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INTRODUCTION

Solar ultraviolet radiation (UVR, 290 to 400 nm)
affects planktonic processes in the surface layer of
diverse aquatic environments and, in particular, the
metabolism and survival of bacterioplankton, phyto-
plankton and zooplankton. A subject of much recent
work has been the extent to which these effects are
augmented by enhanced UVB (290 to 320 nm) due to
Antarctic ozone depletion, which is most severe within
the springtime polar vortex. This depletion is a conse-
quence of previous anthropogenic release of halo-
carbons into the atmosphere, which persist in causing
effects despite controls instituted by the Montreal Pro-
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ABSTRACT: We examined ultraviolet radiation (UVR)-in-
duced inhibition and recovery of Antarctic phytoplankton
photosynthesis during the austral spring in surface coastal
waters near Palmer Stn and in the open ocean waters of
the Weddell-Scotia Confluence from 1997 to 1999. Pri-
mary productivity was measured in 12 h time-course ex-
periments using enclosures that transmitted either full-
spectrum solar UVR or only long-wavelength UVA.
Recovery from inhibition was determined by transferring
samples from high to low UVR at intervals during the in-
cubation. Biological weighting functions for UVR inhibi-
tion of photosynthesis were also determined for each
experiment. Photosynthesis measurements were compared
to model predictions using 3 exposure–response relation-
ships: an irradiance-based (E ) model that assumes rapid
repair, a cumulative-exposure (H ) model that assumes
no repair, and a model that incorporated slow repair (R
model). Open-ocean phytoplankton were generally much
more sensitive to UVR inhibition than coastal assem-
blages, which primarily had high rates of repair (E model).
In contrast, open-ocean assemblages generally recovered
from inhibition more slowly (R model). Some recovery was
evident in all cases, so the H model was not applied to any
assemblage. Our previous view of repair being either sim-
ply present or absent is therefore revised to recognize that
repair rates range from slow to fast and should be taken
into account, together with spectral weight, in assess-
ments of photosynthetic response to UVR in the Southern
Ocean, including the effect of ozone depletion. Informa-
tion on repair rate is particularly important for simulations
of production in vertically mixed surface layers.
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Ozone depletion over the Antarctic Peninsula and adjacent
areas on October 20, 1998. Star: location of ARSV 'Laurence
M. Gould'.

Photo: NASA Ozone Hole Watch
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tocol (UNEP 2006). Indeed, ozone depletion during
austral spring 2006 was the most severe on record (see
NASApress release available at www.sciencedaily.com/
releases/2006/10/061019162053.htm#). A special focus
has been given to the effects of these variations in UVR
on phytoplankton photosynthesis in the Southern
Ocean as evidenced by the inclusion of 6 chapters on
the topic in an edited book on UVR in Antarctica
(Weiler & Penhale 1994). Those studies and numerous
others have shown that photosynthesis in the Southern
Ocean is inhibited by ambient and enhanced UVR and
a continuing challenge is translating such responses
into estimates of the effect on productivity in the water
column (reviewed in Davidson 2006).

Biological weighting functions (BWFs) quantify the ef-
fectiveness (or ‘weight’) of UVR at causing some biolog-
ical effect in relation to wavelength (see Cullen & Neale
1997, Neale 2000). They allow the comparison of biolog-
ical responses to different spectral regions of UVR and
can be utilized to predict photosynthetic response to a
changing UVR environment when coupled to an appro-
priate photosynthesis–irradiance (BWF/P–E) model.
Results to date have shown more than 10-fold variation
in the sensitivity of phytoplankton photosynthesis to
UVR as measured by BWFs, which translates to de-
creases of 16 to 30% in estimates of the daily primary
productivity of lakes, estuaries and Antarctic waters
(Neale et al. 1998a,b 2001, Neale 2001, Hiriart-Baer
& Smith 2004, Litchman & Neale 2005).

In order to estimate primary productivity, the
BWF/P–E model must take into account not only the
spectral irradiance but also the kinetics of inhibition
and recovery (Cullen & Lesser 1991, Neale 2000).
The time course of inhibition under UVR plus photo-
synthetically available radiation (PAR) exposure and
recovery under PAR can be followed using 14C incor-
poration or pulse amplitude-modulated (PAM) fluo-
rometry and used to infer UVR damage and repair
rates (Neale et al. 1998a, Heraud & Beardall 2000,
Litchman et al. 2002, Hiriart-Baer & Smith 2004, 2005,
Sobrino et al. 2005). For a wide range of phytoplankton
cultures and natural assemblages, responses are con-
sistent with repair being proportional to UVR damage,
so that the photosynthetic rate rapidly attains an irradi-
ance-dependent steady state (i.e. repair balances dam-
age) (Litchman et al. 2002, Shelly et al. 2003, Litchman
& Neale 2005, Sobrino et al. 2005). In this context,
repair refers to any process that restores lost photosyn-
thetic capacity, including turnover of membrane com-
plexes and enzymes (further discussion in Vincent &
Neale 2000). In contrast, kinetic studies with phyto-
plankton from the Weddell-Scotia Confluence (WSC)
found negligible recovery after strongly inhibitory
UVR exposure (Neale et al. 1998a), so that response
was best modeled as a function of cumulative radiant

exposure. Two exposure response models have been
used to predict photosynthesis under these limiting
cases of irradiance (E model) or cumulative radiant
exposure (H model) dependence (Neale 2000).

More recently, neither the E nor H models were
found to be satisfactory predictors of the spectral and
temporal variations of UVR inhibition and recovery of
photosynthesis in phytoplankton assemblages in Lake
Erie (Hiriart-Baer & Smith 2004). Estimated damage
and, particularly, repair rates were sufficiently slow
such that steady state was not attained even over expo-
sures of hours. In this case a more general exposure
response model (R model) was required in which
UVR-dependent damage and repair rates are explicitly
defined. The E and H models are actually special cases
of the R model under the assumption of steady state
or no repair, respectively (Neale 2000). The choice of
response model significantly affects the prediction of
integrated effects over the water column especially
with the inclusion of simulated vertical mixing in the
surface layer (Neale et al. 2003, Hiriart-Baer & Smith
2005).

