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ABSTRACT

Our major aim is to illustrate an approach for hindcasting
or forecasting UV radiation (UVR, 280400 nm) effects on
in situ rates of aquatic primary production when field mea-
surements do not include estimates of UVR effects. A com-
posite of spectral field measurements is employed to model
UVR-dependent rates of photosynthesis in diatom-domi-
nated waters in a coastal region of the Southern Ocean.
Assamptions, caveats and limitations of the modeling are
discussed. Calculations begin with the 1991 Palmer Long
Term Ecological Research (LTER) primary production and
optical databases, from which daily integrated rates of car-
bon fixation in the absence of UVR are calculated as a func-
tion of depth for a 140 km transect line sampled between
dawn and dusk of a single day (14 November 1991). The
UVR measurements from the nearby NSF/OPP Polar Net-
work at Palmer Station are used to determine ozone (O;)
concentration on the day of the transect, which is then em-
ployed in Madronich’s (In UV-B Radiation and Ozone De-
pletion (Edited by M. Tevini), pp. 17-68. Lewis, Boca Ra-
ton, FL, 1993) spectral code to model daytime variations in
surface spectral irradiances under clear sky conditions.
These data are corrected for cloudiness and then combined
with estimates of in-water UVR spectral attenuation coef-
ficients, derived from Icecolors ’90 data, to estimate in situ
light exposure for phytoplankton collected at different
depths and locations. An absolute chlorophyll-specific bio-
logical weighting function (BWF), determined under natu-
ral solar light fields for Antarctic diatom communities and
shown to be reproducible while differing from a laboratory
diatom BWF and other in situ BWF determined for other
phytoplankton assemblages, is combined with estimates of
in site UVR exposure to derive in situ estimates of chloro-
phyll-specific losses of carbon fixation due to UVR inhibi-
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tion. By repeating calculations for every sampling site along
the transect, we derive a spatial map of estimated UVR
effects on primary production across the region. We repeat
calculations for different O, concentrations expected during
the austral spring over Antarctica and illustrate the O, de-
pendency of UVB (280-320 nm) inhibition effects in near
surface waters. We estimate ambient UVR reduced carbon
fixation rates up to 65% in surface waters, depending upon
location, down to undetectable levels at 36 m. Reducing
stratospheric O concentrations by 30% further inhibits
near surface primary production by =8% and integrated
primary production by =5%. Primary production was
forced to subsurface maxima across the entire transect line
in the presence of UVR.

INTRODUCTION

The approaches used to estimate and model aquatic primary
production are many and varied, but all require, at some
level, information on the characteristics of the underwater
light field and the photosynthetic response of the phyto-
plankton. In the last decade, significant advancements have
been made that couple optical models of light availability
for aquatic photosynthesis with biooptical models of light-
dependent rates of primary production. Input parameters in
these production models are often measurable from space
and allow a synoptic view of near surface primary produc-
tion estimates over large space scales (1-6). Biooptical mod-
els have increased predictive accuracy over their predeces-
sors, in part, because they rely upon better mechanistic un-
derstanding of relationships between photosynthetic avail-
able radiation (PAR,} 400-700 nm) and its ability to

tAbbreviations: BWF, biological weighting function; Chl g, chlorophyll
a, dpm, disintegrations per minute; DU, Dobson units; £ flux of
light energy; FI, fractional inhibition; LT, local time; LTER, Long
Term Ecological Research; Oy, ozone; PAR, photosynthetically avail-
able radiation (400-700 nm); P, photosynthetic potential; Ppag, 2
situ photosynthetic carbon fixation rate in PAR-only light fields; P-I,
photosynthesis—irradiance relationship; Q, photon flux density; RAF,
radiation amplification factor; Sta, station; UVA, ultraviolet A radi-
ation (320-400 nm); UVB, ultraviolet B radiation (280-320 nm);
UVR, ultraviolet radiation (280—400 nm).
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promote and regulate aquatic photosynthesis (7). When the
spectral balance of PAR and its linkages to the spectral bi-
ology of phytoplankton are also included in field measure-
ments and modeling efforts, the predictive accuracy of PAR-
based production models increases further (7-9). For these
and other reasons, there have been associated advances in
sea-going instruments to facilitate underwater measurements
of spectral PAR (10), spectral absorption of PAR by phy-
toplankton (7,11,12) and spectral PAR-based photosynthesis
(11,12). Even with all these advances, most present PAR-
based medels of aquatic primary production are still largely
based on exponential formulations for the underwater light
field and basic photosynthesis vs irradiance (P-I) response
curves, with limited dependence on other environmental
conditions.

For Antarctica (13) and much of the rest of the globe
(14,15), there has been a significant increase in the amount
of solar UVB (280-320 nm) radiation reaching the earth’s
surface in recent years. The increase in UVB radiation is
largely associated with loss of stratospheric ozone (0Q,) (13-
15). Changing O, concentrations have no direct effect on
incoming PAR and little effect on incoming UVA (320-400
nm) radiation (16). Concern for the potential damaging ef-
fects of enhanced UVB radiation on plant life and short-term
inhibitory effects on primary production, with unknown
long-term consequences, has led us and others to field stud-
ies designed to quantify the spectral sensitivity of diverse
Antarctic phytoplankton to fluctnating UV radiation (UVR)
over the Southern Ocean (17-22). In doing so, it has become
apparent that UVA and UVB inhibition of primary produc-
tion may be overlooked in present measurements and large-
scale models of aquatic primary production. Field measure-
ments of P-I relationships, the basis of many productivity
estimates, are generally made in the absence of UV radiation
and even short incubations can provide sufficient time for
partial or total release of phytoplankton from short-term UV
effects on primary production (18). Thus, although PAR
models of primary production may be accurate at estimating
the potential primary production, they lack corrections for
the loss of primary production due to inhibitory effects of
UVR.

