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[1] We tested the role of solar irradiance and ammonium inputs on phytoplankton bloom
formation in Antarctic coastal waters (62�39.5760 S; 60�22.4080 W, Livingston Island,
South Sethlands) through the combination of a large-scale, in situ mesocosm experiment
and a small-scale experiment. Phytoplankton growth, nutrient use, and biomass
development remained low at ambient irradiances and increased greatly (greater than
thirtyfold) to yield large (up to 93 mg chlorophyll a l�1) phytoplankton blooms in response
to moderate shading. The phytoplankton communities tested were light limited when
irradiance was reduced below 30% of the incident irradiance and stressed by high
irradiance at the full ambient irradiance. Ammonium additions greatly stimulated
phytoplankton growth, biomass, and stimulated the use of the large nitrate pool present in
the Antarctic waters and lead to a decline in the specific UV absorption by mycosporine-
like amminoacids. The small-scale experiment confirmed the role of UV irradiance in
inhibiting phytoplankton growth and the capacity of ammonium inputs to overcome this
inhibition. The alleviation of the high-irradiance stress by ammonium additions provided
evidence of a key role of ammonium inputs in allowing phytoplankton to resume growth
and nutrient use. The results demonstrate that there is a narrow window of irradiance
where phytoplankton growth is adequate and that coastal Antarctic phytoplankton
communities, examined here, are either light limited or stressed by high irradiance at
irradiances outside this range. More research is needed to analyze the interplay between
light climate, ammonium, and bloom initiation in Antarctic coastal waters to test the
generality of the results obtained.
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1. Introduction

[2] Low phytoplankton biomass in the presence of high-
nutrient concentrations is characteristic of the Southern
Ocean [e.g., El-Sayed et al., 1983; Holm-Hansen et al.,
1984]. Despite this general situation, large phytoplankton
blooms have been reported to occur periodically in Antarc-
tic coastal waters [e.g., El-Sayed et al., 1983; Holm-Hansen
et al., 1984; Sullivan et al., 1993; Ducklow et al., 2006],
indicating that the limiting factors controlling phytoplank-
ton development are occasionally releaved in these areas. In
contrast to the open waters of the Southern Ocean [e.g., De
Baar et al., 1995; De Baar and Boyd, 2000], Antarctic
coastal waters are likely to be iron sufficient [e.g., Martin et
al., 1990], receiving iron transported by large icebergs
[Smith et al., 2007], or from volcanic ash that has been

deposited along the Antarctic peninsula area [e.g., Sañudo-
Wilhelmy et al., 2002], derived from eruptions at near-by
Deception Island (Figure 1). Other processes, related to ice
melting dynamics [Moline et al., 2004] or high grazing
pressure, have also been identified as factors controlling
phytoplankton biomass in Antarctic coastal waters [cf.
Boyd, 2002]. Solar radiation is an important limiting re-
source in coastal areas because of the shading imposed by
deep mixing [e.g., Mitchell et al., 1991; Nelson and Smith,
1991], or shading by the presence of glacial flour [Agustı́
and Duarte, 2000]. Solar radiation is also a stress factor to
Antarctic phytoplankton because of the relatively high
ultraviolet (UV) radiation incident on Antarctic waters
[e.g., Smith et al., 1992; Cullen et al., 1992; Arrigo,
1994]. Hence, irradiance may be often too low or too high
to allow phytoplankton nutrient use thus inhibiting phyto-
plankton blooms in coastal waters. In addition, while nitrate
is present at high concentrations in the ambient waters,
ammonium concentrations are typically low in the Southern
Ocean [Biggs et al., 1985; Bianchi et al., 1997; Priddle et
al., 1997].
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[3] Phytoplankton in high-nutrient, low-chlorophyll
areas, such as the Southern Ocean, have been reported to
show low specific nitrate uptake rates, restricting the pres-
ence of phytoplankton blooms [Dugdale and Wilkerson,
1991]. Although nitrate pools may be occasionally depleted
[Sweeney et al., 2000], ammonium is rapidly utilized by
Antarctic phytoplankton [Biggs et al., 1985; Dugdale and
Wilkerson, 1991]. This suggests the possibility that phyto-
plankton blooming in iron-rich coastal Antarctic waters may
also be dependent on ammonium supply and is consistent
with the results of a pilot mesocosm experiment enclosing a
coastal Antarctic phytoplankton community, where a large
phytoplankton bloom developed following the initial addi-
tion of ammonium [Agustı́ and Duarte, 2000].
[4] Large-scale experiments have proved to be instru-

mental in testing hypotheses regarding the regulation of
phytoplankton production in the Southern Ocean, as dem-
onstrated by experimental iron additions to parcels of open
water [e.g., Boyd et al., 2000; Gervais et al., 2002].
However, these large-scale perturbation experiments cannot
be used to test the role of multiple limiting factors or
stressors, since typically only one parcel of water can be
manipulated [e.g., Boyd et al., 2000; Gervais et al., 2002],
and the manipulation of resources individually or together,
is cumbersome or impossible. Other approaches to large-
scale experiments, such as large (>10 m3) mesocosms
experiments have been successfully used elsewhere to test
hypotheses on the control of planktonic communities
[Duarte et al., 1997], but have not been attempted in
Antarctic waters, although recent studies have demonstrated
the feasibility of conducting such experiments [Agustı́ and
Duarte, 2000].
[5] Here we use two subsequent series of experiments to

examine the role of irradiance and ammonium inputs on
phytoplankton bloom formation in Antarctic coastal waters.
The first experiment consisted of a large-scale mesocosm
experiment, the Estı́mulo Experimental de la Producción
Antártica Costera (ESEPAC) experiment, which used a

duplicated series of four large (20 m3) mesocosms, each
exposed to a range of irradiances (from 100% to 5% of the
ambient level), where one of the series received daily
additions of phosphate, silicate and ammonium. The sub-
sequent small-scale (2 L units) experiment, also undertaken
in Antarctic waters, was used to verify the results from
the previous mesocosm experiment. One objective of the
ESEPAC mesocosm experiment was to test the role of high
irradiance in suppressing phytoplankton growth. A second
objective was to test the notion that a phytoplankton bloom
can be induced at full ambient irradiance, following an
ammonium pulse. This latter objective was followed on
from inferences made during a previous pilot experiment,
which tested the feasibility of conducting large-scale mes-
ocosm experiments in Antarctic waters [Agustı́ and Duarte,
2000]. Because large-scale mesocosm experiments cannot
be entirely controlled, we planned and conducted a subse-
quent small-scale experiment to verify the results derived
from the ESEPAC mesocosm experiment. In particular, we
compared the growth response of phytoplankton exposed to
the full spectrum of irradiance, across a range of incoming
irradiance to that of phytoplankton experiencing a reduced
exposure to UV irradiance. We also tested whether ammo-
nium inputs altered the phytoplankton’s response to expo-
sure from the full spectrum of irradiance.