Despite the critical importance of kinetic responses
to modeling UVR effects in vertically mixed surface
layers, there are few observations of the temporal
responses of Southern Ocean phytoplankton assem-
blages. Although Neale et al. (1998a) reported no sig-
nificant recovery of photosynthesis after UVR inhibi-
tion of WSC assemblages, they cautioned that this was
after strongly inhibitory treatment and the response to
milder treatments needed to be measured. Moreover,
it is unknown whether the WSC assemblages are rep-
resentative of other Southern Ocean phytoplankton.
Here, we report on an extensive set of observations of
the UVR responses of phytoplankton assemblages in
the WSC and coastal waters of the Western Antarctic
Peninsula. UVR responses were measured using both
spectral (laboratory incubator) and temporal (incuba-
tions using ambient UVR) approaches. The results are
examined in terms of the applicability of the E model,
the H model and a version of the R model.

MATERIALS AND METHODS

Sampling station details. We sampled the peninsular
region of Antarctica during the austral spring season
(Fig. 1). In 1997 and 1999, seawater was collected from
the coastal waters in the immediate vicinity of Palmer Stn
(PAL), Antarctica, near the Long-Term Ecological Re-
search (LTER) Stns A, B and E. During October and
November 1998, seawater was collected on a cruise
aboard the ARSV ‘Laurence M. Gould’ in the WSC. Sta-
tion details are given in Table 1. Four of the WSC stations
were from the open ocean and Stn WSC-04 was in the
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coastal waters near Elephant Island
(Fig. 1). For the WSC, we used the ship’s
CTD-rosette (20 l Niskin bottles) for
these samples and at PAL, we used a 5 l
Niskin bottle for samples at depth or
a clean bucket for retrieving surface
water. Pack ice, when present, was gent-
ly moved aside prior to sampling. On 2
occasions when algae were abundant in
localized patches of seawater/ice slurries
on the surface of pack ice (Stns PAL-06
and PAL-08), the slurry was sampled
with a clean bucket. Liquid seawater
with suspended algae was strained from
the mixture and used immediately for
measurements. All samples were col-
lected in the early morning, at least 4 h
before local solar noon.

UVR and PAR measurements. UVB
and short-wavelength UVA (320 to
400 nm) was measured using the
Smithsonian Institution SR-18 scanning
UVB radiometer (Neale et al. 2005). This
instrument has seventeen 2 nm band-
width filters ranging from 290 to 322 nm
and an additional 10 nm bandwidth
330 nm filter. The radiometer scans 14
times min–1 and provides 1 min aver-
ages. At PAL, the instrument was located
on top of a building located 150 m uphill
from the main station and in the WSC, it
was mounted on a platform at the top of
the ship’s mast.
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Fig. 1. Locations for the Weddell-Scotia Confluence (WSC) cruise track and
Palmer Station (PAL). Inset map of waters near PAL shows the locations of
Long-Term Ecological Research (LTER) A, B and E sampling stations. Actual 

locations are described in Table 1

Table 1. Sampling information for the Weddell-Scotia Confluence (WSC) and Palmer (PAL) stations, with corresponding Long-
Term Ecological Research (LTER) station name in superscript. DU, Dobson Units. UVR index is from the SR-18 radiometer. ZSL,
surface layer depth. KdPAR, attenuation coefficient for photosynthetically available radiation (PAR). nd, not determined. ne, not
estimated because water column was stratified (Stns WSC-04 and PAL-11) or because the sample was a surface ice-slurry 

(Stns PAL-06 and PAL-08). All other samples were taken in open water

Stn Date Location Depth Chl Ozone UVR ZSL KdPAR
(m) (mg m–3) (DU) index (m) (m–1)

WSC-01 20 Oct 98 60.00° S, 50.00° W 16 3.5 157 3.2 100 0.142
WSC-02 26 Oct 98 60.00° S, 53.73° W 14 7.9 338 1.6 50 0.205
WSC-03 29 Oct 98 60.00° S, 53.42° W 15 7.4 376 1.4 65 0.188
WSC-04 04 Nov 98 61.19° S, 54.63° W 32 0.4 377 1.8 ne 0.041
WSC-05 07 Nov 98 61.59° S, 54.67° W 33 3.1 223 4.9 70 0.121
PAL-01A 26 Nov 97 64.77° S, 64.05° W 13 1.5 336 4.3 13 0.085
PAL-02E 06 Dec 97 64.82° S, 64.04° W 0 0.4 300 5.5 3.5 0.117
PAL-03A 24 Oct 99 64.77° S, 64.05° W 0 1.8 178 5.2 nd nd
PAL-04E 30 Oct 99 64.82° S, 64.04° W 0 0.9 245 2.7 nd nd
PAL-05A 04 Nov 99 64.77° S, 64.05° W 0 1.1 340 2.3 nd nd
PAL-06A 08 Nov 99 64.77° S, 64.05° W 0 22.5 320 1.0 ne nd
PAL-07B 11 Nov 99 64.78° S, 64.07° W 0 0.7 222 3.0 2 0.101
PAL-08A 15 Nov 99 64.77° S, 64.05° W 0 31.8 357 2.5 ne nd
PAL-09B 20 Nov 99 64.78° S, 64.07° W 5 0.8 231 3.2 6 0.102
PAL-10A 22 Nov 99 64.77° S, 64.05° W 0 0.6 290 1.8 6 0.102
PAL-11E 01 Dec 99 64.82° S, 64.04° W 5 1.6 330 3.5 ne 0.151
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The UV index, a measure of midday UVR, was calcu-
lated by applying the McKinlay & Diffey (1987) BWF
for sunburn to each spectrum obtained during the 1 h
surrounding solar noon. The weighted irradiance (mW
m–2) was subsequently integrated across the spectrum,
divided by 25, and averaged over the hour in accor-
dance with the National Weather Service definition of
the UV index.

