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We assessed whether short-term photoacclimation responses of natural phytoplankton populations in
the Drake Passage (Southern Ocean) were affecting protection from photodamage as cells are mixed up
to the surface from depth. To this end, we measured phytoplankton ﬂuorescence characteristics and
their ratio of xanthophyll cycle pigment to photosynthetic pigments within the upper mixed layer
(UML) and in short-term deck incubation experiments. Phytoplankton within the UML photoacclimated
by increasing their ratio of xanthophyll cycle (diadinoxanthin [dd] and diatoxanthin [dt]) pigments to
chlorophyll a. The photoacclimation processes observed within the UML did, however, not inﬂuence the
protection of phytoplankton from photodamage during short-term near-surface irradiance experiments. Exposure to near-surface irradiance resulted in photodamage in all experiments, regardless of
the phytoplankton community composition and irradiance levels. Incubating phytoplankton for six
hours at either 2% or 50% of surface irradiance prior to exposure to near-surface irradiance did not alter
the photodamage characteristics. This suggests that short-term photoacclimation processes within the
UML are not adequate to protect phytoplankton from photodamage when cells are mixed up to the
surface from depth, and that repair of damaged photosystems is crucial for maintaining photosynthesis
under ﬂuctuating irradiance conditions, even at very low mean irradiance levels. Likely, continuously
operating photoacclimation processes offset to some extent the negative effects of photodamage on
photosynthetic performance, albeit with increased metabolic costs.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
The Antarctic Circumpolar Current (ACC) is part of the largest of
the high nutrient-low chlorophyll (HNLC) regions; oceanic regions
with high concentrations of inorganic macronutrients and a low
phytoplankton biomass (Chisholm and Morel, 1991). Primary productivity in the ACC is largely controlled by the availability of iron
(Fe), the main sources of which are dust deposition and upwelling of
the prevailing eastward transport of the ACC (Pollard et al., 2002;
Strass et al., 2002; Hiscock et al., 2003). In addition, phytoplankton
productivity may be light limited in many areas of the ACC, since
weak water column stratiﬁcation and strong winds create deep
mixed layers (Mitchell et al., 1991; De Baar et al., 2005). Windinduced vertical mixing reduces the total irradiance dose but
periodically exposes phytoplankton cells to periods of excessive
irradiance when residing near the surface (Denman and Gargett,
1983; Neale et al., 2003; Ross et al., 2008). These dynamic alterations
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between low and high irradiance require regulation and photoacclimation of light harvesting, photosynthesis and photoprotective
pigments. In response to low irradiance, algae maximize their light
harvesting capacity and photosynthetic efﬁciency, while at saturating
irradiance, the Calvin cycle activity increases at the expense of light
harvesting pigments (Falkowski and La Roche, 1991). However, rapid
irradiance ﬂuctuations impose challenges to the photoregulation and
photoacclimation processes, because high light conditions cause
photodamage (Villafañe et al., 2003).
Recently, we showed that photodamage incurred by phytoplankton during the high light part of the light cycle induced by vertical
mixing may be a factor controlling phytoplankton growth in regions
with a deep upper mixed layer (UML) (Alderkamp et al., 2010).
In the deep UML of the ACC, phytoplankton biomass was lower than
in the shallow UML of the continental shelf, despite levels of both
iron and average light in the UML being higher in the ACC. However,
when phytoplankton growing in the UML of the ACC were exposed
to surface irradiance levels, their photosystems were damaged
considerably, most notably the D1 core protein of PS II (Bouchard
et al., 2005a, 2005b; Alderkamp et al., 2010; Van de Poll et al., 2011).
This negatively affected their growth rates, since damaged photosystems prevent efﬁcient usage of the available light and the need
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for repair increases metabolic costs (Kana et al., 2002; Dimier et al.,
2009a). Thus, phytoplankton growth rates in deep UMLs are not
only reduced by low mean irradiance levels, but they can also be
reduced by photoinhibition as phytoplankton mix from depth up
into well-lit surface waters.
Overall, the ability of phytoplankton to withstand excessive
irradiance is strongly inﬂuenced by their capacity for photoacclimation, which involves changes in cellular pigment composition and
protein turnover rates (Geider et al., 1993; Shelly et al., 2003; Van de
Poll et al., 2005) and takes place on time scales of minutes to days
(Falkowski and La Roche, 1991). An important protection mechanism
against photodamage is the thermal dissipation of excess energy by
xanthophyll cycle pigments in their de-epoxidated state. The xanthophyll cycle of algae comprises enzymatic conversion of carotenoids
such as violaxanthin to antheraxanthin and zeaxanthin in green algae,
and diadinoxanthin (dd) to diatoxanthin (dt) in diatoms and picoeukaryotic algae (Demmig-Adams, 1990; Olaizola et al., 1994; Olaizola
and Yamamoto, 1994; Dimier et al., 2009a). The thermal dissipation
of excess energy absorbed in PS II under high irradiance conditions
can be quantiﬁed in vivo by estimating non-photochemical quenching
(NPQ) of chlorophyll a (Chl a) ﬂuorescence (Demmig et al., 1987;
Demmig-Adams, 1990; Demmig-Adams and Adams, 2006). More
speciﬁcally, the quenching of Chl a that is fast relaxing on a scale of
seconds to minutes (qE) is related to thermal dissipation, which is
mainly regulated by the DpH of the thylakoid membrane. The
quenching that relaxes on a time scale of minutes to hours is related
to photoinhibition (qI) (Walters and Horton, 1991, Demmig-Adams
et al., 1995, Maxwell and Johnson, 2000, Van de Poll et al., 2011).
Cellular xanthophyll cycle pigment content and the ratio of
xanthophyll cycle pigments to photosynthetic pigments in phytoplankton may determine their resistance to excessive irradiance
exposure (Van de Poll et al., 2006, 2007, 2011). Photoacclimation
via xanthophyll cycle photoprotection depends on two enzymatic
processes, de-epoxidation of dd to dt and de novo synthesis of
xanthophyll cycle pigments. Directly following an increase in light
intensity, de-epoxidation is a rapid process (seconds) that follows
ﬁrst order kinetics during the ﬁrst two minutes, followed by linear
de novo xanthophyll cycle pigment synthesis during the next
20–30 min (Olaizola and Yamamoto, 1994; Lavaud et al., 2004).
In studies of both temperate and polar phytoplankton species,

increased ratios of xanthophyll cycle pigments to Chl a were related
to increased photoprotection against excessive irradiance and UV
exposure (Van de Poll et al., 2006, 2007, 2011; Dimier et al., 2009b).
When phytoplankton cells were cultured under ﬂuctuating
irradiance, de-epoxidation of xanthophyll cycle pigments is
often observed during the irradiance maximum of a light cycle
(Van Leeuwe et al., 2005; Van de Poll et al., 2007, 2009;
Van Leeuwe and Stefels, 2007; Kropuenske et al., 2009). However,
it is unknown to what extent xanthophyll cycle pigment synthesis
on timescales of vertical mixing contributes to photoprotection.
Moreover, the high winds associated with the deep UML in the
ACC lead to rapid vertical mixing rates (Denman and Gargett,
1983; Cisewski et al., 2005; Croot et al., 2007) that may exceed
rates of photoacclimation (Cullen and Lewis, 1988).
In the present study, we determined if natural phytoplankton
populations in the Drake Passage are able to alter their ratio of
xanthophyll cycle pigment to Chl a on the time scales of vertical
mixing. Subsequently, we determined if short-term (hours) photoacclimation processes such as xanthophyll cycle pigment synthesis,
increased the photoprotection against excessive irradiance exposure.
This study presents ﬁeld data conﬁrming photoacclimation mechanisms previously observed in laboratory studies and provides ecological context of photoacclimation mechanisms employed by
phytoplankton in deep wind driven UMLs of HNLC regions.