2. Methods

2.1. ESEPAC: Experimental Design

[6] The ESEPAC experiment was conducted in Johnson’s
Dock (62�39.5760S; 60�22.4080W, Livingston Island, Ant-
arctica), a sheltered bay receiving glacial melt containing
iron-rich volcanic ash (Figure 1) [Agustı́ and Duarte, 2000].
A floating platform holding eight mesocosms, consisting of
large (14 m tall, 2.3 m diameter) chemically UV-stabilized
polyethylene bags, was moored in the deepest sector of the
bay (about 25 m) on 21 January 2000 (Figure 1). The
mesocosmswere filled with ambient, unscreened water (from
a depth range of 0.5–3 m), first by inmersion of the bags and
subsequently using water pumps, on 23 January 2000. The
bags were not completely filled to their maximum capacity
of 35 m3 to allow propagation of turbulence across the
flexible walls, resulting in an average volume of 20 m3 in
the mesocosms. Hence, no additional efforts were made to
provide additional mixing. The natural communities
enclosed included grazers (mainly copepods, salps and
amphipods) at concentrations comparable to those in the
ambient waters. The experiment, divided into two phases,
was conducted over a period of 25 days. Two mesocosms
received the full ambient irradiance and divers covered the
outer surface and top of the remaining duplicate mesocosms,
down to a depth of 10 m with neutral screens that transmitted
50, 25, and 10% of the natural irradiance (Table 1). The
actual shading imposed was verified from daily water
column irradiance measurements using a Seabird conduc-
tivity-temperature-depth (CTD) fitted with a photosynthet-
ically active radiation (PAR) sensor. The effective reduction
in irradiance within the mesocosms deviated somewhat
from the targeted values, and also differed considerably
between mesocosms assigned to receive the same irradiance
(Figure 1 and Table 1). These effects were due to the
presence of folds in the screening material, heterogeneity

Figure 1. A view of the setting of the deployment of the
experimental platform holding the mecosms in Johnson’s
Dock (62�39.5760 S; 60�22.4080 W, Livingston Island,
Antarctica). The dark bands on the glacial are volcanic ash.
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on the shading screen and the position of the units on the
platform. (Figure 2 and Table 1). Accordingly, subsequent
analyses used the actual initial percent shading as the best
indication of the shading imposed. One of the series of four
duplicate mesocosms was amended with Si, P, and N in the
form of ammonium, while the other series remained unam-
mended. On the basis of the experience gained during a
pilot experiment [Agustı́ and Duarte, 2000], the nutrient-
amended mesocosms received a daily addition of 0.1 moles
N (as NH4Cl), 0.1 mol Si (as F6Na2Si), and 0.01 mol P
(as KH2PO4). Nutrient amendments were made immediately
after sample collection and CTD casts, using previously
described procedures [Agustı́ and Duarte, 2000]. Time
series (5 min. intervals) analysis of nutrient concentrations
in surface waters following nutrient additions (see below)
showed that mixing was achieved within 15 min. Iron
additions were unnecessary because iron concentrations
are relatively high in the coastal environment [Martin et
al., 1990; De Baar and Boyd, 2000; Sañudo-Wilhelmy et al.,
2002]. In our study area, which receives inputs of glacial
materials containing iron-rich volcanic ash derived from
eruptions at near-by Deception Island (Figure 1), iron con-
centrations in a stream delivering runoff from the Johnson
Glacial into the bay have been measured as 0.6 mmol Fe L�1

(A. Tovar-Sánchez, unpublished results, 2005), orders of
magnitude above the values of 0.1 nmol Fe L�1 character-
istic of Fe-limited areas of the Southern Ocean. Nutrient
additions were discontinued when ammonium concentra-
tions approached 10 mM to avoid potentially toxic levels,
and were resumed when concentrations declined below this
threshold. To further test the effect of ammonium and high-
irradiance stress on the observed responses, a second phase
of the experiment was initiated 16 days after the beginning
of the overall experiment, once the responses to the initial
treatments imposed had been established. In the second
phase, the shading screens of the mesocosms receiving 25%
of the ambient irradiance were removed by divers, exposing

them to the full ambient irradiance and daily ammonium
additions were initiated to the unamended mesocosm. Daily
ammonium additions were also initiated in the unamended
mesocosm receiving the full irradiance (Table 1). The
responses to the changes in experimental treatments were
followed for 9 days.

Figure 2. Photosynthetically active irradiance profiles in
the mesocosms. The profiles were obtained at 0945 local
time on day 1 of the experiment once the shading screens
were placed but before any phytoplankton response
occurred. The differences in irradiance penetration with
depth reflect, therefore, the effect of the shading screens.

Table 1. Experimental Conditions During Phases I and II and the Average, Standard Error, and Maximum Integrated Chlorophyll a

Concentration, Maximum Nutrient Concentration, and the Average Net Growth Ratea

Ambient
Irradiance (%) Nutrient

Inputs

Chlorophyll a
Concentration
(mg m–3)

Ammonium
Concentration
Maximum
(mmol L–1)

Nitrate Concentration
Maximum
(mmol L–1)

Phosphate
Concentration
Maximum
(mmol L–1)

Net Growth
(day– 1)Nominal Measured Mean Maximum

Phase I (Days 0–15)
100 100 unamended 1.58 ± 0.07 2.82 0.90 33.69 2.07 0.08
50 39.40 unamended 18.33 ± 5.23 68.76 0.80 28.62 2.13 0.20 ± 0.02
25 14.30 unamended 1.68 ± 0.08 3.73 0.90 30.49 2.25 0.16 ± 0.02
10 11.50 unamended 0.56 ± 0.03 0.91 1.01 31.82 2.19 0
100 100 +NH4, PO4, Si 31.13 ± 7.56 93.47 8.60 30.69 4.65 0.64 ± 0.18
50 47.50 +NH4, PO4, Si 5.51 ± 1.09 15.85 11.50 30.50 5.14 0.18 ± 0.01
25 17.30 +NH4, PO4, Si 1.03 ± 0.03 1.64 9.90 30.71 4.38 0.04
10 6.50 +NH4, PO4, Si 1.75 ± 0.18 3.42 10.70 30.97 5.12 0.12 ± 0.03

Phase II (Days 16–25)
100 unchanged +NH4 10.7 0.35 ± 0.07
50 unchanged unchanged
25 100 unchanged 21.75 0.68 ± 0.04
10 unchanged unchanged
100 unchanged unchanged
50 unchanged unchanged
25 100 unchanged 19 0.33 ± 0.07
10 unchanged unchanged
aMaximum integrated Chlorophyll a concentration at 0–13 m; average net growth rate is ±SE.
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2.2. Small-Scale Experiment Design

[7] A small-scale experiment was also conducted in the
Spanish Antarctic Base (Livingston Island, Shetland
Islands, Antarctica) from 11 February to 19 February
2004. Surface seawater samples were collected from John-
son’s Dock and were incubated in quartz and polycarbonate
bottles (2 L) submersed in 2000 L incubators that were
placed close to the beach of Sur Bay (Livingston Island).
The area was free of shadows, receiving natural incident
solar radiation and a pump system recirculated sea-surface
water from the bay to the incubator, to maintain in situ
temperature. Bottles were acid cleaned and seawater sam-
ples were screened through a 150 mm net to remove grazers.
Quartz bottles allowed all the solar radiation spectra (UVR
+ PAR) to penetrate the bottles, while polycarbonate bottles
allowed PAR radiation to pass through, but filtered out
UVB and UVA radiation. Three levels of radiation,
corresponding to the 100, 57, and 23% of the incident
irradiance were tested. The 57 and 23% radiation levels
were attained by covering the bottles with a neutral screen
and the 100% radiation treatment was run without screens.
At the beginning of the experiment ammonium was added
to replicated quartz and polycarbonate bottles to a final
concentration of 4.5 mM, while other replicated bottles acted
as a blanks (i.e., without ammonium additions). The total
duration of the experiment was 8 days and duplicate
samples were taken from each treatment every 2 days to
determine chlorophyll a concentration and abundance of the
dominant phytoplankton groups.