Thus, our interests include incorporating UVR effects into
spectral models of PAR-based primary production such that
the mechanistic linkage between changing UVR and rates of
in situ carbon fixation are considered. However, to do so
requires a large number of coordinated optical and biological
measurements, including environmentally relevant spectral
algorithms, i.e. action spectra or biological weighting func-
tions (BWF), for UVR inhibition of carbon fixation for nat-
ural phytoplankton communities from diverse ecosystems.
Although few such complete databases vet exist, we have
recently published a BWF measured for springtime, Antarc-
tic, coastal diatom-dominated communities and shown it to
accurately predict UVR rates of primary production mea-
sured for the same community but on different days and
under differing atmospheric O; conditions (18). We have
observed that field-derived BWF are naturally variable and
some considerations must be made in choosing among them,
or others, in order to do reasonably accurate spectral mod-
eling on time and space scales other than those for which
they were determined (19-21). Here, we demonstrate that
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Figure 1. Location of the LTER 700 Line in waters west of Palmer
Peninsula, Antarctica and Palmer Station (star) on the southwest side
of Anvers Island. The coastal ice edge at the time of transect in
November 1991 is shown by the dashed white line. The reference
*‘coastline’” for the LTER grid is also given. Numbering of transect
stations start in Dallman Bay, on the northwest side of Anvers Is-
land, with the station coastline being 700.020 and the furthest off-
shore station being 700.160. Different height columns at different
transect stations represent PAR-dependent daily water column pri-
mary production (Ppag, expressed as mg C m=? day-!). Primary pro-
duction rates were determined from P-I measurements and corrected
for daytime variations in both P-I parameters and in-water PAR (see
text for details).

the BWF measured for Antarctic springtime diatoms in open
water (18) was reproducible within the same diatom com-
munity on different days and then proceed to employ this
BWF to specirally model and hindcast UVR-dependent rates
of primary production for regional space scales where sim-
ilar diatom communities existed in Southern Ocean coastal
waters. In doing so, we believe that our presentation of the
data and data manipulation required for such spectral mod-
els, as well as a discussion of present constraints and inher-
ent assumptions in trying to hindcast or forecast UVR ef-
fects, will benefit researchers making similar attempts in oth-
er aquatic environments where UVR is a significant envi-
ronmental factor regulating primary production,

MATERIALS AND METHODS

Location and sampling of LTER stations. The Long Term Ecolog-
ical Research (LTER) Program centered at Palmer Station, Antarc-
tica, repeatedly surveys the characteristics of the waters west of the
Palmer Peninsula. The oceanographic cruises are conducted season-
ally aboard the R/V Polar Duke at defined stations within a defined
1000 km X 200 km LTER sampling grid (23). As part of the 1991
LTER spring survey, a minor diatom bloom was detected in Dallman
Bay at sampling stations located on the designated 700 Line of the
LTER grid (Fig. 1). The entire 700 Line runs 200 km perpendicular
to the Palmer Peninsula, out from the coastline to the edge of the
continental shelf. On 14 November 1991, we were able to transect
the 700 Line from the nearest shore station 20 km from an arbitrary
coastline (Fig. 1) out to a distance of 160 km offshore, i.e. from
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station (Sta) 700.020 out to Sta 700.160. Intermediate transect sta-
tions on the 700 Line are located 20 km apart.

As each transect station was reached sometime between dawn and
dusk on 14 November, a Biooptical Profiling System, BOPSII (16),
was deployed to determine the physical, optical, chemical and bio-
logical properties of the water column. On upcasts of BOPSII, water
samples were collected using 12 5 L Go-Flo bottles. In addition, Sta
600.040 (64°56.00'S, 64°24.000'W and 100 km SW of 700.040) and
Sta 700.160 were sampled every few hours for a 24 h period on 7
and 15 November, respectively, in order to measure diel changes in
photosynthesis and associated water column properties.

Pigmentation. For each BOPSII cast at each station, pigment sam-
ples were collected at eight or nine depths ranging from the surface
down to a maximum depth of 200 m. Phytoplankton pigmentation
was determined by HPLC, using modifications detailed in Moline
and Prézelin (24). Pigment concentrations were measured on 1000
mL samples collected at each depth and filtered onto 0.4 pm 47 mm
Nalgene nylon filters, which were frozen at ~70°C for at least 2 h.
Pigments were then extracted in 90% acetone at 0°C for 18 h. The
acetone extracts were centrifuged and 300 pL of ion pairing solution
was added to a 1 mL aliquot of the sample to increase the pigment
resolution. A 350 pL aliquot of this mixture was injected into a
Hitachi HPLC system (24), which was calibrated throughout over
the field season with pigment standards provided by R. Bidigare.

PAR, Scalar irradiance (0.3-3.0 mm) at the ocean surface was
continuously monitored using an Eppley pyranometer. The surface
flux of PAR, Qpar(O*), was derived from scalar irradiance using the
algorithm described by Baker and Frouin (25). At each station, at-
tenuation of Qpar(O*) in the water column was derived from inwater
measurements made with a profiling cosine sensor attached to BOP-
SII compared with simultaneous measurements made with a similar
PAR sensor placed on deck. The daytime variations in Qpar(O*)
were divided into 2 h intervals and then the mean value for each
time interval was attenuated through the water column, utilizing
each transect station attenuation coefficients for PAR, in order to
provide estimates of in-water photosynthetic light availability for
any time interval of that day at any station. These derived in situ
PAR light field data are required to calculate in situ rates of PAR-
only rates of primary production for any interval of the day.