2. Methods
2.1. In situ sampling
This study was conducted during the last 17 days of the ANT
XXIV/3 expedition onboard the R.V. Polarstern (31 March–16 April
2008) along a transect though the Drake Passage (Fig. 1, Table 1).
Meteorological parameters were collected by the shipboard weather
observatory and archived by the Polarstern Data System (PODAS).
Total surface downwelling irradiance was recorded continuously
and converted to photosynthetically available radiation (PAR). Wind
speeds were measured by an anemometer attached to the ship mast
at a height of 37 m and adjusted to a reference height of 10 m
following Hsu et al. (1994). Hydrographic data at 31 stations were
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Fig. 1. Map showing the transect through the Drake Passage, including the locations of the experimental stations and the oceanic fronts (Provost et al., unpublished data).
Abbreviations in alphabetical order: AAZ: Antarctic Zone, SACCF: Southern Antarctic Circumpolar Current Front, SAF: Subantarctic Front, SAZ: Subantarctic Zone,
CZ: Continental Zone, PF: Polar Front. The Antarctic Circumpolar Current (ACC) ﬂows eastward and is bounded to the north by the SAF and to the south by the most
southern branch of the SACCF, which separates the WSCZ and the AAZ.
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Table 1
Overview of supporting data of the experimental stations in the Drake Passage, the full set of nutrient data will be published in Middag et al. (submitted), the dFe data in
Klunder et al. (unpublished).
Station

Date

Position
Lat.

Position
Lon.

zUML

NOx
(mmol L  1)

PO4
(mmol L  1)

Si
(mmol L  1)

dFe
(nmol L  1)

Water temp.
(1C)

Daily PAR
(mol photons m  2 day  1)

230
236
241
244
250

2 and 3-Apr
5-Apr
7-Apr
9-Apr
11-Apr

6016.230 S
58157.810 S
57137.330 S
56155.150 S
55144.150 S

55116.750 W
5815.810 W
60153.870 W
62122.730 W
64122.330 W

42
82
74
94
108

27.1
26.6
25.4
22.3
23.2

1.9
1.9
1.7
1.6
1.6

54.6
39.0
8.9
3.8
4.2

0.77
0.12
0.26
0.13
0.38

1.3
2.5
3.0
5.4
5.1

7.6 and 4.6
9.9
6.3
16.2
9.2

collected using Seabird 911þ conductivity, temperature, depth
(CTD) sensor and a Dr. Haardt ﬂuorescence sensor. The depth of
the upper mixed layer (zUML) was calculated from each CTD proﬁle
as the shallowest depth at which the density (st) was 0.02 kg m  3
greater than at the surface. Water samples from discrete depths at
29 stations were obtained from Niskin bottles.
The attenuation of PAR in the water column was calculated
using an empirical relationship between the diffuse attenuation
coefﬁcient of underwater light Kd[PAR] and the Chl a concentration in the Southern Ocean at Chl a concentrations between 0.05
and 14 mg m  3 (Venables and Moore, 2010)
Kd ½PAR ¼ 0:05 þ0:057½Chl a0:58

ð1Þ
3

where [Chl a] is the mean Chl a concentration (mg m ) of the
surface 50 m measured by HPLC analysis (see below). The estimates of Kd[PAR] thus derived were similar to those estimated
from satellite data in the center of the Drake Passage. Kd was used
to calculate the depths of the euphotic zone (zEU) and total daily
PAR within the UML (EUML) as described in Alderkamp et al. (2010).

temperature. When the measuring light (non-photochemistry
inducing) of the PAM-ﬂuorometer was turned on, the minimum
ﬂuorescence (Fo) of the sample was measured. The maximum
ﬂuorescence (Fm) was then measured by applying a saturating
light pulse of 4000 mmol photons m  2 s  1 for 0.8 ms to close all PS
II reaction centers. Fv/Fm was calculated as
Fv =Fm ¼

Fm Fo
Fm

ð2Þ

Seawater from each station was ﬁltered through a GF/F and
used to blank the PAM-ﬂuorometer before measurements were
made. By using unconcentrated samples from regions with low
phytoplankton biomass for our analysis, the ﬂuorescence levels
were close to the detection limit of the PAM ﬂuorometer. Although
this resulted in signiﬁcant variations in the ﬂuorescence Fo baseline under the measuring light, reproducibility of Fv/Fm was always
within 0.05 in triplicate measurements. Longer dark acclimation
times (up to 45 min) did not increase the Fv/Fm values.
2.4. Experiments

2.2. Pigments
At ambient seawater temperature, we ﬁltered 0.9–2.5 L of seawater through a GF/F (Whatman) ﬁlter which was immediately
ﬂash frozen in liquid nitrogen and stored at  80 1C until analysis.
Analysis of in situ samples was provided by the CNRS Laboratoire
d’Etudes en Géophysique et Océanographie Spatiales, Toulouse,
France. Filters were freeze-dried and extracted in 3 mL 100%
methanol, disrupted by sonication and clariﬁed by ﬁltration through
a GF/F ﬁlter (Whatman). The extracts were analyzed on a high
performance liquid chromatography (HPLC) Agilent Technologies
system, following Ras et al. (2008). The total Chl a concentration
varied by 2.3% between replicate samples. The pigments of experimental samples were analyzed separately at the Department of
Ocean Ecosystems, University of Groningen, the Netherlands. For
analysis of pigments, ﬁlters were freeze-dried (48 h) and extracted
in 90% acetone (48 h). Pigments were separated on a HPLC Waters
2690 system (including a DeltaPakmmodule, 996 photodiode array
detector) using a C18 reverse-phase column (Van Leeuwe et al.,
2006). The total Chl a concentration between replicate samples
varied by less than 4.1%. On three stations, samples obtained from
different casts on the same station were analyzed by both methods,
with Chl a concentrations varying by less than 10%.
The phytoplankton community composition at each station
was derived from diagnostic pigments following Uitz et al. (2006).
2.3. Chlorophyll ﬂuorescence parameters
The maximum quantum yield of photosystem II (Fv/Fm) (Krause
and Weis, 1991) was determined at ambient seawater temperature
with a pulse-amplitude modulated (PAM) ﬂuorometer (WATERPAM, Walz) and WinControl Software (Heinz Walz GmbH) on
samples that were kept in the dark for at least 30 min at ambient