2.3. Sampling and Analytical Procedures

[8] In the ESEPAC experiment integrated (0–12 m) water
samples were collected daily for nutrient concentration and
other analysis (chlorophyll a, phytoplankton abundance,
light absorption by phytoplankton, among others). Sam-
pling for each parameter was made after different time
intervals, but all samples were collected at about 0900 local
time, prior to nutrient additions. Integrated samples were
obtained by slowly deploying a 12 m long cylindrical tube
that had been previously rinsed with external waters. To
retrieve the sample, the tube was capped and then inverted
so that the bottom of the tube was recovered first, thereby
holding the 12 m water column inside. Additional integrated
samples were collected, following nutrient additions and
after sufficient time (about 30 min) for mixing to occur. To
ensure adequate mixing, nutrient additions were made by
filling a tube, extending from the water surface to the
bottom of the mesocosms, adding the nutrient solution to
the tube waters and withdrawing the tube slowly so as to
release the nutrient solution throughout the water column
and ensure a homogeneous distribution [Agustı́ and Duarte,
2000]. Vertical profiles of phytoplankton distribution were
derived from daily fluorescence profiles obtained using a
fluorescence sensor mounted on the CTD. Samples for the
determination of the concentrations of dissolved inorganic
phosphate, and nitrate + nitrite were processed immediately
or kept frozen until analyzed following standard spectro-
photometric methods [Hansen and Koroleff, 1999]. Ammo-
nium concentrations were measured spectrofluorometrically
in both experiments [Kérouel and Aminot, 1997] within 1 h
from collection.

[9] In the ESEPAC experiment chlorophyll a concentra-
tion was analyzed every 2 out of 3 days, resulting in 17–18
sampling events during the experiment. In the small-scale
experiment chlorophyll a concentration was determined
every 2 days in all the treatments and replicates, resulting
in 5 sampling events along the experiment. A variable water
volume (25 to 250 ml, depending on phytoplankton biomass)
was filtered through Whatman GF/F filters for fluoro-
metric analysis of chlorophyll a concentration [Parsons
et al., 1984]. Net phytoplankton growth rates (m, days�1)
were calculated from the slope of least squares linear
regressions of the natural log of chlorophyll a over time
over the period of growth

lnChla mgm�3
� �

¼ aþ m time daysð Þ

or over the entire time series if no clear growth period could be
identified. Grazing rates by metazoan zooplankton remained
low throughout the ESEPAC experiment (S. Hernández-León,
unpublished results, 2000).
[10] For the ESEPAC experiment, net nutrient uptake

rates (u, mM d�1) were estimated from the reduction in
their concentration over the 24 h. period following nutrient
additions, and, for mesocosms not receiving any nutrient
inputs, from the slope of least squares linear regressions of
nutrient concentrations over time,

nutrient mMð Þ ¼ aþ u time daysð Þ:

[11] In the ESEPAC experiment the abundance of autotro-
phic plankton was estimated using epifluorescence micros-
copy for pico- and nanophytoplankton. Samples were
preserved in glutaraldehyde (1% final concentration) and
filtered onto 0.6 mm Nuclepore filters and the cells were
counted and measured at �1000 magnification under an
Olympus epifluorescence microscope. Samples for micro-
phytoplankton counts (0.5–2 L, depending on density)
were preconcentrated using a Millipore concentrator cham-
ber (5 mm mesh size), and enumerated and counted at �200
and �320 magnification under a Zeiss inverted microscope.
Cell volume was calculated microscopically from measure-
ments of the linear dimensions of at least 30 cells in each
taxon. Phytoplankton were grouped according to cell
diameter (d) into pico- (d � 2 mm), nano- (2 mm < d �
20 mm), and micro- (d > 20 mm) size classes. Phytoplank-
ton biovolume was obtained as the product of cell abundance
and the cell volume. In the small-scale experiment, nano- and
microphytoplankton abundance was determined using epi-
fluorescence microscopy. Samples were preserved in glutar-
aldehyde (1% final concentration), filtered onto 0.6 mm
Nuclepore filters and kept frozen (�80�C) until examination.
Cells were counted at �400 and �1000 magnification under
a Zeiss epifluorescence microscope. The phytoplankton cells
that had been counted were differentiated into major taxo-
nomic groups (diatoms and flagellates).
[12] In the samples of the ESEPAC experiment phyto-

plankton light absorption (m�1, 300–750 nm) was calcu-
lated from spectrophotometrically measured absorption
coefficients of particles collected on Whatman GF/F filters,
and corrected for the absorption of nonalgal particles
[Agustı́ and Duarte, 2000]. The absorption peaks at
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330 nm and 675 nm were used to characterize the light
absorption by UV-absorbing mycosporine-like amino acids
(MAAs), [Riegger and Robinson, 1997] and chlorophyll a,
respectively. MAAs are the most commonly encountered
UVR-absorbing compounds in aquatic organisms, and have
the function of photoprotection against UV radiation by
their high absorptivity in the range 309–360 nm [Roy, 2000;
Banaszak, 2003]. UV radiation has been found to be most
efficient in eliciting increases in cellular MAAs, therefore
their presence indicates UV stress [Roy, 2000; Hernando et
al., 2002; Banaszak, 2003]. High irradiance may also
possibly increase cellular MAAs, and absorption at 330 nm
has been used as an indicator of high-irradiance stress in this
study.
[13] To further test the hypothesized effect of ammonium

in alleviating high-irradiance stress, primary production was
determined in the mesocosm exposed to the full irradiance
100% ambient light before (phase 1) and after ammonium
additions (phase 2). Twelve 125 mL polycarbonate Nalgene
bottles were dispensed each with 120 mL of water from the

mesocosm and one mL of 14C solution (10 to 20 mCi) was
added to each bottle. Duplicate bottles were suspended at
different depths inside the mesocosm units to achieve 13,
21, 47, 68, and 100% (surface) ambient light level of each
individual mesocosm. Duplicate dark bottles were also
suspended inside the mesocosms. All bottles were incubated
for 3 h in situ, and immediately wrapped in dark plastic bags
and brought back to the ship for further processing. The
particulate fraction was collected onto 0.45 mm Millipore
filters, and the filters were fumed over concentrated HCl to
remove traces of inorganic C. Radioactivity on the filters
was measured with a liquid scintillation counter with
correction for quenching. All materials were acid cleaned
prior to use.
[14] Solar radiation during the time of the experiments

was automatically recorded by a meteorological station
located in the Spanish Antarctic Base Juan Carlos I in
Livingston Island. The station was provided with a Kipp
and Zonen radiometer CUV3 for UVB+UVA (300–400 nm)
measurements and a YES (Yankee Environmental systems

Figure 3. The time series of chlorophyll a concentration in each of the mesocosms. The time series of
chlorophyll a concentration in pairs of mesocosms, unamended and receiving nutrient inputs, receiving
comparable shading treatments, as indicated by the labels associated to each line. The timing of changes
in experimental conditions in a second phase of the experiment are indicated by a vertical dotted line
when necessary.
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Inc) UVB-1 radiometer was used to measure only UVB
(280–330 nm). The meteorological station also had a Kipp
and Zonen CM11 radiometer for the measurement of total
solar radiation (305–2800 nm).