PAR-dependent rates of primary production. Photosynthesis—ir-
radiance relationships were measured on laboratory photosynthe-
trons (18), in the absence of UVR. Samples were collected at 610
depths at each station. A 30 mL aliquot of each sample was inoc-
ulated with H'*CO;~ to a final concentration of ¢ pCi mL-!, From
each aliquot, 25 1 mL samples were dispensed into glass scintillation
vials that were incubated in the photosynthetrons equilibrated to the
in site temperature for that sampling depth. Vials were incubated
for 2 h at irradiances ranging between 4 and 1100 pmol quanta
m2s~!, At the end of the incubation, excess H¥CQ;~ was removed
from the samples using a heat-drying method (26), and dried sam-
ples were resuspended in | mL water and 3 mL fluor for determi-
naticn of sample radioactivity, Volumetric PAR-only rates of pri-
mary production, Ppap (mg C m-3h~1), were calculated from the
measurements of the disintegrations per minute (dpm) of the sample
and the total radioactive activity prior the incubation as described
by methods in Parsons ef al. (27). The P-I parameters quantifying
the relationship between Ppsp and Qpar were derived using the equa-
tions of Neale and Richerson (28), such that

PPAR = Pmnx X tan h(%m\_ﬁ)
k

for Qpag = I, and (1)
or
- . Qrar
Ppar = Prax X exp[—B(Qpar — ID] X tan h L
K
for Qpar > 1 (2)

where P, is the light-saturated maximum rate of photosynthesis, I,
is the minimum light requirement for light saturation of photosyn-
thesis (=P,/0), o is the light-limited photosynthetic efficiency, B
is the efficiency of PAR photoinhibition and I, is the minimum PAR
requirement for photoinhibition. Equation 1 was employed where no
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photoinhibition was detectable and Eq. 2 was employed when pho-
toinhibition at high Qpap Was detectable. However, in the present
study, the latter was rarcly the case.

Because the transect stations were sampled at different times dur-
ing a single day, estimates of the diel variation of Qpay and the P-I
parameters at each station were desired in order to derive compa-
rable (i.e, time-corrected) estimates of the rates of primary produc-
tion across the transect line, Corrections for daytime variation in P-I
parameters have been shown to be important for accurate cstimates
of PAR-dependent rates of primary production within the LTER
region of the Southern Ocean (24). Following procedures first out-
lined by Prézelin et al. (26), primary production was monitored at
two stations (600.040 and 700.160) by determining P-I relationships
for samples collected every 2—4 h at 6-10 depths, These derived P-I
parameters were normalized to the maximum daytime values and
interpolated to a common time and depth grid of 2 h over 24 h and
for 10 m intervals from the surface down to 100 m. Resulls [rom
Sta 600.040, where diatoms were dominant, were used to derive diel
patterns of Ppay from instantaneous measurements made for diatom
communities at LTER Sta 700.020 to 700.060. The rationale was
based upon observations that Antarctic diatoms collected in the
spting and summer in the LTER grid have been shown to display
similar patterns of daytime variations in primary productions (24).
Diel patterns of primary production derived from studies at Sta
700.160, where mixed phytoplankton communities were evident (see
below), were used to derive daytime patterns of Pp,r from instan-
taneous measurements made at Sta 700.080 to 700.160 during the
700 Line transect on 14 November, For each station and aL each
depth, daily rates of primary production Ppar (mg C m~* day ') were
determined by trapezoidal integration of the daytime variations in
rates of primary production Pp,p determined for 2 h intervals be-
tween dawn and dusk.

Determination of simulated in situ BWF for UVR inhibition of
PAR rates of primary production. Experimental procedures for de-
termination of the BWF used in the present calculations are detailed
in Boucher and Prézelin (18). Briefly, replicate BWF for diatom-
dominated communities were measured on 14 and 16 September
1993, for natural phytoplankton communities collected in the waters
off Palmer Station, Antarctica. The BWF were determined in out-
door simulated in sitn incubators (29), thereby assuring that samples
were exposed to the natural fluctuations in the solar light field over
the day. Replicate samples, incubated with H¥CO;~, were exposed
to six different spectral light (reaiments where different combina-
tions of long-pass filters selectively removed increasingly larger por-
tions of the UVR spectrum. Spectrally integrated Qpar Was moni-
tored continuously using a Biospherical 185B photometer placed
next to the cutdoor incubator and 5 min averages were recorded on
a Licor 1000 datalogger. In addition, the NSF/OPP polar UV net-
work at Palmer Station (30) provided light data from which surface
spectral irradiance from 290 to 700 nm could be derived for each
hour of incubation. Light exposure for samples placed in the outdoor
incubators was calculated by multiplying these irradiance spectra by
the transmission spectrum of the different spectral incubator lids and
that of the transparent Whirlpac bags in which samples were incu-
bated. The BWF were derived from measurements of the time course
of carbon uptake over a single day in each of the six spectral light
treatments (18). Duplicate samples were removed every hour from
10:00 to 18:00 local time (LT) on 16 November, On 14 November,
replicate surface samples were incubated from 08:00 to 17:00 LT
and the BWE determined for samples collected following the 9 h
incubation. Recovered samples were fixed with 0.5% formalin and
gently filtered onto a 0.4 pm Nuclepore filter and then rinsed with
filtered seawater. Sample dpm were determined and corrected for
dark fixation.

For each sampling time, the amount of carbon fixed in the sample
exposed to PAR-only treatment was used as a reference to compute
the fractional inhibition (FI) by UVR of PAR-dependent rates of
production in the other spectral light treatments (PAR + UVR), such
that

FIL = 1 — (Ppar.uve/Prar)- 3)

We assumed that the fractional inhibition, FI, over a time interval
can be expressed as a function of the average UV irradiance
(Eyyr[M]. in W m~2) which impinges on the phytoplankton com-
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munity inside the incubator and the BWF (e[A], [W m~2]-1), repre-
senting the spectral sensitivity of the organism to such radiation,
such that

FI = ZyvgEuvr(Me(M)dA )

Because FI is derived from broadband measurements, €(\) cannot
be mathematically derived from Eq. 4 alone. However, the method
outlined by Rundel (31) can be used to extract the spectral depen-
dency of the BWF from knowledge of the several broadband FL
The accuracy of this deconvolution technique increases with the
number of filters used and depends on the distribution along the UV
region of the spectrum of the transmittance cut-offs of the filters. To
compensate for the limited number of affordable and suitable long-
pass filters, we concentrated the highest resolution in the UVB re-
gion of the spectra, where the slope of the BWF has been shown to
vary the most for other plant photoprocesses. Therefore, averaged
inhibitions over the day were combined with spectral irradiance in
each treatment to derive the daily integrated BWF employing a mod-
ified version of the exponential decay function of Rundel (31). In
the recent study of Boucher and Prézelin (18), the predictive accu-
racy of the derived diatom-dominated BWF was tested and proved
predictively robust within the same comrmunity under different strat-
ospheric O; conditions.