At ﬁve stations representing different hydrographic conditions
(Figs. 1 and 3), phytoplankton samples were obtained from both
a nighttime CTD cast and a daytime CTD cast. Samples were
analyzed for Fv/Fm and pigment concentration as described above
and used for two different types of experiments (Fig. 2). During
the nighttime cast, samples were obtained from the depth where
light was 2% of surface values (calculated from the measured
diffuse attenuation coefﬁcient, Kd) and then incubated at either
high (H) or low (L) irradiance for six hours (see high and low
incubation experiments section) to study the xanthophyll pigment synthesis and photoacclimation processes. Following the
6-h incubation, samples from the H and L treatment were
exposed to surface irradiance for 20 min (see short-term surface
irradiance exposure [SIE] experiments) to assess their susceptibility to photodamage. From the daytime cast, samples were
obtained from surface (S) and D waters (D, equivalent to approximately 2% of surface irradiance, Table 1). The susceptibility to
photodamage by these populations upon exposure to excessive
irradiance was tested in short-term SIE experiments.
2.4.1. High and low irradiance incubation experiments
Triplicate samples were incubated in deck incubators at in situ
water temperature in 1 L polycarbonate bottles under two different
irradiance levels for six hours starting shortly after sunrise. The
bottles were shaded by neutral density screening to achieve either
high irradiance (H-treatment—50% of incident surface irradiance) or
low irradiance (L-treatment—2% of incident surface irradiance)
(Table 2). UVB radiation is fully and UVA radiation is partially blocked
by the polycarbonate bottles (Van Donk, 2001). After the incubation,
each bottle was analyzed for Fv/Fm and pigment concentration.
Subsequently, samples from each treatment were pooled and
exposed to excessive irradiance in the SIE experiment (see below).
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2.4.2. Short-term surface irradiance exposure (SIE) experiments
The sensitivity to excessive irradiance exposure of H and L
samples and of S and D samples was tested in SIE experiments as
described by Alderkamp et al. (2010). Brieﬂy, phytoplankton cells
were exposed to near-surface irradiance conditions (Table 2) for
20 min while ﬂoating at the surface of a deck incubator at in situ
water temperature in 50 mL polystyrene culture ﬂasks (Becton

Nighttime cast

Daytime cast

S

50 m

D

H

L

50%

2%

6 hr incubation

SIE experiment
daytime cast

SIE experiment
nighttime cast

Fig. 2. Schematic illustration of the different incubation and exposure treatments
performed at each station. Samples from the daytime cast were used to test the
effect of photoacclimation processes within the water column on the susceptibility to photodamage in short-term (20 min) surface irradiance exposure (SIE)
experiments. Samples were obtained from the surface (S) and subsurface (D) from
a daytime cast and exposed to 20 min of surface irradiance in the absence or
presence (þ ) of lincomycin, an inhibitor of repair of photosystem II. Samples from
the nighttime cast were used to test the effects of photoacclimation processes
during six hour incubation at 50% (H) or 2% (L) of incident irradiance on the
susceptibility to photodamage in the SIE experiments described above.

Dickinson). The polystyrene ﬂasks were transparent to both PAR
and ultraviolet A (UVA), whereas UVB was blocked, which was
conﬁrmed by measuring absorption of the wall of the ﬂask between
200 and 800 nm on a Perkin–Elmer Lambda 35 spectrophotometer.
After 20 min, subsamples were removed and Fv/Fm was determined
after dark acclimation for 5 min. This allowed us to resolve the
fast (qE) and slow (qI) relaxing components of total quenching (qN)
(Alderkamp et al., 2010). Samples were then kept at low light
(2 mmol photons m  2 s  1) under cool white ﬂuorescent lamps at
ambient seawater temperature to monitor recovery. Recovery of Fv/Fm
was followed for two hours at time intervals of approximately 30 min
after 5 min of dark acclimation prior to each measurement. Two
treatments were tested, the ﬁrst with no addition of inhibitors and
the second with the addition of 0.6  10  3 mol L  1 (ﬁnal concentration) of lincomycin (Sigma, from a 100  stock solution freshly
prepared in 96% of EtOH). Lincomycin inhibits transcription of
chloroplast-encoded proteins such as the D1 reaction center protein
(Bouchard et al., 2005a). Lincomycin was added 10 min before
the start of the SIE to ensure sufﬁcient time for uptake by phytoplankton cells. Experiments were carried out in triplicate and a
single control sample for each treatment was not exposed but
kept at ambient seawater temperature and low light conditions
(2 mmol photons m  2 s  1) as measured by a Biospherical Instruments QSL Quantum Scalar Laboratory Sensor (Biospherical Instruments Inc., San Diego, CA, USA).
The SIE experiments were designed to study the exposure of
phytoplankton communities to irradiance conditions in the upper
water column. Measurements of surface irradiance during the
cruise revealed maximum PAR levels during the day of
4800 mmol photons m  2 s  1, averaging 620 mmol photons m  2 s  1
over the Drake Passage transect. The mean irradiance during the
exposure experiments was 235 mmol photons m  2 s  1 (Table 2),
which is equivalent to 38% of the mean daily irradiance maximum.
The 38% surface irradiance level in the water column corresponded to
a depth of 13.1 m, taking the mean Kd of all stations into account.
Thus, the irradiance levels in the surface irradiance exposure experiments are lower than those experienced by phytoplankton in the
upper 13 m of the water column during the average maximum
irradiance levels of the day. Consequently, phytoplankton cells that
are mixed up to the upper few meters of the water column may
experience higher irradiance levels and thus more photodamage than
in our surface irradiance exposure experiments.
Standard trace metal clean (TMC) procedures were not followed
during the experiments, but contamination with trace metals is
unlikely to have an effect, given the short time frame of the
incubations. Values of Fv/Fm often display the ﬁrst response to

Table 2
Overview of initial data and PAR levels during short-term surface irradiance exposure experiments.
Station

Nighttime cast

Daytime cast

Sample
depth

Fv/Fm

(ddþ dt):
Chl a

PAR incubation
(mmol photons m  2 s  1)

PAR SIE
(mmol photons m  2 s  1)

Time after
sunrise
(hh:mm)

Sample
depth
(S) (D)

Fv/Fm

(ddþ dt):
Chl a

PAR SIE
(mmol photons m  2 s  1)

230

50

0.567

0.058

115 (8–408)

258 (180–279)

05:20

236

a

a

391 (193–781)

339 (270–406)

00:10

241

50

0.308

0.064

210 (99–361)

137 (91–197)

01:50

244

50

0.418

0.072

582 (165–1036)

119 (91–138)

03:50

250

50

0.276

0.108

350 (54–575)

161 (133–195)

02:55

5
65
5
60
25
75
5
60
25
75

0.486
0.598
0.417
0.414
0.273
0.373
0.047
0.281
0.193
0.219

0.114
0.051
0.071
0.070
0.123
0.070
0.085
0.077
0.124
0.107

166 (131–203)

a

294 (271–316)
293 (226–361)
604 (498–671)
344 (281–369)

a
Only one cast was deployed shortly after sunrise for station 236. The subsurface sample was used for the six hour incubation as well as the surface irradiance
exposure experiment.