3. Results

[15] Weather conditions were variable during the 25 days
of the ESEPAC experiment (mean ± SE global radiation =
13,700 ± 970 KJ m�2 d�1, maximum = 24,482 KJ m�2

d�1), but incident irradiance levels were periodically high
both during and just before (preceding week mean global
radiation 19,900 KJ m�2 d�1) the experiment due to the
absence of clouds. The UVA + B radiation (290–400 nm)
contributed, on average 6% of global radiation, and often
exceeded the levels reported to significantly reduce phyto-
plankton growth [e.g., Karentz et al., 1991]. The maximum
daily subsurface (0.5 m) photosynthetically active irradi-
ance in the mesocosms receiving full ambient irradiance

ranged from between 80 and 360 mE m�2 s�1, averaging
260 mE m�2 s�1. The light extinction coefficient (PAR)
averaged 0.35 m�1 at the onset of the experiment, but the
incident irradiance with depth varied greatly in response to
the shading imposed on each individualmesocosm (Figure 2).
After the start of the experiment the light extinction coef-
ficient changed, first because of sedimentation of the glacial
flour inside the mesocosms and second because of phyto-
plankton development within the mesocosms. Thus only
initial shading levels directly reflect those experimentally
imposed. In the most shaded mesocosms the average light
extinction coefficient (0.39 ± 0.03 m�1), was comparable to
that in the ambient waters. The average light extinction
coefficient increased by, on average, 39 to 50% in the
remaining mesocosms, with the nutrient-ammended meso-
com exposed to full irradiance showing the highest average
light extinction coefficient along the experiment (0.58 ±
0.04 m�1). Water temperature ranged between 1.5 and
1.9�C throughout the water column for the duration of the
study. The water column was well mixed down to 4.5 m,
where there was a weak pycnoclyne, these conditions were
replicated in all the mesocosms within 1 day from their
deployment.
[16] Initial nutrient concentrations in the ambient waters

were very high (1.6 mM phosphate, 27.5 mM nitrate, and
30 mM silicate), while ammonium concentration was much
lower (0.6 mM). Through nutrient additions, ammonium
accumulated in all of the amended mesocosms (Table 1),
although at rates lower than addition rates, indicating
ammonium uptake. Once nutrient additions were discon-
tinued, as concentrations approached the upper ceiling of
10 mM, ammonium concentrations declined in all amended
mesocosms, even the one receiving only 10% irradiance..
Phosphate concentrations also declined following discon-
tinuation of nutrient additions, with a moderate declining
trend present in all of the unamended mesocosms
receiving 25% irradiance or higher.
[17] Phytoplankton biomass was low (chlorophyll a con-

centration 0.69 mg L�1) at the onset of the experiment, and
the community was dominated by picoeukaryots (69%
biovolume), and large diatoms (30% of biovolume). Phy-
toplankton responded to the experimental treatment after a
lag phase of 7 to 10 days (Figure 3). Differences in the
duration of the lag phase led to differences in phytoplankton
biomass, for instance the phytoplankton community in the
mesocosm amended with nutrients and with a nominal
shading of 50% showed a shorter lag phase relative to that
in the unamended mesocosm, leading to a major difference
in chlorophyll a development (Figure 3) despite comparable
growth rates over the active growth period (Table 1). The
average phytoplankton biomass increased linearly with the
percentage average irradiance experienced by the phyto-
plankton, independently of nutrient inputs, up to levels
corresponding to half the ambient irradiance (Table 1 and
Figure 4). This trend is not continued in the unamended
mesocosm receiving the full ambient irradiance, which
reached a biomass well below those of the moderately
shaded mesocosms (Table 1 and Figures 2 and 3). In
contrast, the nutrient-amended mesocosms exposed to the
full incident irradiance exceptionally high concentrations for
chlorophyll awere recorded (up to 93.47 mg L�1, yielding an
integrated pool of 1215 mg Chlorophyll a m–2, Table 1 and

Figure 4. The relationship between the incident irradi-
ance, as a percent of the ambient irradiance, and the average
chlorophyll a concentration and the net growth rate of the
experimental phytoplankton communities in mesocosms
unamended (solid circles) and receiving nutrient inputs
(open circles). The solid line shows the fitted regression line
for the mesocosms receiving nutrient inputs. Error bars
encompass ±1 SE.
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Figures 3 and 4). Indeed, the nutrient-amended phytoplank-
ton community exposed to the full incident irradiance
showed a significant tendency (Wilcoxon sign-rank test,
P = 0.0002) to support a higher chlorophyll a concentra-
tion than those communities in the unamended mesocosms
at all levels of shading (Figure 3). Hence, the average
chlorophyll a concentration increased linearly with
increasing percent of incoming irradiance (R2 = 0.74, P =
0.007, N = 7), except for the community enclosed in the
unamended mesocosm that was exposed to the full ambi-
ent irradiance (Figure 4). Examination of fluorescence
profiles (Figure 5), showed that phytoplankton was con-
centrated in surface waters when the mesocosm was
strongly shaded, but occurred at intermediate depths of
about 4–5 m, where the weak pycnocline was located, in
mesocosms with increased nutrient inputs and/or moderate
shading (Figure 5).

[18] The community structure changed considerably in
response to the experimental treatments (Figure 6) with
nanoautotrophs responding to their enclosure. Nanophyto-
plankton tended to dominated the phytoplanktonic commu-
nity in most of the mesocosms. They experienced an
increase in abundance at the beginning of the experiment
(24 January, day 1 of the experiment, Figure 6), replacing
the picophytoplanktonic community that had been present
in the ambient waters when the mesocosms were filled (on
23 January). Nanophytoplankton, which remained the dom-
inant community in the ambient waters during the time of the
experiment, also dominated the mesocosms receiving 10%
of the incident irradiance and represented about 80% of the
biovolume in these mesocosms,, whether nutrient-amended
or not. Large diatoms prevailed in the communities where
biomass increased greatly and were dominated by the
presence of Thalassiosira antarctica but Thalassiosira sp.