Modeling spectral UVR during the 1991 LTER cruise. The UVR-
PAR spectral code of Madronich (14) was employed to model sur-
face spectral irradiances at the ocean surface for 14 November for
the mean latitude of the 700 Line. To derive the full UVR-PAR
spectral irradiances likely at the surface under clear sky conditions,
it was necessary to have an input estimate of the stratospheric Oy
concentrations that Jargely determine the UVB radiation reaching
the ocean surface. The archived UV measurements made at the near-
by NSF/OPP Polar Network at Palmer Station indicated that midday
O, concentrations were 318 Dobson units (DU = matm cm) on 14
November 1991, Clear sky estimates of UVR-PAR spectral irradi-
ances at the earth’s surface were modeled for every hour on the hour
of measurable daylight. To compensate for actual cloud cover, the
modeled clear sky spectral irradiances of Qpar Were normalized to
surface Qp, derived from Eppley measurements made on the ship
from dawn to dusk on the transect day (see above). The normaliza-
tion required to match modeled clear sky and measured shipboard
Qrar Was then used to normalize modeled spectral Quyg and esti-
mate in situ Quyg at the ocean surface. One of the necessary as-
sumptions is that cloud attenuation is independent of wavelength
over the UVR and PAR region of the solar spectrum. Recent work
(Madronich, personal communication} has shown that, to a first ap-
proximation, this holds true under uniformly overcast skies that are
typical conditions in Antarctica and for 14 November 1991 along
the 700 Line.

Whereas data on in-water attenuation of broadband Qp,p are need-
ed to derive Pp,p estimates of in siru primary production from depth-
dependent P-I relationships (see above), estimates of the UV inhi-
bition of Ppsp from the use of BWE require in-water spectral light
data. However, there are a lack of published in-water spectral UV
light data for the Southern Ocean, We assume that spectral vertical
attenuation coefficients, K\ (Fig. 2), derived from six light profiles
measured during Icecolors 90 in the austral spring 1990, are also
applicable to the present study. Some justification came from ob-
servations that phytoplankton biomass in the upper water column
(0-36 m) for both cruises was very similar and low in concentration,
i.e. ranging from 0.8 to 1.2 mg chlorophyll @ (Chl @) m-3, Additional
assurance comes indirectly from estimates of broadband UVB atten-
uation coefficients derived by Vernet et al. (32) for various sites
along the Palmer Peninsula in 1988, which suggested an average
value of ca 0.12 m-' was appropriate for Chl & + pheopigment
concentrations of 0.4 mg Chl ¢ m-3, Although the linear correlation
was not good, and related to photophysiological variability between
different phytoplankton taxon, there was a 4-fold variation in their
UVB attenuation coefficients with about a 19-fold inerease in Chl ¢
.+ pheopigment concentrations, Assuming linearity and not correct-
ing for pheopigments (which we have found to be rarely abundant
In these waters), the data of Vernet er al. (32) would suggest a
broa@band estimate of K, for UVB wavelengths of ca 0.17-0.21 m*!
for biomass concentrations measured along our transect line in 1991.
These rough estimates compare well with the spectral K (\) derived
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Figure 2. Spectral vertical attenuation coefficient (K4[A]) deter-
mined for the Icecolors '90 expedition in the marginal ice zone west
of the Antarctic Peninsula, The error represents 1 standard deviation
around the mean (Ky[\]) for six profiles from 0 to 36 m. Light data
for these derivations were generously provided by R, C. Smith,

from the Icecolors '90 data (generously provided by R. C. Smith)
for UVB wavelengths and employed here to model in-water UVR
light fields (Fig. 2). Furthermore, absorption by dissolve organic
substances was likely to be low, as it was in the Jcecolors 90 cruise
(unpublished data), given the acceleration of springtime phytoplank-
ton growth had just begun and the area was largely ice free, Thus,
we estimated the daytime pattern of flux of spectral UVR at depth
(Eyyr[M.z]) at each transect station from the knowledge of the sur-
face UV irradiance (Eyvg[N,O*]) as

Eyyr(\, 2) = Eyyp(N\O*)e~Kior )

UVR-dependent daily rates of primary production. By combining
estimates of in situ UVR exposure Ejyr(A) with the absolute Chl-
specific BWF e(\) determined in the field for similar diatom com-
munities, we derive estimates of Chi-specific losses of carbon fixa-
tion due to UVR inhibition for in situ conditions. Formulation was
identical to that in Eq. 4 and estimates were made for each hour of
the day at each station and interpolated to derive daily estimates of
UVR inhibition on in situ rates of primary production,