A.-C. Alderkamp et al. / Deep-Sea Research I 58 (2011) 943–955

additions of trace metals in HNLC regions and it takes several hours to
days to observe a response (Behrenfeld et al., 1996; Boyd et al., 2000).
No increase in Fv/Fm was observed in the control samples of the shortterm surface irradiance exposure experiments.
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StatSoft Inc.). Relationships between surface parameters were
tested using simple linear regression analysis.

3. Results
2.5. Statistics
The initial response of the phytoplankton Fv/Fm after surface
irradiance exposure was tested using a one-way ANOVA, followed
by a post-hoc Tukey test. The recovery was assessed using repeated
measures of ANOVA with the Statistica software (release 7,

3.1. Hydrographic setting, chlorophyll distribution, and
phytoplankton chemotaxonomy
The transect through the Drake Passage traversed three systems
from south to north (Fig. 1): the Southern Antarctic Circumpolar

Cyanobacteria
Green flagellates and prochlorophytes
Chromophytes and nanoflagellates
Dinoflagellates
Diatoms

Sta 250

Sta 244 Sta 241

Sta 236

Sta 230

Fig. 3. Section graphs of the Drake Passage transect; data are interpolated between stations. The location of the fronts encountered in austral fall 2008 and the oceanic
zones are indicated above the ﬁgure, the location of the experimental stations below; abbreviations as in Fig. 1. (A) The mean wind speed over one hour prior to ﬁnishing
the cast. (B) The depth of the upper mixed layer (zUML). (C) The mean daily irradiance available to phytoplankton in the UML (EUML). (D) Fluorescence scaled to Chl a
concentration in mg m  3. (E) Mean phytoplankton species composition of the upper 50 m derived from the pigment composition as per Uitz et al. (2006).
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Current Front (SACCF) which contained three branches (at 60120S,
59120S, and 58140S), the Polar Front (PF) at 57130S, and the
Subantarctic Front (SAF) at 55140S (Provost et al., unpublished data).
Surface water concentrations of nitrate and phosphate were high
and constant across the whole Drake Passage transect (422 and
41.5 mmol L  1, respectively, Table 1), whereas the concentrations
of silicate and iron differed between oceanic regions bordered by
frontal systems. South of the most southern branch of the SACCF,
in the Weddell Scotia Conﬂuence Zone (WSCS), surface waters are
inﬂuenced by Weddell Sea Shelf Water (WSSW) from the eastern
shelf of the Antarctic Peninsula (Whitworth et al., 1994; Hofmann
et al., 1996; Amos, 2001). This water was colder (mean  0.25 1C)
and more saline (434) than surface waters in the ACC, and is rich in
iron (40.8 nmol L  1) and silicate (476 mmol L  1) (Table 1). North
of this branch, in the Antarctic Zone (AAZ), the surface waters of the
ACC are composed of Antarctic Surface Water (AASW). The branches
of the SACCF formed mesoscale eddies that were visible in the
temperature transect and satellite images (results not shown).
The upper AASW was warm (2–4 1C) and relatively fresh (salinity
33.8), and contained low iron concentrations (o0.3 nmol L  1).
Silicate concentrations were somewhat lower than those found
in the surface waters of the WSCS, but still relatively high
(410 mmol L  1) (Table 1). Along the transect, the PF was located
at 57130S. North of the PF, in the Polar Frontal zone (PFZ),
concentrations of silicate and iron in the UML were generally low
(mean 4 and 0.3 mmol L  1, respectively, Table 1). North of the SAF,
near-coastal waters were warmer than waters in the PFZ (mean
6.2 1C), were low in silicate (o3.8 mmol L  1), and contained more
iron than waters in the PFZ (Table 1).
The mean wind speed while on station was moderate throughout the Drake Passage (Fig. 3A), while episodes of higher winds
were observed while in transit (results not shown). The highest
wind speeds were measured close to the Antarctic Peninsula and
the lowest around the PF. In general, moderate to high winds
translated into a deep UML over the whole Drake Passage
transect, with a few exceptions (Fig. 3B).
Levels of surface PAR were low close to the Antarctic Peninsula
due to extensive cloud cover. This was observed in the eight-day
composites of SeaWiFS satellite data, as well as onboard observations (data not shown). The low surface PAR and relatively deep
zUML resulted in low mean levels of PAR in the UML (EUML,
o1 mol photons m  2 d  1, Fig. 3C). Further north, the cloud cover
was reduced and PAR was higher, resulting in a slightly higher
EUML (  2 mol photons m  2 d  1).
Phytoplankton biomass was low throughout surface waters of
the Drake Passage (mean 0.2 mg Chl a m  3 throughout the upper

50 m), except for the region of the AAZ between 58117.810 S and
5815.920 S, where surface Chl a concentrations were higher
(Fig. 3D). The higher biomass in this region was associated with
an eddy, which can enhance conditions for phytoplankton growth
(Kahru et al., 2007). In addition, phytoplankton in this area was
possibly inﬂuenced by Fe input during a recent dust deposition
event (M. Klunder, pers. com.). The phytoplankton community
composition roughly followed the trends in macronutrient concentrations. Diatoms dominated south of the PF where silicate
concentrations were high. North of the PF, nanoﬂagellates and
chromophytes dominated the phytoplankton community with
diatoms still contributing signiﬁcantly (Fig. 3E).
3.2. Ratios of xanthophyll cycle pigments (ddþdt) to Chl a
Surface ratios of xanthophyll cycle pigments (ddþdt):Chl a
varied between 0.12 and 0.23 across the Drake Passage, with no
signiﬁcant differences between oceanic regions (one-way ANOVA,
p40.05). Dt was not detected in the samples from the Drake
Passage, indicating that all dt had been epoxidated to dd, a
process that takes several minutes at low light (Van de Poll
et al., 2006; Kropuenske et al., 2010). Since an unknown fraction
of the xanthophyll cycle pigments will be present as dt in the
ﬁeld, all ratios are presented as (ddþdt):Chl a. Throughout the
Drake Passage transect, (ddþdt):Chl a was highest at the surface
(Fig. 4), with large decrease in this ratio observed below the zUML
(Fig. 4). A decreasing gradient in this ratio with depth was also
observed within the UML, indicative of pigment synthesis by
phytoplankton within the UML. The largest vertical gradients of
the (dd þdt):Chl a ratio within the UML were found in stations
with low wind speeds close to the PF (Fig. 4A, B).
3.3. Fluorescence characteristics
The highest Fv/Fm values were measured in samples of the
southernmost station 230 (Table 2), where the phytoplankton
biomass was dominated by diatoms. At this station, the water
column was inﬂuenced by iron-rich WSSW water, and both in situ
PAR and EUML were low (Table 1, Fig. 3C). The Fv/Fm values
decreased with latitude to the north over the Drake Passage
transect. The lowest Fv/Fm values were measured in surface
samples of the daytime cast at the northernmost stations 244
and 250. These stations were dominated by chromophytes and
nanoﬂagellates and concentrations of silicate and iron were low,
whereas in situ PAR and EUML were moderate to high.