Figure 5. Contour plots showing the development of fluorescence (arbitrary units), derived from daily
CTD casts, with depth along the experiment in (left) unamended and (right) nutrient-ammended
mesocosms. Vertical solid bars indicate the timing of changes in experimental treatments in the second
phase of the experiment, and the resulting treatments are indicated in the plot.
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Rhizosolenia sp. and Fragilariopsis sp. also dominated the
phytoplankton biomass of the larger blooms that developed
during the experiment (Figures 3 and 6). Average phyto-
plankton net growth rates increased linearly with increasing
irradiance, independently of nutrient inputs, up to levels
corresponding to half the ambient irradiance (Table 1 and
Figure 4). However, the unamended phytoplankton com-

munity receiving the full incident irradiance supported
average net growth rates well below those of the moderately
shaded mesocosms (Table 1 and Figure 4). Nutrient addi-
tions allowed phytoplankton net growth rates to increase
continuously throughout the irradiance range (Table 1 and
Figure 4), reaching relatively high average net growth rates
of 0.64 ± 0.18 days�1 (maximum net growth rates of up

Figure 6. Changes in the total phytoplankton biovolume (solid line) and in the percent contribution
(bars) of pico-, nano-, and microautotrophs to the phytoplankton biovolume during the experiment. The
treatment is indicated by the actual percent irradiance resulting from the shading screen and nutrient
inputs (+Nut). Vertical dashed lines indicate the timing of shifts in the treatments, with the new treatments
indicated above.
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to 0.81 days�1) at full ambient irradiance. Hence, growth
rates increased significantly with increasing irradiance
(R2 = 0.85, P = 0.002, N = 7), except for the community
enclosed in the unamended mesocosm exposed to full
ambient irradiance, which growth rate was very low
(Figure 4), comparable to that in the ambient waters
(0.15 ± 0.15 days�1).
[19] The average net nutrient (dissolved inorganic nitro-

gen and phosphorous) uptake rates increased linearly with
increasing irradiance, independently of nutrient inputs, up to
levels corresponding to half the ambient irradiance (Table 1
and Figure 7). However, the phytoplankton community
receiving the full ambient irradiance supported net nutrient
uptake rates below those of the moderately shaded meso-
cosms (Figure 7). Nutrient additions allowed net nutrient
uptake rates to increase continuously throughout the irradi-
ance range (Figure 7). There was no significant nitrate
uptake (0.18 ± 0.13 mM NO3 days

�1, Ho uptake = 0, t test,
P = 0.15) by the unamended communities exposed to the
full ambient irradiance, compared to an important average

nitrate uptake rate of 1.21 ± 0.13 mM NO3 days�1 when
ammonium was added.
[20] The chlorophyll a specific absorption coefficient at

675 nm of phytoplankton (m2 mg Chl a�1) varied among the
mesocosms showing highest values of 0.0175 ± 0.003
(mean ± SE) and 0.0134 ± 0.0017 (mean ± SE) in
the unamended and amended mesocosms respectively
of the mesocosms receiving 10% of the ambient irradiance.
The light absorption per unit of chlorophyll a decreased
when exposure to irradiance increased, with low average
values of the chlorophyll a specific coefficient (m2 mg
Chl a�1) of 0.0085 ± 0.001 (mean ± SE) and 0.0058 ±
0.0008 (mean ± SE) observed in the mesocosms exposed to
full ambient irradiance in the unamended and amended
mesocosms, respectively. These results indicate that light
harvesting was optimized in the communities growing
under shade conditions, and that nutrient additions did not
induce important changes in the chlorophyll a light absorp-
tion. The normalized UV absorption by MAAs increased
with increasing irradiance in unamended mesocosms
(Figure 8). Yet, the normalized UV absorption by MAAs
in nutrient-amended mesocosms was much smaller than
that of unamended mesocosms exposed to similar light
levels (Figure 8), suggesting that high-irradiance stress
was reduced in communities growing with added silicate,
phosphate and ammonia.
[21] To further test, and hence verify the response to

increasing irradiance, we removed the shading material
from the mesocosms receiving 25% of the ambient light
In this second phase of the experiment, a rapid increase in
phytoplankton growth and chlorophyll a concentrations
ensued (Table 1 and Figures 3 and 9). The key role
of ammonium, was further tested in the second phase of
the experiment by supplying ammonium to the growth-
depressed community exposed to full ambient irradiance.
The shaded (nominal 25%) communities grew rapidly in

Figure 7. The relationship between the incident irradi-
ance, as percent of the ambient irradiance, and the average
net dissolved inorganic nitrogen and phosphorus uptake rate
of the experimental phytoplankton communities in meso-
cosms unamended (solid circles) and receiving nutrient
inputs (open circles). The solid line shows the fitted
regression line for the mesocosms receiving nutrient inputs.

Figure 8. The relationship between the incident irradi-
ance, as percent of the ambient irradiance, and the average
normalized absorption by mycosporine-like ammino acids
(MAAs) in mesocosms not receiving (solid circles) and
receiving nutrient inputs (open circles). The solid line shows
the fitted regression line for the mesocosms not receiving
nutrient inputs.
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response to removal of shading and ammonium inputs.
Ammonium inputs stimulated phytoplankton net growth at
full ambient irradiance (Figure 9), and reduced their nor-
malized MAAs from the much higher value prior to
ammonium additions (5.67 ± 1.91, Figure 8) to a value of
1.97 ± 0.76, comparable to those observed at full incident
irradiance when nutrient inputs had been provided through-
out the experiment (1.74 ± 0.25, Figure 8). Ammonium
additions stimulated nitrogen uptake (Figure 9), and also
enabled the previously unamended community, which
showed no significant nitrate uptake prior to the additions
(Figures 7 and 9), to use nitrate (average net uptake 0.68 ±
0.25 mM NO3 days

�1). The chlorophyll concentrations did
not reach values as high as those in the initial phase of
the experiment because of the shorter duration of the
observational period. However, the ammonium additions
alleviated the photoinhibition which had reduced primary
production at high irradiance of the community growing
at full ambient irradiance in the previously unamended
mescosm (Figure 10).

[22] The results of the ESEPAC mesocosm experiment
suggested that UVR played a role as inhibitor of phyto-
plankton development in these coastal Antarctic waters.
This suggestion was subsequently tested in the small-scale
experiment conducted during January 2004. In the treat-
ments where UVR was removed (polycarbonate bottles),
chlorophyll a concentration increased to a remarkable extent
reaching the highest concentration in the 100% light (UVR
excluded) light treatment, where chlorophyll a was 21 times
higher than the initial concentration of 1.06 ± 0.04 mg Chl a
L�1 8 days after the onset of the experiment (Figure 11).
Similarly, exclusion of UVR resulted in increased chloro-
phyll a concentration in the shaded treatments, showing an
increase of 16 and 15 times in the 57 and 23% light
treatments, respectively, with respect to the initial chloro-
phyll a concentration (Figure 11). Treatments exposed to the
full solar spectra (quartz bottles) experienced a moderate
increase, representing 4, 5.9, and 5.2 times, for the 100, 57,
and 23%, treatments respectively (Figure 11) relative to the
initial chlorophyll a concentration, all well below the
increase observed when UVR was filtered out.
[23] Phytoplankton growth rates were also affected by

UVR, since growth rates of 0.19 ± 0.013 days�1 (mean ±
SE) were observed in the treatments exposed to the full
solar radiation spectra, half of those obtained in the treat-
ments where UVR was excluded (0.38 ± 0.016 days�1).
Phytoplankton showed the slowest growth rates when
growing under 100% light and full solar spectra (0.16 ±
0.018 days�1), however, growth rates in the treatment with
similar 100% light and full solar spectra conditions in-
creased with ammonium additions (0.23 ± 0.019 days�1,
mean ± SE).
[24] During the small-scale experiment, phytoplankton

communities were dominated by photosynthetic nanoflagel-
lates and diatoms, with both phytoplankton groups increas-

Figure 9. The response of the net growth rate and
dissolved inorganic nitrogen uptake rate of mesocosms
receiving 25% of the ambient irradiance to removal of
shading screens (solid line) and that of unshaded mesocosm
to ammonium additions (dashed line). Solid circles
represent unamended mesocosms, and open circles repre-
sent mesocosms receiving ammonium inputs. The arrows
show the responses to the altered experimental treatments.