RESULTS AND DISCUSSION

Environmental optics

Studies of the impact of UVR climatology in natural eco-
systems require understanding of environmental optics and
use of somewhat different experimental approaches than
those more commonly used in laboratory UVR studies
(29,33-36), Even though UVR reaching the earth’s atmo-
sphere extends down to wavelengths approaching 200 nm,
radiation below 295 nm rarely reaches the earth’s surface
(Fig. 3). All of the UVC radiation (200-280 nm) is attenu-
ated very rapidly by oxygen (O,) molecules in the top por-
tion of the earth’s atmosphere. The sharp cut-off in spectral
irradiance at the lower end of the UVB region (280-320 nm)
(Fig. 3) is attributed to O, absorption (14). The O; molecule
absorbs selectively in the UVB region: the absorption cross
section decreases exponentially in wavelengths longer than
260 nm to near negligible values in the higher UVA region
of the spectra (320-400 nm) (37). The impact of changing
midday Oy concentrations on surface spectral irradiances at
the Antarctic study site is illustrated in Fig. 3. As Os levels
decline, shorter wavelengths of UVB radiation reach the
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Figure 3. Top: Spectrally modeled clear sky UV irradiances that
would reach the ocean surface at solar noon on 14 November of any
year at the mean latitude of the 700 Line, as estimated by the
UV-PAR code of Madronich (15). A comparison is made of varia-
tions in spectral UV irradiances as a function of changing overhead
O, concentrations, ranging from 350 to 100 DU. Middle: Illustration
of O;-dependent increases in clear sky UV spectral irradiances that
would result at the same site and time of year from a reduction of
O, concentrations from 350 to 100 DU (the 100-350 line), from 350
to 200 DU (the 200-350 line) and from 200 to 100 DU (the 100-
200 line). Bottom: The simulated in situ BWF for UV inhibition of
carbon fixation measured for diatom-dominated communities at
Palmer Station on 16 September 1993 (18) and used to hindcast UV
effects in the present study. This BWF is compared with a BWF
measured in the same water mass 2 days earlier and with a BWF
for a laboratory culture of the temperate diatom, Phaeodactylum
tricornutum (48).

earth’s surface in greater quantities and the spectral enhance-
ment of the light field depends largely on the degree of
change in O, concentrations. It is also known that sun angle
and latitude, as well as several other factors, combine to
further influence the O5-dependent spectral irradiances at any
given time and location (14). In the Antarctic springtime,
very large and sudden fluctuations in incident UVB can oc-
cur as the O, hole rotates overhead (16). Thus there is an
0O;-dependent effect on the UVB:UVA:PAR ratio of inci-
dent light fields that drives the polychromatic biology of
marine phytoplankton (16,29,38). Independent of O; con-
centrations, daytime changes in solar zenith angle drive day-
time variations in the UVB:UVA:PAR spectral balance,
with UVB :UVA ratios several-fold higher in the middle of
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the day than at either dawn or dusk (29) (also see below).
Thus, the environmental spectral light field is ever changing
in magnitude and spectral balance and is not easily mim-
icked in laboratory settings (33,38).

Historically, the detrimental effects of UVR on marine
environment were thought to be confined to the surface (39).
The penetration of UVR to significant depths in the water
column and its potential negative effects on living organisms
had, however, been demonstrated very early (40,41). In
1992, a newly designed and much more sensitive underwater
UVR spectroradiometer detected UVB radiation at depths
greater than 70 m in clear waters of the Southern Ocean (16).
Since then, UVB penetration in other bodies of fresh and
marine waters have been better documented (42,43). Thus,
there is no longer scientific doubt that UVR, including Os-
dependent UVB radiation, penetrates to ecologically signif-
icant depths in aquatic ecosystems.

In situ BWF for Antarctic phytoplankton

The degree to which different aquatic organisms are affected
by a given amount of UVR varies between organisms, their
life history and other factors that affect the quality of their
habitats (34—36). For phytoplankton, UVB effects depend
upon a combination of factors including their position in the
water column, their natural or photoinduced protection, the
sensitivity of their molecular structures and their repair abil-
ities (16,44). With the advent of global O; depletion (15),
action spectra have started to be used as BWF to more ac-
curately assess the effect of the associated increase in UVB
radiation on various biological and ecological processes
(45.46). However, in situ BWF availability is limited and we
lack knowledge of the applicability of various BWF to spe-
cific environmental conditions. Present spectral modeling of
environmental UV effects must therefore be done with cau-
tion and predicted consequences must be appropriately ap-
plied to efforts to predict ecosystem responses to changing
UVR climatology.

In Fig. 3, we present the two in situ BWF derived for
diatom-dominated communities collected from surface wa-
ters at Palmer Station (Fig. 1) during September 1993. The
BWF determined for 14 September and 16 September close-
ly resemble each other, with both lying well within overlap-
ping error estimates for each curve (19,21). The relative che-
motaxonomic algal pigments and relative phytoplankton bio-
mass, as well as hydrographic and properties of the water
samples, compare well for diatom-dominated communities
collected for BWF determinations at Palmer Station on the
SW side of Anvers Island (18) and ficld transect samples
coliected from Dallmann Bay on the NW side of Anvers
Island (Fig. 1) (see below). The details of the derivation of
16 September BWF are presented in Boucher and Prézelin
(18), as well as results showing that this BWF accurately
predicted the UVR-dependent rates of in situ primary pro-
duction when the same community was sampled 1 week ear-
lier under different stratospheric O3 conditions. On 16 Sep-
tember 1993, the daily in situ BWF (Fig. 3), in combination
with the UVR light field measured for that day at the sam-
pling site, predicted a 34% reduction in average carbon fix-
ation, with 15% attributable to UVB radiation and 19% at-
tributable to UV A radiation (18).
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Additional ir situ BWF were determined during the aus-
tral spring 1993 for phytoplankton assemblages other than
those dominated by diatoms and varied widely in their rel-
ative spectral sensitivities to UVA and UVB radiation (19—
21). The hydrographic and taxonomic conditions for these
cther BWF determinations made them less appropriate for
use in the present spectral modeling application, These ob-
servations however suggest that the accuracy of UV spectral
model predictions will depend upon the matching of appro-
priate BWF with the appropriate field conditions and that the
use of constant BWF to predict effects on very large time
and space scales (47) may lead to sizable, but presently un-
known, errors.