Sta 244

Sta 234

Fig. 4. (A) Section graph of the ratio of xanthophyll cycle pigments (dd þ dt) to Chl a (mol:mol). The location of the fronts encountered in austral fall 2008 are indicated
above the ﬁgure, abbreviations as in Fig. 1. The black line indicates the depth of the UML as in Fig. 3B. (B) Comparison of (dd þ dt):Chl a ratios over depth at station 234 with
a high wind speed (11.3 m s  1) and station 244 wind a low wind speed (3.6 m s  1). The light attenuation was similar for these stations and the percentage of surface PAR
is depicted by a gray line. The mean zUML of the two stations is depicted by a black line (75 m for station 234, 86 m for station 244).

A.-C. Alderkamp et al. / Deep-Sea Research I 58 (2011) 943–955

On all stations, surface samples from the daytime cast showed
signs of photoacclimation to higher light levels, displaying lower
values of Fv/Fm and higher (ddþdt):Chl a ratios when compared to
the subsurface sample (Table 2).
3.4. High and low irradiance incubation experiments
To study the photoacclimation of phytoplankton to surface
and subsurface irradiance levels, phytoplankton samples obtained
from the subsurface before sunrise were incubated at one of the
two different irradiance levels that simulated either surface
irradiance (H; 50% of in situ irradiance) or irradiance at the base
of the mixed layer (L; 2% of surface irradiance, equivalent to
60 m depth). The different experimental stations were situated
in different water masses (Fig. 1) and were dominated by
different phytoplankton groups (Fig. 3E). In addition, PARsurf
during the incubations varied greatly between the different
experimental days (Table 2). Nevertheless, the effect of the H
and L incubations on Fv/Fm and the (dd þdt):Chl a ratio of the
phytoplankton communities was remarkably similar. The Fv/Fm
was mostly unaffected by the L treatment, except for station 230,
where a small increase was observed (Fig. 5A). In the H treatment,
Fv/Fm decreased signiﬁcantly in all stations by an average of 56%
when compared to the initial values. Similarly, (ddþdt):Chl a was
mostly unaffected by the L treatment, except for station 230
where a small increase was observed (Fig. 5B). In the H treatment,
(ddþdt):Chl a increased on an average of 38%. The strongest and
weakest increases were observed at station 230 and 236, respectively, the two southernmost stations. It is unlikely that the
changes in (ddþdt):Chl a were caused by changes in cellular
Chl a, since ratios of but, fuc and hex to Chl a were unaffected
(results not shown).
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3.5. Short-term surface irradiance exposure (SIE) experiments
3.5.1. Daytime cast
Exposure of phytoplankton samples obtained from the surface
and the subsurface during the daytime cast to near-surface
irradiance conditions (Table 2) for 20 min caused a strong reduction in the Fv/Fm in all experimental treatments for each station
(Fig. 6, left panels) resulting in a mean qN of 0.68 (SD 0.22).
In each experiment, a control sample that was not exposed to
surface irradiance but was kept at the low irradiance used for
recovery showed no change in Fv/Fm over the 140 min duration of
the experiment (results not shown). Results from the SIE experiment at station 244 are not shown since the ﬂuorescence signal
was below the detection limit of the PAM-ﬂuorometer.
The Fv/Fm recovered when cells were subsequently shifted to
low irradiance in all experiments (Fig. 6, left panels). The rapid
recovery during the ﬁrst 30 min after surface irradiance exposure
related to fast relaxing energy-dependent quenching resulted in a
mean qE of 0.22 (SD 0.14). The slow recovery of Fv/Fm related to
photoinhibitory quenching resulted in a mean qI of 0.46 (SD 0.31).
In all experiments, the recovery was negatively affected by
blocking the repair of the D1 protein by addition of lincomycin,
although the effect was signiﬁcant in the experiments at stations
241 and 250 only.
A small effect of sampling depth on the recovery of Fv/Fm was
apparent at stations 230 and 241. These were the stations where
the D sample was obtained from below zUML (Table 1). In the
other stations, both the S and D sample were obtained within
the UML and there was no effect of the sampling depth on the
recovery of Fv/Fm. In the experiment at station 230, the sampling
depth mainly affected the initial ﬂuorescence quenching. The D
samples showed a stronger initial quenching than the S samples,
whereas the recovery was similar. In contrast, in the experiment
on station 241, the initial quenching of D and S samples was
similar, but there were differences in the recovery, particularly in
the lincomycin treated samples.
3.5.2. Nighttime cast SIE experiment after H and L incubation
To study the effects of the photoacclimation processes during
the six hour incubation on the susceptibility to photodamage by
excessive irradiance, H and L phytoplankton samples were subjected to SIE experiments. Similar to the experiments with the
daytime casts, exposure of phytoplankton samples (Table 2)
caused a reduction in Fv/Fm values in all experiments (Fig. 6, right
panels), resulting in a mean qN of 0.76 (SD 0.19). The Fv/Fm
recovered during subsequent incubation at low irradiance, resulting in a mean qE of 0.42 (SD 0.13) and a mean qI of 0.35 (SD 0.18).
Recovery from high light exposure was negatively affected by the
addition of lincomycin, although the effect was not signiﬁcant in
the experiment at station 230. There were minor differences in
recovery between samples derived from the H and L incubations,
which were only signiﬁcant in station 250, where recovery
in L samples was faster than in H samples. Thus, despite an
increased ratio of (ddþdt):Chl a in the phytoplankton in H
incubations (Fig. 5), there was no positive effect on the recovery
after excessive irradiance exposure when compared to the L
incubations.

4. Discussion

Fig. 5. Results of the six-hour phytoplankton incubations under high irradiance
(H) and low irradiance (L) conditions. (A) Fv/Fm (B) ratio of xanthophyll pigments
(dd þdt) to Chl a. Signiﬁcant differences (one-way ANOVA) from initial values are
indicated with asterisks; *p o 0.05, **po 0.01.

4.1. Xanthophyll cycle pigment synthesis in response
to vertical mixing
The phytoplankton biomass was low across the Drake Passage
in the austral fall of 2008. South of the PF, the phytoplankton

950

A.-C. Alderkamp et al. / Deep-Sea Research I 58 (2011) 943–955

Fig. 6. Results of the short-term photoinhibition experiments with phytoplankton samples taken from the surface (S, 5–10 m depth) and the subsurface (D, 40–60 m
depth) of the daytime cast (left) and from subsurface samples of the nighttime cast that were previously incubated for six hours under high irradiance (H) and low
irradiance (L) (right). PS II efﬁciency (Fv/Fm) dynamics were measured after exposure to surface irradiance conditions for 20 min and subsequent recovery at low irradiance.
Means and standards deviation are shown for three replicates of untreated phytoplankton samples and samples with the addition of lincomycin ( þ ), an inhibitor of repair
of the D1 core protein of PS II. Signiﬁcant differences (repeated measures of ANOVA) between recovery characteristics samples with and without the addition of lincomycin
are indicated with L: p o0.05, LL: p o 0.01, LLL: p o 0.001, and of the S and D or H and L samples with D: p o 0.05, DD: p o0.01, DDD: p o 0.001.