Figure 10. Production-irradiance curves for the phyto-
plankton community growing in the mesocosm exposed to
100% irradiance before (solid circles) and after (open
circles) ammonium additions during phase II.
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ing in abundance during the experiments. As observed
during the mesocosm experiment, diatoms dominated the
biomass in the treatments where phytoplankton biomass
was highest. Growth rates of both nanoflagellates and
diatoms were affected by light conditions, showing similar
growth rates of 0.4 ± 0.03 and 0.4 ± 0.05 days�1 (mean ±
SE, for nanoflagellates and diatoms, respectively) when
UVR was excluded. Growth rates were significantly
reduced to 0.25 ± 0.003 and 0.17 ± 0.01 days�1 for nano-
flagellates and diatoms, respectively, when incubated under
full solar spectra. For both phytoplankton groups, the
addition of ammonium enhanced growth in the treatments
exposed to full solar spectra, i.e., where UVR was not

removed. Growth rates in the ammonium-amended treat-
ments increased, relative to unamended treatments, propor-
tionally with increased irradiance (Figure 12), and the
growth rates of diatoms increased more than 1.6 times
relative to unamended treatments under full solar irradiance
(Figure 12). The response to ammonium additions was even
greater for flagellates (Figure 12), raising growth rates to
nearly twice the growth rates observed at full solar irradi-
ance treatments in the absence of ammonium additions
(Figure 12).

4. Discussion

[25] The large bloom developed in nutrient-amended
mesocosm waters exposed to ambient irradiances was
consistent with results from a previous pilot experiment
[Agustı́ and Duarte, 2000]. In both experiments the same
species of large diatom Thalassiosira antarctica, became
dominant in the community and net phytoplankton growth
rate were remarkably similar, 0.317 days�1(calculated over
the initial 13 days) and 0.321 days�1 in the present and pilot
experiments respectively. The growth responses observed
are consistent with the high responses of photosynthesis
versus irradiance curves already reported [Agawin et al.,
2002]. The coherence of these observations provides the
necessary evidence that the responses observed in the
ESEPAC experiment are reproducible.
[26] The high maximum net growth rates observed in

both the current and pilot experiments suggests that other
resources, such as iron, do not limit phytoplankton growth
rates in the same way as it does in iron-limited sectors of the
Southern Ocean [De Baar et al., 1995; De Baar and Boyd,
2000; Gervais et al., 2002; Boyd, 2002]. Indeed, very high
iron concentrations of 0.6 mmol Fe L�1 were measured in
the waters of a stream delivering runoff from the Johnson
Glacial to the experimental site (Table 2, A. Tovar-Sánchez,
unpublished results, 2005). The observations of maximum

Figure 11. Chlorophyll a concentration changes with time
for the small-scale experiment under three incident
irradiances. The dashed lines correspond to the treatments
exposed to the full spectra of solar radiation (UVR + PAR,
quartz bottles); the solid line data corresponds to the
treatments where UVR was filtered out (PAR, polycarbo-
nate bottles).

Figure 12. The relationship between the relative increase
in growth rates (i.e., growth rates in amended relative to that
for unamended treatments) for diatoms (squares) and
flagellates (circles) and the incoming irradiance for treat-
ments exposed to the full solar irradiance spectrum at the
small-scale experiment.
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net growth rates of up to 0.81 days�1, in the presence of
grazing and sedimentation losses, in nutrient-amended mes-
ocosms receiving the full irradiance (Table 1 and Figure 3),
adds to the preceding pilot experiment [Agustı́ and Duarte,
2000] to further falsify the prediction of a maximum
exponential growth rate of about 0.3 days�1 for large
diatoms growing at the in situ temperature in this study
[Mura and Agustı́, 1996]. This demonstrates that low
temperatures cannot be invoked as a cause for the low
phytoplankton growth rates generally observed in the
Southern Ocean [Agustı́ and Duarte, 2000]. The results of
the ESEPAC experiment show that reduced irradiance, such
as that induced by deep mixing or reduced light penetration
by inputs of glacial flour, suppresses phytoplankton growth.
Although this result is hardly surprising, the design and
scale of the experiment allow quantitative predictions on the
level of shading and mixing that would suppress growth.
Experimental reduction of the irradiance below 30% of
ambient light levels resulted in a strong suppression of
phytoplankton biomass and growth. Because of the turbid
nature of the coastal waters where the experiment was
conducted, even the underwater light environment in the
mesocosms receiving the full irradiance was only compa-
rable, to a mixed layer depth of about 25 m in open
Bransfield Strait waters (average light extinction coefficient,
0.12 m�1, Table 2 [Agawin et al., 2002]).
[27] The experimental reduction of the irradiance gener-

ated underwater light environments within the mesocosms
that corresponded to those encountered for mixed layer
depths of about 30 m (50% nominal irradiance reduction),
35 m (25% nominal irradiance reduction), and 44 m (10%
nominal irradiance reduction) in open Bransfield Strait
waters. The experimental reduction of irradiance equivalent
to a mixed layer depth of 35 m or deeper, which are often

encountered in Antarctic waters around the Antarctic pen-
insula and elsewhere [Mitchell et al., 1991; Mura and
Agustı́, 1996; Agawin et al., 2002], strongly suppressed
phytoplankton growth. Phytoplankton growth was strongly
light limited at light environments comparable to mixed
layer depths of 44 m, consistent with predictions that
Antarctic phytoplankton blooms cannot develop at mixed
layer depths >40 m [Sakshaug and Holm-Hansen, 1986].
The 7–10 days lag time for phytoplankton response
observed in the mesocosm experiment is comparable to that
observed in previous perturbation experiments in the South-
ern Ocean, such as iron addition experiments [Karsh et al.,
2003]. The duration of these lag phases suggest that stress
by high irradiance may preclude the development of blooms
when the windows of time over which conditions ameliorate
are short relative to the lag time (i.e., <2 weeks).
[28] Iron-deficient Antarctic phytoplankton communities

may be even more susceptible to irradiance reductions than
expected from these results, since iron deficiency depresses
phytoplankton photosynthetic efficiency, particularly at low
irradiance [Geider and LaRoche, 1994]. These results
confirm, the important limitation to phytoplankton growth
imposed by low-light levels either due to shading in the
mesocosms or associated with the deep mixed layer of the
Antarctic Peninsula waters and other areas of the Southern
Ocean [Mitchell et al., 1991; Mura and Agustı́, 1996; Boyd,
2002]. Indeed, an increase in light levels to achieve a more
moderate shading of 50% of the incident ambient irradiance
led, without nutrient additions, to the development of an
important Thalassiosira antarctica bloom. Strongly light-
limited communities were, dominated by nannophytoplank-
ton, which, by virtue of the small size are more efficient in
light capture than are large phytoplankton [Agustı́, 1991;
Agawin et al., 2002]. Yet, exposure of the phytoplankton