Of the three BWF thus far reported for UVR inhibition of
marine diatom photosynthesis (Fig. 3), the in situ BWE for
Antarctic communities are markedly different from the one
laboratory BWF reported for a culture of a temperate diatom,
Phaeodactylum sp. (48). However, on an absolute basis, the
two daily integrated in sire BWF were very similar. At the
O;-dependent wavelength of 310 nm (Fig. 3), both BWF
predicted that exposure to 1 J m~2 day~' of quanta would
cause a loss of 6-8 X 10=% g C m per g Chl a~! day-! (19).
At 350 nm, in the UVA portion of the solar spectrum, 1 J
m~2 day~! of quanta would cause a loss of ca 5 X 10~5 to
2 X 1076 g C m per g Chl a~! day-'. At wavelengths >370
nm, inhibition of photosynthesis by UVA was negligible and
UVA actually enhanced rates of primary production. In-
creased in situ primary production and phytoplankton growth
by exposure to UVA radiation has not been universally ob-
served but often enough to suggest that, like UVB radiation,
biological inhibition by UVA radiation is highly variable in
natural ecosystems (¢f 13,22). Universal conclusions re-
garding the relative importance of UVB vs UVA radiation
in regulating Antarctic aquatic primary production (47) are
not warranted at present,

The BWF presented in Fig. 3 are normalized at 300 nm,
the wavelength below which little UVR reaches the earth’s
surface and penetrates the upper water column. The nor-
malized comparison is useful for highlighting the relative
differences in UVB and UV A sensitivities for different BWF
and for comparative determinations of their sensitivities to
changes in O; climatology. The comparison shows that the
laboratory culture was much more sensitive to UVA radia-
tion than the field communities. Utilization of the laboratory
BWF to predict UVR effects in the Southern Ocean, as re-
cently attempted for the entire Southern Ocean (47), would
result in conclusions that UVA was by far more inhibitory
to marine photosynthesis than UVB radiation and, thus, that
O;-dependent increases in UVB would have minimal im-
pacts on the ambient levels of UVR-dependent rates of car-
bon fixation in the Southern Ocean. Had one of the other
BWF been used in these regional scale estimates, a different
view might have been taken as the relative UVA sensitivity
of the in situ BWF for Antarctic coastal diatoms on 14 and
16 September were at least two orders of magnitude lower
than that measured for the laboratory culture (Fig. 3). It is
possible that a patchwork of BWF applied on different time
and space scales, and matched to the time and space scales
of changing phytoplankton dynamics in different aquatic
ecosystems, may be required to get an accurate assessment
of UVR effects on Southern Ocean primary production.

Lastly, the sensitivity of a given photoprocess to a de-
crease in Oy concentration can be quantified by a single pa-
rameter, the radiation amplification factor (RAF). The RAF
is a measure of the relative increase in biologically effective
UVB radiation for a given level of O, reduction. It has re-
cently been mathematically described for large variation in
O; concentration by Madronich (14) using the power for-

mulation:
R N) ©
Lo N;

1

where I; and I, are the inhibition corresponding to ozone
concentration of i DU (N;) and 360 DU (N,4,). Madronich
et al. (49) have also compiled a list of BWF for a variety of
photochemical and photobiological processes, while pointing
out that RAF themselves vary with changes in overhead O,
concentrations and solar zenith angles. For the same set of
conditions (midsummer, 305 DU, at a fixed latitude of
30°N), the RAF derived from the BWF for the laboratory
diatom culture was 0.3 (49), while the RAF for the natural
Antarctic diatom-dominated assemblages was 0.8 for the
BWF determined on 16 September 1993 (49) and 0.6 for the
BWEF determined on 14 September 1993 (19,21). Thus, for
every 10% drop in stratospheric O,, the in situ diatom-dom-
inated communities in surface waters would experience a 6—
8% decline in rates of carbon fixation for the conditions
defined in the calculations; values would, of course, vary
with a change in conditions. However, under the same con-
ditions, the natural diatom communities would be at least
twice as sensitive to changes in O, climatology than would
have been predicted from use of the BWF results from the
Phaeodactylum study. The difference in the predictive out-
come of the use of different BWF further supports the view
that data for ecosystem modeling of UVR effects should
either come from the ecosystem being considered
(13,16,18,21,22,29,33-36,38) or at least a thorough consid-
eration of the limitations of using any BWF over a range of
ecosystems should be included in estimates of possible pre-
dictive errors.

Presence and dominance of diatoms along the LTER 700
line

Chlorophyll a is used as an indicator of phytoplankton bio-
mass and key carotenoid pigments are used as taxonomic
markers for different phytoplankton classes (Fig. 4). Plotting
the distribution of the in sitv concentration of these pigments
allows analyses of the spatial variability in phytoplankton
community composition and can be used to define further
the association of specific phytoplankton assemblages with
various ocean regimes. It is because of the dominance of
diatoms on the 700 Line that this particular transect was
selected to apply an in sifu BWF derived for diatom-domi-
nated natural communities for the purpose of hindcasting
UVR effects on PAR-dependent rates of primary production
in Antarctic coastal waters.

Plant biomass was relatively low over the entire 700 Line
but showed a high variability in distribution, both on the
vertical and horizontal scale (Fig. 4). Highest Chi ¢ biomass
(ca 0.8 mg m~3; Fig. 4), as well as phytoplankton beam
attenuation (50), was found in Dallmann Bay (700.020-060,
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Fig. 1). Here, diatoms dominated the phytoplankton assem-
blages as indicated by the high fucoxanthin concentration in
these shallow coastal waters (Fig. 4). Both the vertical and
horizontal distribution of high biomass at subsurface and
around the loose pack ice patch (station 700.040) support
the hypothesis that the minor diatom bloom was induced by
an increase in water-column stratification brought upon by
some springtime melting of sea ice (24,51). This conclusion
is supported by evidence that the —1°C isotherm shallowed
from >100 m at offshore stations to ca 60 m at these near-
shore stations, where the water column was characterized by
a highly stratified halocline around 60-70 m (50). The vast
majority of the distribution of Chl a and diatom-dominated
biomass in the entire water column from station 700.020 to
700.060, as well surface samples at 700.080, were associated

dicated at the top of each panel and
depths of sampling are shown by the
closed circles in the contour of Chl «
biomass in the top left panel.

with this low density and salinity water not found further
offshore.