community was dominated by diatoms, whereas nanoﬂagellates
and chromophytes were dominant north of the PF with diatoms
still contributing signiﬁcantly. A similar phytoplankton community structure across the Drake Passage was observed by Sosik
and Olson (2002) in late summer. Generally, the PF separates the
low Fe, high NO3 waters in the south from the high Fe, low NO3

waters in the north (Chisholm and Morel, 1991), which may lead
to Fe-limitation of phytoplankton south of the PF (Sosik and
Olson, 2002). However, we found high concentrations of NO3 over
the whole Drake Passage; whereas concentrations of dissolved Fe
in surface waters were variable (Middag et al., submitted; Klunder
et al., unpublished) and the high surface values of Fv/Fm in the

A.-C. Alderkamp et al. / Deep-Sea Research I 58 (2011) 943–955

stations south of the PF do not suggest physiological Fe limitation
for phytoplankton in our study.
The rates of wind-driven vertical mixing in the UML of the
open ocean may be high, particularly in regions with high wind
speeds (Denman and Gargett, 1983; Cisewski et al., 2005). High
vertical mixing rates in combination with a deep zUML that was
present in most of the stations in the Drake Passage yield a light
climate for phytoplankton cells of levels of Euml with short
episodes of excessive irradiance exposure when residing at the
surface. The surface ratios of (ddþdt):Chl a resembled those of
low-light acclimated phytoplankton cultures (Dimier et al., 2009b;
Kropuenske et al., 2009) and were lower than those observed at
the surface of stable water columns in coastal Antarctic waters in
the Austral summer (Moline, 1998). The presence of a vertical
gradient in (ddþdt):Chl a within the UML shows that these low
light acclimated phytoplankton constantly and rapidly adjust their
(ddþdt):Chl a ratio in response to changing irradiance conditions
due to vertical mixing. Despite the signiﬁcant changes in phytoplankton community composition with latitude, the vertical pigment gradient was observed in almost all stations in the Drake
Passage. These included stations north of the PF that were
dominated by nanoﬂagellates and chromophytes and stations
south of the PF that were dominated by diatoms. Thus, throughout
the phytoplankton community in the open ocean, xanthophyll
cycle pigments are being synthesized de novo when phytoplankton cells are mixed up to high irradiance surface waters. Chl a
synthesis during downward vertical mixing also may have contributed to the gradient in (ddþdt):Chl a. However, photoacclimation to a decreasing light intensity generally takes longer than
photoacclimation to a higher light intensity (MacIntyre et al.,
2000; Lavaud et al., 2007) and hence, the contribution of Chl a
synthesis was likely small. Moreover, no increase in Chl a with
depth was observed in the proﬁles and the minimal increase in
Chl a concentrations in the incubation experiments after six hours
under L conditions evidenced low Chl a synthesis rates (results not
shown).
The photoprotection through NPQ that is related to the
thermal dissipation of excess energy absorbed by PS II is dependent on the presence of the de-epoxidated xanthophyll cycle
pigment dt (Demmig-Adams, 1990; Olaizola et al., 1994; Olaizola
and Yamamoto, 1994; Dimier et al., 2009a). We could not study
the de-epoxidation of xanthophyll cycle pigments and did not
observe any dt in our ﬁeld samples because the time it took to
sample and ﬁlter the large volumes of water with low biomass
exceeded the time required for epoxidation of dt into dd under
low light. When phytoplankton cells were subjected to an
increase in irradiance, up to 80% of the xanthophyll cycle
pigments were present as dt (Van de Poll et al., 2006, 2011;
Kropuenske et al., 2010), indicating that most of the xanthophyll
cycle pigment pool can be used for photoprotection. Oceanic
diatom species, however, may have an impaired ability for NPQ
via de-epoxidation of xanthophyll cycle pigments (Strzepek and
Harrison, 2004; Lavaud et al., 2007). This is because their photosynthetic architecture has evolved to contain fewer Fe-rich
components to reduce their Fe requirement in Fe-poor waters
(Strzepek and Harrison, 2004). However, this has impaired
their ability to generate the strong DpH across the thylakoid
membrane needed for de-epoxidation of dd. Consequently, they
exhibit lower NPQ than coastal diatom species (Strzepek and
Harrison, 2004; Lavaud et al., 2007). Nonetheless, the constant
xanthophyll cycle pigment synthesis in the UML throughout the
Drake Passage transect suggests that oceanic phytoplankton
invest energy in xanthophyll cycle pigment synthesis. Therefore,
xanthophyll cycling seems to be a signiﬁcant mechanism for
photoacclimation to rapid changes in irradiance in oceanic
phytoplankton.
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4.2. Estimated rates of xanthophyll cycle pigment synthesis
Our results showed that the vertical gradient of (ddþdt):Chl a
was related to wind speed (linear regression n ¼23, R2 ¼0.39,
po0.01), based on stations with three or more data points within
the UML. The strongest vertical gradients were observed at
stations close to the PF, where wind speeds were low. Low wind
speeds generate slow mixing, since the vertical mixing velocity
within the UML scales with the wind speed (Pollard, 1973;
Denman and Gargett, 1983; Cisewski et al., 2005). Under these
conditions, rates of pigment synthesis can exceed mixing rates
and cells can photoacclimate to in situ light levels. Under conditions of high wind speed and rapid vertical mixing, rates of
pigment synthesis are slower than mixing rates and cells are
unable to fully photoacclimate to in situ light levels (Falkowski,
1983; Cullen and Lewis, 1988).
The rate of xanthophyll cycle pigment synthesis is an important factor in determining the photoacclimation potential of
phytoplankton (Olaizola and Yamamoto, 1994; Lavaud et al.,
2004). Several studies have related changes in phytoplankton
pigment composition to time scales and rates of vertical mixing
(Falkowski, 1983; Bidigare et al., 1987; Cullen and Lewis, 1988;
Moline, 1998; Brunet et al., 2008; Grifﬁth et al., 2010). Therefore,
to estimate de novo synthesis rates in the UML of the Drake
Passage, the vertical mixing velocity (ut) was calculated following
Denman and Gargett (1983):
ut ¼ 2wn