UVA spectral irradiances for PAL were provided by a
Biospherical Instruments (BSI) SUV-100 high-resolu-
tion scanning UVR radiometer. This unit was installed
in the same building as the SR-18 with the light collec-
tor located at the top of the building and co-planar with
the SR-18 light collector. PAR (W m–2, 400 to 700 nm)
was estimated as 50% of total incident irradiance
(280 to 2800 nm) measured by an Eppley Laboratory
PSP pyranometer. In the WSC, UVA irradiance spectra
were obtained using the STAR radiative transfer model.
The procedure is described in detail in Neale et al.
(2005). In brief, clear sky spectra, 290 to 700 nm, were
calculated using observed geographic position, atmo-
spheric pressure and total column ozone from TOMS
(available at http://toms.gsfc.nasa.gov). The ratio be-
tween SR-18 observations and the STAR clear-sky cal-
culation at 320 nm was applied as a cloudiness correc-
tion. SUV measurements and STAR calculations were
performed at 15 min intervals, and spectra were esti-
mated at 1 min intervals by adjusting time-interpolated
spectra to match the SR-18 at 320 nm. PAR was deter-
mined using either the Satlantic multichannel visible
detection system (MVDS), which measures spectral
irradiance (μW cm–2 nm–1) in 7 wavebands between
325 and 700 nm, or the STAR model. An average of the
visible channels of the MVDS was calculated and con-
verted to EPAR in W m–2 based on a separate correlation
with the PAR channel of a BSI GUV-511C radiometer.
As a second check, we compared the MVDS-estimated
EPAR to the STAR-estimated EPAR.

Attenuation coefficients for PAR (KdPAR) were esti-
mated by log-linear regression on depth profiles of
EPAR measured with a BSI PUV-500 radiometer. The
depth of the surface layer (ZSL) was estimated from
concurrently measured temperature profiles. Sample
light history was calculated as a mean percentage of
surface PAR irradiance for the surface layer where
%E0 = (1 – e–KdPAR · ZSL) × (KdPAR · ZSL)–1 × 100, or at the
sampling depth when the surface layer was stratified
where %E0 = e–KdPAR · ZSL × 100.

Enclosure description. Time-course incubations were
conducted under solar exposure in enclosures that
transmitted the full UVR spectrum (high UVR) or
excluded all but the longest wavelength UVA (low
UVR) (Fig. 2). In 1997, enclosures were constructed
from Rohm & Haas Plexiglas (UF-3 for low UVR; UVT
for high UVR), whereas in 1998 and 1999, enclosures

were made from Rohm & Haas Plexiglas G and
Acrylite OP4 for low and high UVR, respectively. Lev-
els of PAR were the same between the high and low
UVR conditions. Enclosures were covered with mesh
screens that reduced incubation irradiance to 40–50%
of incident irradiance. Scalar (4π) PAR irradiance in the
enclosures was measured using a BSI QSL-100 quan-
tum irradiance meter with a spherical Teflon light col-
lector. Irradiance measurements included attenuation
due to the enclosure as well as the incubation bottles
described in the next paragraph.

Productivity measurements. Uptake of carbon into
total organic compounds was measured using 14C-
sodium bicarbonate. The radioisotope was added to
the samples early in the day when UVR was low and
total activity was measured to confirm the isotope
addition. Incubations were started at approximately
09:30 h local time and lasted for 9 to 12 h. Subsamples
were taken every 2.5 to 3 h. Water samples were incu-
bated in triplicate 250 ml Teflon (Nalgene FEP) bottles
that are transparent to all wavelengths of solar UVR.
Bottles were acid-cleaned and extensively rinsed with
ultrapure water and sample water before use. To study
recovery, 12 bottles were incubated in a sequence of
exposures of high UVR (H) and low UVR (L) through-
out the total incubation period (Table 2). Each bottle
was identified as HxLy, where x and y are the number
of time blocks that the bottle was in the H and L enclo-
sures, respectively. H4 remained in the high UVR
enclosure and L4 remained in the low UVR enclosure
for the entire incubation (typically 4 time blocks). H1L3
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Fig. 2. Percent spectral transmission of enclosures used for
full-spectrum UVR exposure (high UVR, –––––– ) and enclo-
sures with only long-wavelength UVA (low UVR: 1997 data,
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was in the H enclosure for 1 time block, then moved to
the L enclosure for the remainder of the incubation.
H2L2 was in the H enclosure for 2 time blocks before
being moved to the L enclosure. Two additional bottles
were placed in dark bags that excluded UVR and PAR
for the entire incubation to determine dark uptake.
Subsampling consisted of transferring duplicate or
triplicate 10 ml aliquots from each bottle into 20 ml
scintillation vials. Hydrochloric acid was added to a
final concentration of 0.5% to stop the incubation.
Samples were placed on a shaker table in the hood for
at least 12 h then evaporated to 3 ml in an oven. Eco-
lume cocktail was added to each vial and samples
were read on a scintillation counter.

Samples without added 14C were incubated in 2 l
Teflon bottles in high (H4) and low (L4) UVR condi-
tions and subsampled for measurement of dissolved
inorganic carbon and chlorophyll at each time point.
Dissolved inorganic carbon was estimated from the
total alkalinity, which was measured on duplicate fil-
tered seawater samples according to Parsons et al.
(1984). Chlorophyll concentration was determined flu-
orometrically. Triplicate aliquots of both the initial and
subsamples were filtered onto Whatman GF/F filters,
extracted in 90% acetone for at least 24 h at –20°C and
measured before and after acidification on a calibrated
Turner Designs model 10-005 fluorometer.

Average photosynthetic rate was calculated by sub-
tracting the time zero from the post-incubation activity,
multiplying by the dissolved inorganic carbon, and
dividing by the total radioactivity per sample and the
length of time of the incubation. Data were then
corrected for the rate of dark uptake and normalized
to chlorophyll concentration to give units of mg C
(mg chl)–1 h–1.