Whereas a significant portion of the phytoplankton com-
munities at all stations and depth was attributable to diatoms,
their dominance gave way to other groups of phytoplankton
at stations further from the coast where the upper water col-
umn was no longer highly stratified. The low biomass (<0.2
mg Chl 2 m~3) intermediate open water stations (700.080
and 700,100) consisted of mixed phytoplankton communities
comprised of variable ratios of diatoms, prymnesiophytes
(Hex-fucoxanthin), chlorophytes (Chl b) and coccolitho-
phorids (data not shown) (52). Such assemblages are char-
acteristic of diatom postbloom waters (53), suggesting that
a marginal ice edge bloom might have been previously ad-
vected out by the strong westerly winds. This suggestion is
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supported by hydrographic data discussed above and further
detailed elsewhere (50).

PAR-dependent rates of primary production

Many field measurements and biooptical models of aquatic
primary production (54) do not include conmsideration of
UVR effects on rates of primary production. The result has
been that PAR-dependent models of primary production fair-
ly well predict simulated in situ or in sity measurements in
the absence UVR (7,55) and provide a good basis for in-
corporating UVR effects modeled separately. The commonly
employed method of determining P-I relationships using
PAR-only laboratory incubators provides estimates of the
potential productivity in the absence of UVR if the feld
sample is known to have recovered from ambient UVR in-
hibition during the incubation period. Comparisons of car-
bon fixation rates of water samples incubated simultaneously
in in sitw UVR moorings and/or simulated in sitz deck in-
cubations with those incubated in bluegreen light laboratory
photosynthetrons showed that Antarctic phytoplankton com-
munities appear to recovery fully from UVR inhibition on
our photosynthetrons during 1.5-2.5 h incubations (18,29).
Even though this might not hold true under other conditions,
we are confident for the present data set that the photosyn-
thetron measurements did provide for accurate estimations
of PAR-only rates of primary production on the 700 Line.
The LTER 700 Line was transected between dawn and
dusk of a single day in November 1991, Because we as-
sumed that the surface insolation was approximately the
same at all stations along the transect for that day, we began
the biooptical modeling of in situ primary production by first
constructing the PAR light field from shipboard measure-
ments provided by R. C. Smith. From Fig. 5a, it can be seen
that on 14 November 1991, when daylength was about 16 h
long, surface PAR fluctuated over the day in response to
variable cloudiness. The depth to which 1% PAR penetrated
the water column (i.e. the depth of the euphotic zone for
primary production) varied between stations, ranging from
ca 100-160 m (50). The observation of deep euphotic zones
supports the view that the water columns at different stations
along the transect were quite transparent to incoming solar
irradiance and that spectral attenuation coefficients for PAR
and UVR would not differ greatly between stations. This is
an important observation for later calculations of the UVR
in-water light fields where we assumed, out of necessity, that
the spectral attenuation coefficients for UVR (Fig. 2) were
constant at all locations along the transect.
Photosynthesis—irradiance relationships, determined
throughout the upper 100 m of the euphotic zone at each
transect station, were combined with knowledge of the in-
water PAR light field to derive instantaneous rates of in situ
primary production (see Eq. 1 and 2). In addition, on two
occasions (stations 600.040 and 700.160), the ship was
maintained on station for 24 h and P-I parameters were de-
termined every 2-4 h at 6-10 depths. Examples of the diel
periodicity in PAR-only determination of Pax for surface
and 20 m samples for these two stations are presented in
Fig. 5b. Other P-I parameters were also determined to have
a diel periodicity that differed with depth and depended upon
whether the community was dominated by diatoms (station
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Figure 5. Daytime variations in (a) incident PAR at the ocean sur-
face along the LTER 700 transect line on 14 November 1991; (b)
the ratio of instantaneous P, to maximum daily P, for diatom-
dominated (closed diamonds) and mixed phytoplankton (open
squares) communities sampled in surface waters of LTER stations
600.040 and 700.160 on 7 and 15 November 1991, respectively; (c)
same as b but for 20 m phytoplankton communities.

600.040) or mixed phytoplankton communities (station
700.160). Because it has been shown that consideration of
daytime variations in P-I parameters is a necessary step in
accurate prediction of in situ primary production in LTER
coastal waters (24), we here used the diel patterns of primary
production to time-correct instantancous measurements of
PAR-only rates of primary production along the LTER 700
Line. As a result we were able to estimate in situ PAR-only
production rates for any time of day and location along the
transect on 14 November. We used this discrete interval data
to calculate PAR-dependent rates of in situ primary produc-
tion for the entire day at each location (Fig. 5) and for the
entire water column at each station (Fig. 1). The time-cor-
rected production data were also used to model UVR effects
on marine photosynthesis for different intervals of the day
(see below).

The Ppay along the transect was highly variable and close-
ly reflected the water column integrated biomass distribution
(compare Fig. 4 and Fig. 6). In Dallmann Bay (700.020-
060), the production maximum was at 10-25 m and coin-
cident with a subsurface Chl g maximurn (Fig. 5, top). At
Station 700.100, production was maximal in the surface wa-
ters. At Station 700.120, the production maximum was at 60
m nearer the base of the euphotic zone. At Sta 700.160, the
production maximum was at the surface and similarly pro-

ductive waters extended down the water column about 40—
50 m.
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Figure 6. Comparison of daytime variations on 14 November 1992,
at the LTER study site, for (a) spectrally modeled incident UVR
(dashed line) and UVB: UVA ratio (solid line) when stratospheric
ozone concentrations were 318 DU; (b) estimated hourly losses in
carbon fixation, due to UVR inhibition, at the diatom-dominated
station (700.040) as a function of depth (surface, closed diamonds;
10 m, closed triangles; 20 m, x’s; 30 m, stars; and 40 m, closed
circles) and spectrally modeled with an ozone concentration of 320
DU; (c) same as b but spectral-modeled estimates of UVR-depen-
dent carbon losses per hour are based on a stratospheric ozone con-
centration of 160 DU.