ð3Þ
n

where w is the turbulent friction velocity in m s

1

, calculated as

w ¼ Ot=rw
n

ð4Þ
3

where rw is the density of seawater (1.025  10 kg m
the wind stress, given by

t ¼ ra C10 ðU10 Þ2

3

), and t is
ð5Þ

3

where ra is the density of air (1.2 kg m ), C10 is the drag
coefﬁcient (1.3  10  3), and U10 is the mean wind speed 10 m
above the sea surface (m s  1), which was calculated from the
wind speed obtained from the ship board weather station.
At a location with a relatively high wind speed (10 m s  1),
such as station 234 (Fig. 4B), ut is 2.5  10  2 m s  1. This means
that upward vertical mixing takes the phytoplankton cells
through a tenfold increase in irradiance in approximately
20 min. At stations with a relatively low wind speed (e.g., station
244, 4.9 m s  1), ut is 8.3  10  3 m s  1 and upward vertical mixing takes the phytoplankton cells through a tenfold increase in
irradiance levels in approximately one hour. These vertical
velocities are somewhat higher than those reported for subantarctic waters with deep UMLs southeast of New Zealand (Grifﬁth
et al., 2010).
We used the values of ut calculated in this way and the
gradient in (ddþdt):Chl a over the depth of the UML, to estimate
the de novo synthesis rates of xanthophyll cycle pigments (Fig. 7).
These estimated rates averaged 11.3 mmol ddþdt mol  1 Chl a s  1,
with a range of 0.9–25.0 mmol ddþdt mol  1 Chl a s  1. These
rates represent the mean over the time it takes for a cell to be
transported from the bottom of the UML to the surface and vice
versa, as the synthesis rate may vary with depth due to differences in irradiance. Rates did not differ signiﬁcantly by oceanic
region or dominant phytoplankton group (one-way ANOVA,
p40.05). The variation in rates was greatest in the AAZ, which
was also where branches in the SACCF and mesoscale eddies were
observed. These features, together with wind speed, inﬂuence
rates of vertical mixing (Kahru et al., 2007). The effect of eddy
activity on vertical mixing speed may explain the poor correlation
between the vertical gradient of (ddþdt):Chl a and wind speed in
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Fig. 7. Estimated rates of in situ xanthophyll cycle pigment synthesis within the UML over the Drake Passage transect, computed using vertical mixing velocities as per
Denman and Gargett (1983) and the gradient of (dd þ dt):Chl a within the UML presented in Fig. 3; see text for details.

the AAZ (linear regression, n ¼10, R2 ¼0.12, p ¼0.33). When
stations in the AAZ were excluded from the regression analysis,
the relationship between the gradient of (dd þdt):Chl a over
depth and wind speed over the Drake Passage was stronger
(n¼13, R2 ¼0.52, p o0.01).
The estimates of these in situ photoprotection rates through
pigment synthesis are in good agreement with the estimates of
de novo xanthophyll cycle pigment synthesis rates in culture studies
of temperate diatoms following a shift from low to high irradiance.
Olaizola and Yamamoto (1994) measured a de novo xanthophyll
cycle pigment synthesis rate of 31.8 mmol ddþdt mol  1 Chl a s  1
after shifting cultures of the diatom Chaetoceros muelleri to approximately threefold higher light intensities. Lavaud et al. (2004)
reported de novo xanthophyll cycle pigment synthesis rates between
4.0 and 9.8 mmol ddþdt mol  1 Chl a s  1 for temperate diatoms,
which varied between species, with light intensity, and with
duration of light exposure. De novo xanthophyll cycle synthesis
rates in the Antarctic diatom Fragilariopsis cylindrus were lower than
those of the temperate diatoms. At 1.3 mmol ddþdt mol  1 Chl a s  1
over the ﬁrst eight hours after a shift to 25-fold higher irradiance
levels (Kropuenske et al., 2009, 2010), these rates are in the lower
ranges of our in situ estimates, whereas the Antarctic haptophyte
Phaeocystis antarctica did not show any signiﬁcant xanthophyll
synthesis after the shift to higher irradiance (Kropuenske et al.,
2010). P. antarctica would be part of the nanoﬂagellates and
chromophytes group south of the PF based on chemotaxonomy in
our study and their spatial distribution (Schoemann et al., 2005).
De novo xanthophyll cycle pigment synthesis rates in six temperate
chromophyte species belonging to the pico- or nano-phytoplankton
showed substantial variation between species and with light shift
characteristics (Dimier et al., 2009b). Maximum rates of (ddþdt)
synthesis during gradual increases in light levels ranged from 4.2 to
16.7 mmol ddþdt mol  1 Chl a s  1.
Low temperature negatively affects enzyme activity (Li et al.,
1984), which impacts photosynthesis (Tilzer et al., 1986), respiration (Tilzer and Dubinsky, 1987), and growth rates (Sakshaug and
Holm-Hansen, 1986) in phytoplankton in high latitude environments. However, no temperature effect was found on xanthophyll
cycle pigment synthesis rates across the Drake Passage (linear
regression, n ¼23, R2 ¼0.01, p¼0.76). This suggests that phytoplankton in high latitude environments are adapted for rapid
de novo xanthophyll cycle pigment synthesis rates, despite lower
enzyme activity because of low temperatures.
Although vertical mixing within the UML is controlled primarily
by wind stress (Pollard, 1973), over the Drake Passage, zUML at a given
station was not correlated to the local wind speed (linear regression,
n¼27, R2 ¼0.06, p¼0.24). The absence of such a relationship may be
explained because the response time of zUML to wind forcing is on the
order of several days (Cisewski et al., 2005). They found a signiﬁcant
relationship between wind speed and zUML only when the wind speed