Predicted productivity. Three photoinhibition mod-
els (termed E, H and R) were used to examine irradi-
ance and time-dependent photosynthesis. The first
was the steady-state, irradiance model (E model;
Cullen et al. 1992):

(1)

where PB
pot is the potential photosynthetic rate in

the absence of UVR (PB
pot = PB

s [1 – e–(EPAR /Es)]), PB is
biomass-normalized photosynthesis, PB

s is the light-sat-
urated rate of photosynthesis in the absence of inhibi-
tion, EPAR is PAR and Es is a characteristic irradiance for
light saturation (both in W m–2). E*inh (non-dimensional)
is inhibitory irradiance including both UVR and PAR
defined as:

(2)

where εE(λ) (reciprocal mW m–2) are the BWF weight-
ings that quantify effectiveness of spectral exposure,
E(λ) (mW m–2 nm–1). In the second model examined,
the cumulative-exposure model (H model; Neale et al.
1998a) in which repair is negligible, there is an expo-
sure-dependent decrease of photosynthesis from an
initial rate:

(3)

and average photosynthesis during an exposure period
is:

(4)

where H*inh (non-dimensional) is inhibitory exposure:

(5)

is radiant exposure (J m–2 nm–1) over 

time period T, and εH(λ) are the weightings that quan-
tify the effects of radiant exposure (reciprocal J m–2).

Hiriart-Baer & Smith (2004) introduced the R model
to describe damage and repair kinetics in photo-
synthesis. This model is useful when neither the E nor
the H model is appropriate due to a low, but signifi-
cant, level of repair. Like Hiriart-Baer & Smith (2004),
we accounted for damage and repair over discrete time
intervals of exposure (1 min) using the equation:

(6)

where P*t = PB
t �PB

pot is the relative photosynthesis at time
t during the incubation, k is damage rate and r is repair
rate (both min–1). Photosynthesis during an incubation
was calculated by numerical approximation using
the time-step equation , which by
substitution with Eq. (6) yields:

(7)

where H*inh–t is inhibitory exposure over Δt = 1 min
time-step using the R model BWF, εR( λ) (reciprocal
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Table 2. Incubation scenarios for the 4 types of UVR exposure
during the 4 time blocks. L and H signify that the bottles were
in the low-UVR and high-UVR enclosures, respectively. Bot-
tles H1L3 and H2L2 were moved from high to low UVR at
intermediate times in the incubation (e.g. H1L3: 1 time block 

at high UVR, 3 time blocks at low UVR)

Elapsed time of Exposure scenario
incubation (h) L4 H1L3 H2L2 H4

2.5 L H H H
5 L L H H
7.5 L L L H
10 L L L H
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scaling factor, 0.06, is required when E(λ) is in
mW m–2 nm–1.

Predicted photosynthesis was calculated from the
UVR measurements described above (‘UVR and PAR
measurements’) and BWFs, PB

s and Es parameters esti-
mated from BWF experiments conducted on the same
day. Spectral irradiance was adjusted for transmission
of the tank, Teflon bottle and mesh screens. For sim-
plicity, inhibition by PAR was represented by the prod-
uct of EPAR and average PAR weight, εPAR (reciprocal
W m–2). BWFs were determined as described in Neale
et al. (2001), in which photosynthesis as a function of
PAR and UVR was measured from uptake of 14C-
sodium bicarbonate during 1 h exposures in a specially
designed spectral incubator, the ‘photoinhibitron’. As
previously described by Neale & Fritz (2001), this incu-
bator has 80 different irradiance treatments with larger
volumes (5 to 10 ml) than were possible in a previous
version (Cullen et al. 1992, Neale et al. 1994). Spectral
treatments were defined by Schott glass long-pass fil-
ters that excluded irradiance for wavelengths shorter
than 8 different cutoff (nominal 50% T) wavelengths
between 280 and 400 nm. A 2.5 kW Xe arc lamp illumi-
nated the samples, neutral density screening was used
to vary the intensity, and a circulating water bath
maintained temperature at –1.0 ± 1°C. Spectral irradi-
ance for each treatment in the incubator was measured
using a custom-built spectroradiometer with a fiber-
optic collector (Neale & Fritz 2001).

BWFs were first estimated using the H or E model,
based on initial kinetic observations of cumulative
exposure dependence in the WSC (Neale et al. 1998a)
and irradiance dependence at PAL (Neale et al. 2001).
Non-linear regression was performed using the prin-
cipal component analysis (PAL) or Rundel (WSC)
methods, as described by Cullen & Neale (1997). The
Rundel approach was necessary for the WSC data
because of larger variability associated with shipboard
operations in rough seas. Photosynthesis was then pre-
dicted for the irradiance conditions of the time-course
incubations. When the E or H model failed to provide
an acceptable prediction (see ‘Results’), the R model
was fitted. The equation for average rate in the photo-
inhibitron incubation (cf. Eq. 2 in Hiriart-Baer & Smith
2004) is:

(8)

where T is incubation time (60 min). The first 2 models
are simplified cases of the R model, i.e. the H model is
the time-dependent term with r = 0 and the E model is
the steady-state term. An iterative approach was used
to estimate repair rate, r. Initially, a BWF was fitted to
photoinhibitron data with r = 0 (equivalent to H model);

the εR(λ) were used to estimate photosynthesis time-
courses based on spectral irradiance in each treatment
(Eq. 7) with r adjusted (by Excel Solver) to obtain best
agreement with measured rates by minimizing the
sum of squared errors (SSE) between predicted and
measured average rate over all time blocks (n = 16 for
all except Stn WSC-01 where n = 12). The R-model
BWF was then re-fitted using this new r in Eq. (8). The
procedure was repeated until it converged on an esti-
mate of r (relative change in r < 10–3). The SE of r was
estimated based on the limits for a 5% increase in SSE.

