) possible 
changes in the stratospheric ozone thick- 
ness will cause only small changes in the 
biologically effective photoinhibition 
dose, Epi (since RPI < 0. 1); (ii) even if the 
biological amplification factor, for a pho- 
toinhibition change in photosynthesis, is 
as large as our estimate of 5, the total 
amplification factor for a change in pho- 
tosynthesis (epi weighted) due to a 
change in ozone will be less than 1; (iii) if 

SCIENCE, VOL. 208, 9 MAY 1980 

biological amplification factor, for a pho- 
toinhibition change in photosynthesis, is 
as large as our estimate of 5, the total 
amplification factor for a change in pho- 
tosynthesis (epi weighted) due to a 
change in ozone will be less than 1; (iii) if 

SCIENCE, VOL. 208, 9 MAY 1980 

photoprocesses other than photoinhibi- 
tion can potentially affect natural photo- 
plankton populations (for example, 
MUV absorption and damage to DNA, 
which may not become evident for in- 
cubation times that are short compared 
to times of cell division), then the rele- 
vant e(X) for these alternative photopro- 
cesses must be identified in order to esti- 
mate possible detrimental effects of in- 
creased MUV; (iv) photoprocesses 
having relative biological efficiencies 
weighted toward the MUV region of the 
spectrum (for example, EDNA) have ampli- 
fication factors greater than unity which, 
when coupled with biological amplifica- 
tion factors greater than unity, gives 
them the potential for significant biologi- 
cal impact with increased MUV; and (v) 
conclusions regarding the possible impact 
of reduced ozone, hence enhanced MUV, 
with the use of this technique are limited 
since the present 14C technique is not 
adequate to assess photoprocesses hav- 
ing a time frame longer than the limited 
incubation period of this method. 

RAYMOND C. SMITH 
KAREN S. BAKER 

Visibility Laboratory, Scripps Institution 
of Oceanography, University of 
California, San Diego, La Jolla 92093 
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conservation point of view to obtain this 
energy as electric rather than thermal en- 
ergy. 

Low- and medium-temperature NH3 
fuel cells have met with no success since 
N2 was found to be the only oxidation 
product (3). High-temperature fuel cells 
operating on H2 or CO fuel have been de- 
veloped and tested (4). 

We have found that the primary prod- 
uct of the high-temperature solid elec- 
trolyte fuel cell 

NH3,NO,N2,Pt/ZrO2 
(8 percent Y203)/Pt,air 
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Abstract. A solid electrolyte fuel cell operating on ammonia fuel has been con- 
structed and tested. The yield of nitric oxide can exceed 60 percent with simultaneous 
electric energy production. Two dimensionless numbers have been identified which 
govern the product selectivity and power output of this fuel cell. The cell appears to 
be a promising candidate for nitric acid and electric energy cogeneration. 
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