Table 2. Literature Data of Nutrients, Chlorophyll a Concentration, and PAR Vertical Attenuation Coefficient From Surface Antarctic

Waters Including Coastal Areasa

Kd (PAR) Fe NO3 PO4 Si Chla Reference

Weddell Sea (St.5) 0.51 1.39 85.6 0.15 Sañudo-Wilhelmy et al. [2002]
Weddell Sea (St.2) 2.15 1.65 69.3 0.28
Palmer Station 4.47 1.44 66.3 0.56
Palmer station 6.21 1.33 72.4 0.42
Deception Island (South Sethlands Islands) 31.0 0.97 84.5 5.32
Palmer Station (mean values) 17.74 1.05 32.16 2.27 Long-Term Ecological Research data archive
Observatorio Island (Belingshausen Sea) Bouchard et al. [2005]
20 February 0.09 20.16 1.56 73.04 3.02
4 March 0.09 19.06 2.30 42.90 1.04
Bransfield and Gerlalche Straits 0.08–0.50 Figueroa [2002]
Ross Sea St. 47 0.25 2.3 0.44 49.6 Fitzwater et al. [2000]
Ross Sea St. 48 0.22 27.1 1.93 70.3
Ross Sea St. One 0.07 8.3 0.38 32.0
Ross Sea St. 40 0.05 16.3 1.27 62.1
Ross Sea St. Nineteen 0.09 14.6 1.20 58.6
Ross Sea St. Thirty 0.08 19.2 1.49 52.2
North Drake Passage (St. 1) 0.16 23.0 1.6 2.0 Martin et al. [1990]
South Drake Passage (St. 2) 0.16 24.8 1.78 8.8
Gerlache Strait (St. 3) 7.4 23.8 2.19 74.3
Ice 25.9
Johnson Dock, Livingston Island (South Sethlands) 0.24 20.0 1.7 57.3 0.72 Agustı́ and Duarte [2000]
Johnson Dock, Livingston Island (South Sethlands) 0.35 (600)b 27.5 1.6 30 0.69 This study

aValues for NO3, PO4, and SiO3 are given in mmol kg�1 and Fe is given in nmol kg�1. Chlorophyll a concentration is given in mg m�3. PAR vertical
attenuation coefficient (Kd) is given in m–1.

bSample from a stream delivering runoff from the Johnson Glacial into the bay.
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community to the full ambient irradiance in the absence of
nutrient additions led to reduced phytoplankton biomass
and growth to levels comparable to those in the ambient
waters, suggesting that stress by high irradiance suppressed
phytoplankton growth and biomass in the waters with the
shallow mixed depth (4.5 m) where the experiment was
conducted.
[29] Evidence of stress due to high-irradiance stress has

been documented by reduced survival and the suppression
of growth, photosynthesis and nutrient uptake in phyto-
plankton in laboratory, onboard experiments and through in
situ observations [e.g., Karentz et al., 1991; Smith et al.,
1992; Keller et al., 1997a, 1997b; Döhler, 1998; Roy, 2000].
The results from the mesocosm experiment presented here,
demonstrate that the stress resulting from ambient irradiance
levels can suppress nutrient uptake and inhibit bloom
development by Antarctic phytoplankton. The inference of
high-irradiance stress to phytoplankton is supported by the
high relative UVabsorption by MAAs by the phytoplankton
community that was exposed to the full ambient irradiance
in the absence of nutrient additions [e.g., Hernando et al.,
2002]. In contrast, nutrient-amended phytoplankton com-
munities showed low relative UV absorption by MAAs
independent of the incident irradiance, suggesting that
nutrient supply alleviates the stress caused by high irradi-
ance. Indeed, nutrient, particularly ammonium, additions
allowed high phytoplankton growth rates and alleviated
photoinhibition in phytoplankton exposed to the full ambi-
ent irradiance in the mesocosm experiment. Moreover,
nutrient additions also allowed light-limited phytoplankton,
receiving less than 10% of the incident irradiance to develop
a phytoplankton biomass fivefold higher than that in the
unamended mesocosms (Figure 2), suggesting that ammo-
nium additions improve the performance of both light-
limited and light-stressed phytoplankton.
[30] Results from the small-scale experiment were instru-

mental in validating the inferences from the mesocosm
experiment and the small-scale experiment further con-
firmed both the importance of UV radiation in suppressing
phytoplankton growth in the Antarctic coastal waters exam-
ined here, and that ammonium additions alleviate this stress
and enhance the growth rate of diatoms and photosynthetic
flagellates in the presence of UV radiation. This enhance-
ment was observed to increase as total incident irradiance
increased. The suppression of phytoplankton growth by UV
in the coastal Antarctic waters that has been demonstrated
here is consistent with the maintenance of extremely high-
UV levels over the Southern Ocean due to ozone depletion,
which remains a serious issue in the region [Weatherhead
and Andersen, 2006].
[31] Nutrient concentrations are very high in Antarctic

waters, which represent a paradigm of high-nutrient, low-
chlorophyll waters (Table 2). Iron is deficient across most of
the Southern Ocean, but shows high concentrations in
coastal waters of the Bransfield Strait (Table 2) [e.g., Martin
et al., 1990; De Baar and Boyd, 2000; Sañudo-Wilhelmy et
al., 2002; Fitzwater et al., 2000], where melting glaciers
deliver important amounts of iron-rich volcanic ashes de-
rived from the activity of the volcano at Deception Island
(Figure 1) [Agustı́ and Duarte, 2000; Sañudo-Wilhelmy et
al., 2002]. Johnson’s Dock receives high-iron inputs from
the Johnson Glacial, as indicated the high concentration of

0.6 mmol Fe L�1 measured in a sample from a stream
delivering runoff from the Johnson Glacial into the bay
(Table 2, A. Tovar-Sánchez, unpubished results, 2005). This
value is orders of magnitude above the values of 0.1 nmol
Fe L�1 characteristic of Fe-deficient Antarctic waters and so
iron deficiency cannot account for the high-nutrient and
low-chlorophyll nature of the waters at Johnson’s Dock
(Table 2). Other coastal Antarctic waters, such as the
Weddell and Ross Seas also receive iron inputs from
materials delivered from melting glacials and icebergs
[Ducklow et al., 2006; Smith et al., 2007], but our study
seems to have provided the first (indirect) evidence that the
ambient iron concentrations may be able to alleviate iron
stress in coastal phytoplankton in the S. Ocean.
[32] While dissolved inorganic nitrogen concentrations in