RESULTS

Hydrography and irradiance

Aside from the surface ice slurry samples, the high-
est chlorophyll concentrations were found in the open
ocean stations of the WSC (Table 1). These stations
had surface mixed layers exceeding 50 m and high
PAR attenuation, similar to conditions found by Neale
et al. (1998b). Chlorophyll in coastal samples (PAL
and Stn WSC-04) was <1.8 mg chl m–3. These stations
had either a shallow surface mixed layer or stratifica-
tion at the sample depth. Ozone concentrations dur-
ing the incubations ranged from 157 to 376 Dobson
Units (DU) with 7 sampling days where ozone was
<300 DU. UV index ranged from 1.0 to 5.5 with the
highest indices (>5.0) at PAL in 1997 and 1999, indi-
cating greater UVR present during the midday hours
on those days (Table 1). Given the shallower surface
mixed layers and sampling depths at PAL, the light
history experienced by populations (%E0) and the
mean daily PAR ( –EPAR) within the enclosures on the
sampling day were also somewhat higher for the PAL
stations (Table 3).

Productivity

Photosynthesis in time-course incubations was con-
sistently higher in the low UVR (L4) tank than in the
high UVR (H4) tank. In some cases L4 samples were
not significantly different than H4 due to high sample
variability primarily within the latter half of the incuba-
tion. The E model was appropriate for most PAL sta-
tions with high R2 and predicted values within 1 SE of
the measurements (Table 3, Fig. 3). However, the
observed H4 values for Stn PAL-11 were significantly
lower, at less than half of the E model predictions, and
were subsequently better fit using the R model (see
next paragraph). Weighted irradiance (E*inh) was high-
est in the first 3 incubation blocks (Fig. 3, right y-axes),
with peak values generally between 16:00 and 18:00 h
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GMT, except Stn PAL-10 (Fig. 3D), which was a stormy
day with E*inh < 0.6 for the whole day.

Previous work suggested that the H model would be
applicable to WSC assemblages as opposed to the E
model (Neale et al. 1998a). When we fitted an H model
to photoinhibitron measurements and predicted time
courses for the H4 incubation, these agreed for the first
time block but predicted activity was very low to
negligible afterwards due to a complete lack of repair
(Fig. 4). This was in sharp contrast to observed H4
time courses, in which significant productivity remained
through the exposure period (Fig. 4), indicating that
there was some level of ongoing repair. On the other
hand, the E model did not reproduce all features of the
time course, particularly partial recovery after high to
low UVR transfer (data not shown). Prediction of inter-
mediate rates of recovery required application of the R
model (Hiriart-Baer & Smith 2004). The R model pro-
vided good agreement between the measured and
predicted photosynthesis for 4 WSC stations and also
for Stn PAL-11 (Fig. 5). The repair rate of Stn WSC-04
from the coastal waters near Elephant Island was too
high to be resolved by our experimental approach
(iterative estimate of r did not converge); however, an
acceptable fit was obtained with the E model (Table 3).
This station was more similar to PAL stations in its shal-
low surface layer depth, low KdPAR and higher average
PAR exposure than the other open-ocean assemblages
(Tables 1 & 3).

Considering all stations, predicted photosynthesis
generally agreed with observed measurements for H4

and L4 (Fig. 6) with most points within 1 SE of a 1:1
relationship for both PAL (n = 88) and WSC (n = 38).
The slope of predicted versus observed photosynthe-
sis, estimated by linear regression through the origin,
was not significantly different from 1 for the R model
fits (0.97, SE = 0.03, n = 38). The slope for the E model
fits was <1 (0.91, SE = 0.03, n = 88), indicating a slight
tendency to underestimate photosynthesis. Overall
model skill measured by the correlation between mea-
sured and observed was higher for the R model (0.87)
compared to the E model (0.50). In part this is due to
the extra parameter in the R model that was fitted
using the time series data, whereas E model predic-
tions were independent from the time series data. Pre-
dicted photosynthesis also agreed well with measured
rates for transferred samples, as discussed in the
‘Repair rate’ subsection.

Model input

Parameters generated from BWF analysis and used
to predict time-course measurements are given in
Table 3. The fit of the photoinhibitron data to the
BWF/P–E model was good with R2 values of 0.85 or
better (n = 70 to 80 experiment–1). In general, open-
ocean samples had higher maximum chlorophyll-
specific photosynthetic rates compared to coastal
samples. Rates in the WSC ranged from 2.39 to 3.25 mg
C (mg chl)–1 h–1, whereas rates at PAL were from 1.07
to 2.59 mg C (mg chl)–1 h–1, with only 2 locations with

7

Table 3. Photosynthetic parameters for all stations. PB
s, maximum photosynthetic rate. Es, light saturation parameter. %E0, sample light history as

mean percent of surface photosynthetically available radiation (PAR) for the surface layer or at sample depth when stratified. 
–
EPAR, mean PAR

irradiance during the time-course experiments. The weight from the biological weighting function (BWF) at 320 nm is given for the E model (εE(320))
or the R model (εR(320)) (see ‘Predicted productivity’). RMSe, overall root mean square error, i.e. the difference between observed and predicted
rates in the time-course incubation. nd, not determined. ne, not estimated because the sample was a surface ice-slurry (Stns PAL-06 and PAL-08)

Stn PB
s Es %E0

–
EPAR R2 εE(320) εR(320) Repair RMSe

(mg C [mg chl]–1 h–1) (W m–2) (W m–2) × 10–4 ([mW m–2]–1) × 10–4 ([J m–2]–1) × 10–3 (min–1) (mg C [mg chl]–1 h–1)