The coastal diatom community in Dallmann Bay was most
productive with daily integrated carbon uptake averaging
about 2 g m~2 day~! (Fig. 1). These values are about twice
as high as prebloom diatom production measured at Palmer
Station about a week later and much less than the 7 g C m—2
day~! measured at Palmer Station when the seed diatom pop-
ulation developed into a major local bloom at Palmer Station
in mid-December 1991 (24). Primary production in the
Phaeocystis-dominated communities offshore approached
1.3 g m~? day~' and the intermediate region of mixed com-
munities were the least productive with uptake numbers be-
low 0.6 g m~2 day~'.

UVR effects on in situ primary production

Figure 6a illustrates the daytime variations in UVR spec-
trally modeled for the LTER study site on 14 November.
The flux of UVR varied ca five-fold over the day and peaked
at solar noon (13:00 LT), The figure also illustrated that the
ratio of UVB to UVA radiation in the natural light field also
varied ca five-fold over the day. Thus the biological effec-
tiveness of UVB inhibition of primary production would in-
crease relative to the biological effectiveness of UVA inhi-
bition during the midday hours, if the phytoplankton spectral
sensitivity to UVR did not change over the day. As men-
tioned above and elsewhere (29,57), there is reason to be-
lieve that phytoplankton do alter their spectral sensitivities
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Figure 7. Contour plots of the spatial distribution of daily primary
production along the LTER 700 Linc on 14 November 1991. Values
were corrected for daytime variations in in sifu production and inwater
spectral light fields. Production values are given in mg m~3day~!, Top:
Production values for PAR-dependent rates of carbon fixation in the
absence of UVR. Middle: Production values corrected for estimated UV
inhibition modeled for ambient O4 concentrations of 318 DU and cor-
rected for cloudiness. Bottom: Estimated values for PAR-dependent
rates of carbon fixation when ambient O, concentrations at the study
site were reduced to 160 DU,
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Figure 8. Comparison of the PAR-dependent and UV-dependent
estimates of daily primary production (top) for a depth profile within
the diatom-dominated communities of Dallman Bay at station
700.040 and (bottom) for integrated values for the upper 100 m of
different transect stations occupied on the LTER 700 Line on 14
November 1991, The UV-dependent estimates are compared for am-

bient O; concentrations of 318 DU and for a reduction of O; to 160
DU as described in Figure 7.

over the day but field data analyses are not yet sufficient to
incorporate nonlinear changes in BWF in the present cal-
culations,

With knowledge of the in situ BWF for Antarctic diatom-
dominated communities, the in sify spectral irradiance and
the PAR-only rates of primary production, we estimated the
UV-dependent rates of primary production for conditions
when stratospheric 0, was 318 DU (i.e. values for 14 No-
vember 1991) and for conditions when stratospheric O,
might be reduced to 160 DU (Fig. 7). By our calculations,
ambient UVR on 14 November 1991 could have decreased
primary production in surface waters by up to 60%, forcing
carbon uptake rates to subsurface maxima across the entire
700 transect Line. By enhanced UVB radiation to a level
representative of a 50% reduction in stratospheric O; and
symptomatic of exposures under the Antarctic O, hole, pri-
mary production was decreased in surface and subsurface
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Figure 9. Depth profile of estimated percent inhibition of PAR-
dependent rates of daily primary production within the diatom-dom-
inated communities of Dallman Bay at station 700.040, when am-
bient Oy concentrations are 318 DU or 160 DU. Bottom: Estimated
percent inhibition of PAR-dependent rates of daily integrated pri-
mary production in the upper 100 m of different LTER 700 Line
transect station, when ambient Oj5 concentrations are 318 DU or 160
DU. The additional Oy-dependent UVB inhibition resulting from a
drop in O, concentrations from 318 to 160 DU is shown by the 160
318 line in each panel.

waters by up to 16% and resulted in further deepening of
the subsurface maxima in carbon fixation.

The magnitude of the UVR inhibition effects was esti-
mated to vary with time and depth (Fig, 7). Daily integrated
UVR inhibition effects decreased with depth and could not
be detected at depths below ca 36 m (Fig. 8). Water column
integrated loss of primary production due to UVR at the time
of measurement averaged ca 25% (Fig. 9), with greatest loss
of absolute fixed carbon occurring in the diatom-dominated
communities in Dallmann Bay. Water column integrated in-
hibition declined ca 5% following a decrease in stratospheric
O; concentration from 360 to 160 DU. The magnitude of
the additional O,-dependent inhibition on the spectrally
modeled rates of UV-dependent primary production is non-
linearly related to stratospheric O; concentration (18) and
the percent inhibition by enhanced UVB radiation are pre-



dicted to increase exponentially as the Oy depletion becomes
more severe.

CONCLUSIONS

Our spectral modeling effort demonstrates how a field-de-
rived in situ BWF for carbon fixation could be used to es-
timate the impact of UVR on primary production in a limited
region of Southern Ocean coastal waters. For the first time,
care was taken to incorporate the diurnal variation of UVR
fluence rate and vertical attenuation of the water to estimate
UVR damages. Results show that considerable overestima-
tion of primary production can be made using classical pri-
mary production measurements if in situ incubation and pho-
tosynthetron measurements in the absence of UVR tend to
release the cells from UVR inhibition. It is also demonstrated
that BWF differ between field and laboratory measurements
and that accurate field measurements of UVR effects on pri-
mary production will require careful consideration of the al-
gorithms used, as well as the time and space scales over
which such UVR spectral models might be presently applied
to predict ecosystem responses to changing UV climatology.
For our study site, ambient UVR was a major parameter
influencing the vertical distribution of primary production in
the coastal waters of the Southern Ocean in the spring of
1991, In comparison to full spectral UVR effects, the short-
term effect of the O, diminution in the present study was
small but measurable. Results would have differed had dif-
ferent climatological, hydrographic and/or phytoplankton,
with differing UVR sensitivities, been present.
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