was integrated over time scales of three inertial periods or longer,
which in these latitudes, corresponds to several days. The wind speed
depicted in Fig. 3A and used for calculations in our study was
averaged over one hour prior to concluding the cast at each station.
This time frame was chosen to approximate the average time scale
for vertical movement around the UML (68 min, results not shown).
Additionally, the rate of xanthophyll cycle pigment synthesis
was not related to zUML (linear regression, n ¼23, R2 ¼0.01,
p¼0.66). Similarly, there was no relation between xanthophyll
de-epoxidation rates and zUML in the subantarctic open ocean
(Grifﬁth et al., 2010). An explanation may lie in the exponential
decrease in irradiance with depth which causes the greatest
gradients in light intensity at the top few meters of the water
column (Fig. 4B). Thus, the time spent in transition from low light
to high light that would trigger xanthophyll cycle pigment
synthesis depends mostly on the vertical mixing speed at the
very surface (and thus the wind speed), and deepening of the UML
primarily increases the time a phytoplankton cell spends at low
light levels.
4.3. The impact of short-term photoacclimation processes on
prevention from photodamage
The results presented here show that photodamage was
apparent in all surface irradiance exposure experiments despite
vast differences in surface irradiance levels, water temperature,
zUML, and phytoplankton community composition. Even after
exposure to relatively low irradiance levels (compared to the
maximum irradiance levels during the day), photoinhibition was
evidenced by both delayed recovery of Fv/Fm (qI) and the negative
impact of inhibiting the repair of the PS II D1 core protein by the
addition of lincomycin. The slow relaxation of ﬂuorescence
quenching was not completely blocked by the addition of lincomycin in all short-term surface irradiance exposure experiments,
most notably in the experiments from the nighttime cast on
station 241 and 250. The slow relaxation in the lincomycin
treated samples may have been due to slow conversion of dt in
dd during the recovery. In Antarctic diatoms, conversion of all dt
into dd after high light exposure may take up to one hour causing
slow relaxation of NPQ that is not due to damage to PS II
(Kropuenske et al., 2009). Concurrently, signiﬁcant amounts of
dt were observed in the H treatment of the incubation experiment
on station 250, approximately 30 min after the incubation ended.
However, little ( o7% of dd) or no dt was observed in any other
samples, showing slow conversion of dd into dt did not affect
relaxation in the other experiments. Alternatively, the slow
relaxation in lincomycin treated samples may have been due to
state transitions or qT. qT was demonstrated in some phytoplankton lineages (cyanobacteria, red algae, green algae), but not in
diatoms. In higher plants qT was mainly relevant in low light
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environments (Ruban and Johnson, 2009). However, in green
algae qT seemed a signiﬁcant mechanism for acclimation to
ﬂuctuations in irradiance levels (Van Leeuwe et al., 2005).
The short-term SIE conditions resulted in the reduction of PS II
efﬁciency for up to two hours. This photodamage incurred under
relatively mild irradiance conditions conﬁrms earlier studies showing that phytoplankton cells that are growing in a deeply mixed
water column of the Southern Ocean are not adequately protected
from photodamage by the irradiance conditions they encounter
when mixed up to the surface and that D1 repair is crucial in
maintaining photosynthetic performance under ﬂuctuating irradiance conditions (Helbling et al., 1992; Alderkamp et al., 2010).
The increased (ddþdt):Chl a ratios in S samples when compared to D samples did not lessen photodamage when phytoplankton cells were exposed to excessive irradiance levels in the
SIE experiments. Only small differences were observed in the
Fv/Fm recovery after exposure to excessive irradiance in samples
from these two depths, similar to what was observed in the
Atlantic region of the ACC (Alderkamp et al., 2010). Thus, the
photoacclimation processes, such as xanthophyll synthesis, that
were observed on time scales of vertical mixing in the UML are
insufﬁcient to protect against exposure to excessive irradiance.
Similar to the results within the UML, phytoplankton acclimated for six hours at 50% of incident irradiance (H) did not
diminish photoinhibitory effects of surface irradiance exposure
when compared to cells that were incubated at low irradiance
(L: 2% of surface irradiance). Differences in (ddþdt):Chl a ratios
conﬁrmed xanthophyll cycle pigment synthesis, but this did not
affect the Fv/Fm recovery after exposure to excessive irradiance.
In fact, Fv/Fm recovery was sometimes faster in L incubations
despite a lower (ddþdt):Chl a ratio than the H incubations. This
surprising result may be due to the accumulation of photodamage
incurred during the H incubation. As phytoplankton cells are
exposed to supraoptimal levels of irradiance for longer times, the
number of damaged proteins increases steadily (Van de Poll et al.,
2005, 2007). The rather short time between the incubation and
the surface irradiance exposure experiment ( o1 h) likely did not
allow for repair of all photodamaged proteins, which is consistent
with the low initial levels of Fv/Fm of the H samples in the surface
irradiance exposure experiment. Thus, the potential positive
effects of photoacclimation during six hours of acclimation may
have been offset by the accumulation of photodamage.
To simulate exposure of phytoplankton to the irradiance levels
they encounter in the upper water column, UV-B was omitted
from our surface irradiance exposure experiments. The extinction
coefﬁcient of UV-B is higher than that of PAR and UV-A (Fry, 2000;
Tedetti and Sempéré, 2006). However, when phytoplankton cells
are mixed up to the upper few meters of the water column they
will be exposed to signiﬁcant levels of UV-B. Most reports suggest
that photodamage in phytoplankton cells increased slightly in the
presence of the natural component of UV-B when compared to
exposure to UV-A and PAR alone (Helbling et al., 1992; Villafañe
et al., 2003; Bouchard et al., 2005b). Thus, the photodamage
observed in the surface irradiance exposure experiments may
have been underestimated when compared to exposure to the full
irradiance spectrum phytoplankton cells may encounter.
4.4. Photoacclimation in deeply mixed water columns
In general, in situ Fv/Fm values vary with community structure,
as well as physiological changes in phytoplankton (Sosik and
Olson, 2002; Suggett et al., 2009). The Fv/Fm was reduced with
decreasing latitude and with the increasing contribution of chromophytes and nanoﬂagellates that accompanied the decreasing
contribution of diatoms to the phytoplankton biomass. Similarly,
in the six-hour H incubation experiments, the decline of Fv/Fm

953

became stronger as the contribution of chromophytes and nanoﬂagellates increased and diatoms decreased. These observations
conﬁrm the taxon-speciﬁc differences in photoacclimation to
ﬂuctuating irradiance reported previously in laboratory experiments with Antarctic phytoplankton. Van Leeuwe et al. (2005)
showed that down-regulation of Fv/Fm during high light exposure
was stronger in the ﬂagellate Pyramimonas than in the diatom
Chaetocesos brevis under a sinusoidal light cycle and in ﬂuctuating
irradiance that mimicked slow vertical mixing. Under rapid
irradiance ﬂuctuations, however, no differences in ﬂuorescence
quenching were reported between the two taxa (Van Leeuwe
et al., 2005), similar to the parallel responses by different phytoplankton communities to short-term surface irradiance exposure
experiments in our study.
Within a mixed water column, net phytoplankton population
growth will be positive provided that the depth-integrated
photosynthetic rate is greater than the depth-integrated community loss terms, including grazing, sinking, cell death, and metabolic costs such as respiration (Sverdrup, 1953; Smetacek and
Passow, 1990; Siegel et al., 2002). The EUML levels in the Drake
Passage were low, with a mean of 1.7 mol photons m  2 day  1
(Fig. 3C), resulting in low photosynthetic rates. There is a metabolic cost associated with constant pigment synthesis as well as
other photoacclimation mechanisms that increase the overall
metabolic costs for phytoplankton growing under ﬂuctuating
irradiance (Dimier et al., 2009a). In addition, repair of photodamage to photosystems is an energetically expensive process
(Aro et al., 1993; Hazzard et al., 1997), which limits allocation of
energy to growth. Moreover, photosynthetic efﬁciency in our
experiments was diminished for considerable time after exposure
to surface irradiance. This will decrease the photosynthetic rate
when phytoplankton is mixed down to depths that no longer
cause photodamage. Thus, the increased metabolic costs due to
constant pigment synthesis and PS II repair, in addition to
diminished photosynthetic rates due to photodamage to PS II,
will weigh heavy on phytoplankton growing under low mean
irradiance levels (Ibelings et al., 1994; Alderkamp et al., 2010).
The results presented in this study provide evidence for xanthophyll cycle pigment synthesis within the UML by phytoplankton
growing under low EUML throughout the Drake Passage. Therefore,
xanthophyll cycling seems to be a signiﬁcant mechanism for oceanic
phytoplankton to deal with rapid changes in irradiance in HNLC
regions with strong wind-induced vertical mixing. Nonetheless,
higher levels of xanthophyll cycle pigments in phytoplankton at
the top of the UML or in deck incubations under high irradiance did
not lessen the photodamage incurred when phytoplankton were
exposed to excessive irradiance levels. Photodamage affected phytoplankton exposed to irradiance levels at or below those encountered in the top 30 m of the water column during the local midday.
Thus, paradoxically, photoinhibition may limit phytoplankton
growth in HNLC regions with very low EUML. Understanding the
mechanisms of limitations to phytoplankton photosynthesis and,
thus, primary productivity, by environmental factors in the Southern
Ocean is critical if we are to accurately predict the impact of changes
in Fe supply or zUML on its extent, e.g. due to climate change (Boyd
et al., 2008). This knowledge eventually can be incorporated into
regional and global models, resulting in greatly improved descriptions of Southern Ocean ecology and biogeochemistry and more
reliable model predictions.
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