WSC-01 3.25 ± 0.24 21.7 7.1 52 0.87 0.67 10.98 0.29
WS-02 2.80 ± 0.13 21.2 9.7 86 0.91 0.84 8.00 0.20
WSC-03 2.74 ± 0.17 20.5 8.2 69 0.86 0.82 6.84 0.31
WSC-04 2.39 ± 0.57 25.9 26.6 61 0.80 8.10 0.36
WSC-05 3.35 ± 0.24 17.7 11.8 69 0.85 0.36 6.99 0.32
PAL-01 1.48 ± 0.12 21.5 33.1 106 0.90 1.83 0.55
PAL-02 2.59 ± 0.20 14.0 66.4 138 0.88 0.78 0.44
PAL-03 1.31 ± 0.10 21.5 nd 90 0.91 0.96 0.42
PAL-04 1.88 ± 0.13 16.2 nd 46 0.88 1.24 0.44
PAL-05 1.55 ± 0.10 12.1 nd 67 0.92 2.34 0.52
PAL-06 1.43 ± 0.08 25.8 ne 43 0.94 0.86 0.21
PAL-07 2.30 ± 0.21 19.3 90.5 65 0.90 1.97 0.63
PAL-08 1.63 ± 0.11 29.4 ne 101 0.94 0.68 0.19
PAL-09 1.71 ± 0.12 17.0 74.8 70 0.91 1.36 0.24
PAL-10 1.84 ± 0.17 22.2 74.8 47 0.89 1.44 0.21
PAL-11 1.07 ± 0.07 18.5 47.0 100 0.92 0.68 8.01 0.11
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Fig. 4. Observed (–––z–––) and predicted (– – –y– – –) photosynthesis for 3 WSC populations exposed to high UVR (H4) using the
cumulative exposure model without repair included. Stns (A) WSC-01, (B) WSC-02 and (C) WSC-05. Error bars denote SE of 
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rates >2.0. The inhibition weight at 320 nm, ε (320),
presented for comparison purposes, was chosen since
it is usually near the peak in weighted irradiance
(Banaszak & Neale 2001) and is a wavelength of mini-
mum variation in BWFs determined using the Rundel
method. In addition, this wavelength is a good indica-
tor of overall sensitivity. Weights within a study area
varied by 2- to 3-fold, showing some significant differ-
ences in sensitivity of these assemblages.

To further characterize BWF variability, as well as
obtain an overview of spectral dependence, a mean
BWF (±SD) was calculated for each model. Within the
samples from Stns PAL-01 to PAL-10 (Fig. 7A), the 2
samples from surface ice slurries were at the lowest
end of the sensitivity and the rest of the stations were
more sensitive. The assemblage at Stn WSC-04 (shown
separately in Fig. 7A) had significantly higher weights
from approximately 300 to 340 nm. A second group of

similar BWFs is the R model fits for Stns WSC-01 to
WSC-03 (Fig. 7B). Two other R model BWFs are shown
separately: Stn PAL-11 was similar to the group mean
up to 380 nm, where the values dropped off. Stn WSC-
05 was not included in the mean because it was sub-
stantially less sensitive.

In order to compare the E and R model BWFs directly,
we evaluated model predictions in the context of a ‘typ-
ical’ incubation exposure block of 2.5 to 3 h as used in
the WSC incubations. It was observed that, for expo-
sures of this duration and using the average repair rate
estimate (discussed in the subsection ‘Repair rate’), the
relative rate of photosynthesis predicted by the R model
was closely approximated by the expression 1/(1 + 0.4
H*inh) where H*inh is calculated from εR using Eq. (5) (Fig.
8A). This expression has the same form as the predicted
response from the E model, (1/(1 + E*inh)). Noting that a
2.5 h exposure in J m–2 is 9 times the average mW m–2,
we established the approximate equivalence of εR · H ≈
0.4 · 9 · εR · E = 3.6 · εR · E, where E is the average irradi-
ance during the exposure. Using this scaling on the
R model BWFs, most of the R model assemblages
were more sensitive overall compared to the E model
(Fig. 8B), due primarily to the lower repair rates, al-
though there was variation in sensitivity at both sites.
The exception was at Stn WSC-05, where this assem-
blage, and the other PAL assemblages, were the least
sensitive in the UVB and lower UVA wavelengths.

Repair rate

Transfer of samples from the high to low UVR en-
closures allowed assessment of recovery from UVR
inhibition. The average rates in each time block after
transfer were used to fit repair rate in the R model
(Eqs. 6 to 8). Although the fit was based on the agree-
ment of measured and predicted average rates over 2.5
to 3 h periods, rates were calculated at 1 min intervals.
This resolution shows detailed kinetics of inhibition
and recovery. Two example time courses (Stns WSC-03
and PAL-11) are shown in Fig. 9. The predicted pro-
ductivity of all samples decreased initially, since even
the low UVR treatments were affected by some UVR
and PAR inhibition. In the second time block, when
H1L3 was transferred to the low UVR tank, productiv-
ity of this treatment increased progressively, while
other treatments had a slow increase as UVR exposure
declined (cf. Fig. 5C). When H2L2 samples were trans-
ferred (third time block), these samples also increased
to near L4 productivity within 2.5 to 3 h. In general,
predicted recovery was close to complete within 3 h.
The predicted time courses for the other assemblages
to which the R model was applied were similar to those
in Fig. 9.
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Predicted productivity rates after transfer matched
the measurements well (Figs. 10 & 11). We referenced
H1L3 or H2L2 productivity to the rate in the L4 tank so
that a ratio of 1 indicates full recovery from inhibition
associated with the extra UVR in the high treatment. In
all R model cases (Fig. 10A–D), there was only partial
recovery during the first block after transfer, consistent
with application of the R model. Near-full recovery was
seen for all H1L3 assemblages by the end of the incu-
bation. In almost all cases, H2L2 assemblages were
also fully recovered, while H4 assemblages remained
at a ratio of approximately 0.6. In contrast, for samples
fitted with the E model (Fig. 10E,F), full recovery was
observed immediately after transfer. Overall, pre-
dicted productivity agreed well with observed produc-
tivity for all R model transfer samples (Fig. 11). Almost
all samples were not significantly different from a 1:1
ratio. Estimated repair rates were relatively similar
between these 5 stations (Table 3) and varied from
6.84 × 10–3 to 10.98 × 10–3 min–1. This translated to a
recovery time scale (63% of asymptote) in the absence
of UVR in the range of 1.5 to 2.4 h. Nearly complete
recovery (90% of asymptote) required 3.5 to 5.6 h.

Concerning chlorophyll concentrations in trans-
ferred samples, there was no overall trend during the
incubations. Most samples exhibited no trend during
the incubation period, and in those that did, the differ-
ences were not significant. Populations at 3 stations
(Stns WSC-02, WSC-04 and PAL-04) decreased in chlo-
rophyll and one (Stn PAL-02) increased from the
beginning to end of the incubation in H4 conditions.
Only for Stn PAL-06 was L4 greater than H2L2, and

H2L2 greater than H4, yet none of these were signifi-
cantly different from the initial chlorophyll concentra-
tion.