coastal Antarctic waters are very high (Table 2), these are
dominated by nitrate (	98% of DIN) and ammonium
concentrations remain low, much as they do elsewhere in
the Southern Ocean [e.g., Biggs et al., 1985; Bianchi et al.,
1997; Priddle et al., 1997; Agustı́ and Duarte, 2000].
Ammonium represents, however, a more favorable nitrogen
source for phytoplankton under the conditions of both light
limitation and high-irradiance stress that may affect phyto-
plankton growth in the Southern Ocean. Ammonium uptake
is energetically more efficient than nitrate uptake [Syrett,
1981; Dortch, 1990], so that ammonium supply may
improve the performance of light-limited phytoplankton
using ammonium versus nitrate as the nitrogen source.
Exposure to high irradiance, particularly to high UV, is
associated with photooxidative stress in phytoplankton, and
a loss of the reducing capacity required to assimilate nitrate
[Döhler, 1998]. Hence, nitrate uptake should be more
sensitive to high irradiance than is ammonium uptake
[Döhler, 1998]. Indeed, Antarctic phytoplankton is charac-
terized by low specific nitrate uptake rates [Dugdale and
Wilkerson, 1991]. A comparison between the net rate of
decline in dissolved inorganic nitrogen (3.14 mM N days�1)
versus that of ammonium (0.84 mM N days�1) after nutrient
additions were discontinued, demonstrated that ammonium
inputs alleviated high irradiance stress and allowed the
phytoplankton to use nitrate, because, on average, 74% of
the nitrogen uptake by ammonium-amended communities
exposed to full sunlight was supported by existing nitrate.
Whereas bacteria could also be responsible for some of the
net N use, this is likely to be a minor fraction, as the
biomass and production of bacteria showed a very modest
response to the experimental treatments compared to that of
phytoplankton [cf. Duarte et al., 2005].
[33] The results obtained in the second phase of the

mesocosm experiment, along with those derived from the
subsequent small-scale experiment, provided further evi-
dence of the positive effects that nutrient additions had on
phytoplankton growth and nutrient uptake rates at high
irradiance, which were associated with the supply of
ammonium. Ammonium additions alleviated the stress to
phytoplankton caused by high irradiance as evidenced by a
reduction in relative MAAs absorption to levels similar to the
amended communities, and the alleviation of photoinhibition
following ammonium inputs. The alleviation of the high-
irradiance stress by ammonium additions stimulated the
growth rate in both the mesocosm and small-scale experi-
ments and the nutrient uptake (both ammonium and nitrate)
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of the previously unamended community, providing evi-
dence of a key role of ammonium inputs in allowing
phytoplankton stressed by high irradiance to resume growth
and nutrient use.
[34] The results presented confirm the notion that light

plays a paramount role in regulating phytoplankton growth
and bloom development in iron-sufficient Antarctic coastal
waters. Reduced light levels, such as those resulting from
deep mixing, limit phytoplankton growth, whereas excess
irradiance also suppresses phytoplankton growth [e.g.,
Boyd, 2002]. Thus development of extensive Antarctic
phytoplankton blooms requires both adequate resource
supply and sufficient cloud cover or vertical mixing to
effectively reduce exposure to stressing irradiance levels,
while still providing an adequate underwater light field. The
fastest phytoplankton growth rates and largest blooms
should be achieved in the presence of ammonium at supply
rates sufficient to alleviate high-irradiance stress, and stim-
ulate nitrate and phosphate use.
[35] Although other studies report a important role for

nitrate in the nitrogen nutrition of Antarctic phytoplankton
[Sweeney et al., 2000], the key role of ammonium reported
here is coherent with previous indications that ammonium
supports most of the phytoplankton nitrogen uptake in the
Southern Ocean [Biggs et al., 1985], and helps explain why
ammonia concentrations are so low (<1 mM) compared to
the high-nitrate concentrations (30 mM) in Antarctic waters
[Biggs et al., 1985; Bianchi et al., 1997; Priddle et al.,
1997; Agustı́ and Duarte, 2000]. Ammonium has been
traditional thought of as an inhibitor of nitrate uptake by
phytoplankton, although the experimental evidence for this
seems equivocal [cf. Dortch, 1990]. Indeed, our results
suggest that ammonium additions facilitate, rather than
suppress, nitrate uptake, particularly at high irradiance.
Ammonium is largely supplied by recycling by metazoans,
suggesting that the intense ammonium inputs associated to
krill megaswarm activity [Quentin et al., 1994] may seed
the conditions for subsequent phytoplankton blooms. The
finding that ammonium supply enhances nitrate uptake at
high irradiance further suggests that stimulation of phyto-
plankton due to ammonium excretion by mesozooplankton
may overcompensate for the grazing losses required to
support their excretion, possibly leading to complex feed-
back relationships between phytoplankton and their grazers.
The findings reported here support predictions derived from
observations of diel cycles of ammonium concentration in
the Southern Ocean, which could only be explained if
phytoplankton growth rates exceeded 0.5 days�1and was
supported by ammonium as the dominant nitrogen source
[Priddle et al., 1997].
[36] The results from the large-scale experiment presented

confirm the complex regulation of phytoplankton growth in
coastal Antarctic waters, by resource limitation, such as iron
limitation, light limitation during winter and the periods of
intense mixing [e.g., Mitchell et al., 1991; Mura and Agustı́,
1996], light dispersion by glacial flour [Agustı́ and Duarte,
2000]; high-irradiance stress, and other factors, such as
grazing pressure [Smith et al., 2000; Moline et al., 2004;
Boyd, 2002]. These multiple controls result in a narrow
window of environmental conditions conducive to the
development of phytoplankton blooms, as indicated by the

highly skewed frequency distribution of chlorophyll a in the
Southern Ocean [Sullivan et al., 1993; Arrigo et al., 1998].
Moreover, high-irradiance stress on phytoplankton seems to
induce long (7–10 days) lags in the responses following
amelioration of growth conditions, implying that windows
of improved conditions for growth need to be relatively long
(e.g., 2 weeks) to yield phytoplankton blooms. The con-
ditions necessary to trigger phytoplankton blooms may,
however, differ among phytoplankton taxa and groups,
accounting for the dominance of small-sized algae (pico-
and nanoplankton) under strongly shaded or light-stressed
conditions observed in the experiment.
[37] Adequate conditions to trigger phytoplankton

blooms are more frequently met in the coastal zone, where
iron levels are high [Martin et al., 1990; De Baar and Boyd,
2000; Sañudo-Wilhelmy et al., 2002] and ammonium supply
may be more intense, as evidenced by the more frequent
occurrence of large blooms in these locations [Sullivan et
al., 1993; Arrigo et al., 1998; Ducklow et al., 2006].
Adequate conditions may be also found under other partic-
ular circumstances such as the fertilization of Weddell Sea
and Antarctica Peninsula waters by iron released from large
icebergs [Smith et al., 2007]; the very high ammonium
concentrations (>150 mM) that develop within sea ice brine
channels. The latter may explain the very large diatom
biomass found within the ice [Thomas and Dieckmann,
2002], and the release of ammonium as the sea ice melts has
also been linked to the development of phytoplankton
blooms at the ice edge [Biggs et al., 1985].

5. Conclusion

[38] In summary, the results presented here provide evi-
dence of the role of resource limitation and stress, rather
than intrinsic limitations to growth, on the regulation of
phytoplankton growth and bloom development in Antarctic
coastal waters. These results confirm the power of com-
bined large-scale and small-scale experimental approaches
to test complex set of factors that explain the prevalence of
high-nutrient, low-chlorophyll conditions even in iron-
sufficient coastal areas of the Southern Ocean.
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G01009 AGUSTÍ ET AL.: ANTARCTIC PHYTOPLANKTON RESPONSES

16 of 16

G01009