The root mean square errors (RMSe), used as a mea-
sure of overall agreement between predicted and
observed productivity rates for each time course, were
in the range of 0.11 to 0.63 mg C (mg chl)–1 h–1 for all
stations (n = 12 to 16) (Table 3). The R model RMSe
ranged from 0.11 to 0.32 mg C (mg chl)–1 h–1 with an
overall value of 0.26 mg C (mg chl)–1 h–1, showing the
good fit of this model to the observations. The range
of RMSe for the E model was greater, from 0.19 to
0.63 mg C (mg chl)–1 h–1 with an overall value of
0.41 mg C (mg chl)–1 h–1. One source of higher RMSe
for fits of both models is the occasional occurrence of
increasing variability of measured rates and discrep-
ancies between the model and the observed data dur-
ing the latter samplings. These could be due to greater
bottle effects after 10 to 12 h of incubation, but the spe-
cific cause is unknown and occurred despite efforts to
rigorously clean and rinse bottles before use.

DISCUSSION

Previous work suggested that phytoplankton assem-
blages in the open waters of WSC would exhibit no or
very slow recovery from UVR inhibition of photosyn-
thesis (Neale et al. 1998a). In the kinetics portion of
that study, Neale et al. (1998a) found no measurable
increase in photosynthetic rate up to 4 h after removal
from strong UVR exposure, which provided the pri-
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mary support for use of the cumulative exposure (H )
model. In the present study using moderate exposures
to solar UVR, this was not the case. The cumulative
exposure model did not fit the observed time-course of
photosynthesis of WSC assemblages for exposures
exceeding 2 h, apparently due to some ongoing repair.
The irradiance model (Cullen et al. 1992) was also not
appropriate for WSC assemblages due to the overesti-
mation of recovery; therefore, we applied the Hiriart-
Baer & Smith (2004) R model in which there is a low
level of ongoing repair from UVR damage. This pro-
vided a significantly better fit for UVR responses of
most WSC assemblages and for 1 sample from waters
near Palmer Stn (Stn PAL-11). This substantially modi-
fies our understanding of UV inhibition in the WSC

since some recovery can occur after transport
out of the near-surface photoactive zone,
compared to the previous idea that there
would be no recovery regardless of light con-
ditions (Neale et al. 1998a). We believe that a
key point in the experiments of Neale et al.
(1998a) was the use of short wavelength con-
taining UVR and PAR spectrum (Xenon lamp
with UVT acrylic), such that treatment expo-
sures resulted in 100% inhibition within the
first hour of exposure. As was acknowledged
previously, the severity of this exposure may
have suppressed repair mechanisms. In the
present study, inhibition under solar UVR
exposure after the first time block (2.5 to 3 h)
in WSC assemblages was <30% for all sta-
tions except Stn WSC-02, which was 44%
inhibited. This is significantly less inhibition
over a longer exposure period and given the
ability to recover, the potential for primary
production is considerably greater.

The determined repair rates did not vary
widely. Rates ranged from 0.007 to 0.011 min–1

for the 5 stations fitted with the R model, with
near-total recovery estimated in <6 h in the
absence of UVR. These rates are in the same
range as previously fitted using the R model
for photosynthesis of Lake Erie phytoplank-
ton (Hiriart-Baer & Smith 2004, 2005) where
assemblages had repair rates from 0 to
0.11 min–1 with a median rate of 10.2 ×
10–3 min–1, at the high end of the WSC assem-
blages. The recovery time in the absence of
UVR varied from 1 to 6 h depending of the
degree of inhibition. Although repair rates
also vary for UV inhibition of macroalgal pho-
tosynthesis, slow repair rates are common for
deeper growing species, especially brown
(Phaeophyta) and red (Rhodophyta) macro-
algae (Bischof et al. 2006). Full recovery from

damage once UVR has been eliminated is generally
within hours for brown algae, whereas red algae may
take 24 h or longer to recover (Bischof et al. 2006,
H. Miller et al. unpubl.).

In contrast, most reports of phytoplankton response
are consistent with fast kinetics and irradiance depen-
dence. Boucher & Prézelin (1996) studied the photo-
synthetic response of a sample from LTER Stn B (same
sample location as Stns PAL-07 and PAL-09), conduct-
ing solar time-series exposures and post-exposure mea-
surements of photosynthesis–irradiance (P–E) curves.
Even though daily photosynthesis was inhibited 34%
by UVR exposure, daily photosynthesis estimated
using P–E curves of the UVR-exposed samples subse-
quently incubated for 2 h in PAR were indistinguish-
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able from the photosynthesis of PAR-exposed samples,
which suggested that full recovery occurred in <2 h.
This can be used to estimate a lower bound on re-
covery rate: recovery to at least 90% of photosynthesis
in PAR-only samples in 2 h implies a rate of ca. 20 ×
10–3 min–1. This is already well above any of our R
model estimates and actual recovery may have been
faster. Therefore Boucher & Prézelin’s (1996) results
are consistent with our observations of generally fast
recovery rates for UVR inhibition of PAL phytoplank-
ton, for which a similar lower bound on recovery rate
can be inferred.

Other reported repair rates for microalgal cultures
are several-fold higher than our estimates for the WSC
assemblages. Repair is so rapid in cultures that esti-
mates require time-course measurements with a time
resolution of minutes such as those obtained using
PAM fluorometry. Using this approach, Shelly et al.
(2003) estimated damage rates of up to 0.03 min–1 and
ongoing repair up to 0.015 min–1 during UVR exposure
of cultures of a temperate marine chlorophyte (Duna-
liella tertiolecta). Once UVR was removed, maximum
recovery was calculated at 0.046 min–1. Litchman et al.
(2002) found recovery rates of 0.09 and 0.12 min–1 in 2
nutrient-replete cultures of temperate dinoflagellates
and fit a BWF using the E model. Litchman & Neale
(2005) also applied the E model for temperate crypto-
phyte and diatom cultures based on unpublished PAM
observations of rapid kinetics. Sobrino et al. (2005) de-
termined a recovery rate between 0.048 and 0.086 min–1

in cultures of a marine picoplankton species. Overall,
the ability to rapidly recover from UVR damage is pre-
sent in a wide variety of algal groups and species.

For coastalAntarctic phytoplankton, Lesser et al. (1996)
found that photosynthesis of high-light-acclimated
assemblages from McMurdo Sound, mainly centric
diatoms, was 30% lower during a 2 h incubation in full
spectrum (UVT) compared to PAR-only solar irradi-
ance, irrespective of whether it was shifted from UVT
to PAR, or PAR to UVT. A similar difference was pre-
dicted using an E model BWF (Neale et al. 1994)
applied to exposure conditions. Similarly, the majority
of our coastal PAL samples were best fit using the E
model, as was the Stn WSC-04 population, perhaps
due to this latter station being located in the coastal
waters off Elephant Island. Though the E model was a
consistent predictor of productivity patterns in these
samples, the overall RMSe was appreciable (0.41 mg C
[mg chl]–1 h–1); however, the RMSe is not unexpectedly
high given that observed rates for these experiments
have an overall standard error of 0.21 mg C (mg chl)–1

h–1 based on the variation between replicates.
The specific reason(s) for the consistently greater

repair ability in coastal phytoplankton assemblages is
unknown, though differences in species composition
and average light availability could have contributed.
No quantitative determinations were made of the
phytoplankton community composition in the present
study, but qualitative observations suggested that the
species were similar to previous reports of springtime
assemblages. These reports noted dominance by dia-
toms in the genera Chaetoceros, Nitzschia and Thalas-
siosira in the WSC (Schloss & Estrada 1994, Sigleo et
al. 2000), whereas coastal waters around Elephant
Island and Palmer Station are characterized by a mix-
ture of flagellates and diatoms, such as Corethron,
associated with the presence of ice (Schloss & Estrada
1994, Ducklow et al. 2007). All samples that were fit
with the E model came from shallow, well-lit surface
layers with PAR exceeding 22% of surface exposure
(Table 3). All R model samples came from low-light
environments except Stn PAL-11. Temperature pro-
files for this station were only available 2 d after the
sample was taken so the light history for this sample is
uncertain. Overall, these observations suggest that the
generally high repair rate in coastal assemblages could
be due to both the presence of species with higher
repair capacity and the induction of this capacity by
growth in high light. Growth in high light has been
consistently associated with lower UV sensitivity
(Neale et al. 1994, 1998c, Litchman & Neale 2005). Also,
there are species-specific differences in repair capacity;
for example, Karentz et al. (1991) reported that cul-
tures of Corethron cryophilum are less sensitive than
other Antarctic diatoms to UVB-induced DNA dam-
age. Nutrient limitation can also affect repair rate
(Litchman et al. 2002) but there is little evidence that
this was a factor in the present study. Compared to lit-
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erature values, maximum photosynthetic rates in the
absence of inhibition (PB

s ) were high for the WSC
(Figueiras et al. 1999) and near or somewhat below
averages for the Palmer Station region (Moline et al.
1998). Furthermore, nutrient limitation (e.g. iron avail-
ability) would not be expected for springtime condi-
tions (e.g. Ducklow et al. 2007). More study is needed
of what controls repair rate of Antarctic phytoplankton
in order to better understand the variation of UV inhi-
bition kinetics in the Southern Ocean.

In addition to repair, photoprotection by screening
compounds can affect overall sensitivity to UVR (e.g.
Neale et al. 1998c). Of all the PAL samples, the surface
ice-slurry samples had the least sensitivity to UVR
(Stns PAL-06 and PAL-08). Inhibition was minimal in
the case of Stn PAL-06 at roughly 2% throughout the
entire incubation. In both of these samples, observed
H1L3 and H2L2 were essentially equal to L4 through-
out the incubation. They also had the prominent peaks
in particulate absorption at 330 nm signifying the pres-
ence of mycosporine-like amino acids (MAAs; data not
shown). Although MAA analysis was not performed on
the 1999 samples, it was performed for the 1997 and
1998 samples (A. Banaszak unpubl. data). When pre-
sent, coastal stations had both shinorine and porphyra-
334, whereas 3 of the open-ocean WSC assemblages
(Stns WSC-01 to WSC-03) contained low quantities of
shinorine. This low concentration or complete absence
of screening pigments is another factor likely con-
tributing to the higher sensitivity of the WSC assem-
blages to UVR inhibition.

The finding that open-water assemblages have a
slow repair capability has important implications for
modeling UVR effects on primary productivity in the
surface mixed layer (e.g. Arrigo et al. 2003). Observa-
tion of significant repair implies that even WSC phyto-
plankton can completely recover from the effects of
surface exposure given sufficient time; however, as
discussed by Neale et al. (2003), the overall effect of
UVR on integrated water column productivity will be
dependent on both the kinetics of inhibition/recovery
and the rate of vertical transport. In simplified simula-
tions of integrated productivity in mixed versus static
water columns, mixing decreased the effect of UVR
inhibition when predicted using the R model (Hiriart-
Baer & Smith 2005), whereas effects increased or
decreased depending on the BWF and the depth of
mixing when UVR inhibition was predicted with the H
model (Neale et al. 1998b, Hiriart-Baer & Smith 2005).
The results of Neale et al. (1998b) for the WSC need to
be revisited in the context of the R model results pre-
sented in the present study, though they expected that
model predictions would not be greatly affected by
recovery times on the order of several hours as was
observed for most WSC stations. More importantly,

realistic simulations of how productivity responds to
varying solar UVR in the dynamic surface layer of the
Southern Ocean are now possible by combining R
model predictions with recently developed numerical
models that accurately reproduce surface mixing pro-
cesses (e.g. for Langmuir circulation, Thorpe 2004).
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