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Abstract

Amundsen Sea polynyas are among the most productive, yet climate-sensitive ecosystems in the Southern
Ocean and host massive annual phytoplankton blooms. These blooms are believed to be controlled by iron
fluxes from melting ice and icebergs and by intrusion of nutrient-rich Circumpolar Deep Water, however the
interplay between iron effects and other controls, such as light availability, has not yet been quantified.
Here, we examine phytoplankton photophysiology in relation to Fe stress and physical forcing in two largest
polynyas, Amundsen Sea Polynya (ASP) and Pine Island Polynya (PIP), using the combination of high-
resolution variable fluorescence measurements, fluorescence lifetime analysis, photosynthetic rates, and Fe-
enrichment incubations. These analyses revealed strong Fe stress in the ASP, whereas the PIP showed virtually
no signatures of Fe limitation. In spite of enhanced iron availability in the PIP, chlorophyll biomass
remained ~ 30-50% lower than in the Fe-stressed ASP. This apparent paradox would not have been observed
if iron were the main control of phytoplankton bloom in the Amundsen Sea. Long-term satellite-based clima-
tology records revealed that the ASP is exposed to significantly higher solar irradiance levels throughout the
summer season, as compared to the PIP region, suggesting that light availability controls the magnitude of
phytoplankton blooms in the Amundsen Sea. Our data suggests that higher Fe availability (e.g., due to higher
melting rates of ice sheets) would not necessarily increase primary productivity in this region. Furthermore,
stronger wind-driven vertical mixing in expanding ice-free areas may lead to reduction in light availability

and productivity in the future.

The Amundsen Sea is a climate-sensitive region where gla-
ciers and ice cover have been declining most rapidly in the
Antarctic over the past several decades (Walker et al. 2007;
Rignot et al. 2008). This change is largely driven by the
intrusion of relatively warm, salty, and nutrient-rich Circum-
polar Deep Water (CDW), which accelerates melting of float-
ing ice sheets in the Amundsen Sea (Walker et al. 2007;
Vaughan 2008; Jenkins et al. 2010; Wahlin et al. 2010;
Jacobs et al. 2011), as well as by the ice thinning on the
nearby Antarctic Continent (Rignot et al. 2008). Amundsen
Sea Polynya (ASP) is one of the largest and most productive
coastal polynyas in the Southern Ocean. The ASP is formed
in the austral spring and summer, reaching it maximum
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open water area of >60,000 km? in February, though this
area exhibits substantial interannual variations (Arrigo et al.
2012). Pine Island Polynya (PIP) is generally smaller and its
size exhibits even greater interannual variability (Arrigo et al.
2012). Satellite-based ocean color data revealed that the
Amundsen polynyas host massive annual phytoplankton
blooms, which generally start about 1 month after the open-
ing of the polynyas and peaks in mid-January when the pol-
ynyas are still expanding (Arrigo et al. 2012). The
phytoplankton bloom in the ASP lasts about 2 weeks longer
and reaches about 30% higher primary productivity per unit
area than that in the PIP (Arrigo et al. 2012). However, it
remains unclear why phytoplankton productivity and bio-
mass in the ASP is higher than that in the PIP.

In the Southern Ocean, the most productive waters are
confined to the continental shelves (Arrigo et al. 2008; Smith
and Comiso 2008), downstream of islands (Korb et al. 2004),
regions of pronounced topographic effects that promote
local upwelling (Park et al. 2010), and polynyas (Arrigo and
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Van Dijken 2003; Lee et al. 2012). Satellite data revealed
that, among the 37 identified polynyas in the Antarctic, ASP
and PIP are among the most productive regions (per unit
area) of the Southern Ocean (Arrigo and Van Dijken 2003).
For instance, the ASP exhibits ~ 50% larger air-sea CO, flux
than the Ross Sea and most of continental shelves around
the world (Mu et al. 2014). The physical and biogeochemical
controls that support this unusually high productivity
remain poorly understood due to the geographical isolation
and a very limited amount of in situ data in this region.

In the Southern Ocean, concentrations of the macronu-
trients, nitrate, phosphate, and silicate, remain high through-
out the year and primary productivity is limited by the
paucity of iron and by light (De Baar et al. 1995; Sunda and
Huntsman 1997). Phytoplankton cells require iron to main-
tain iron-rich components of the photosynthetic electron
transport chain and reaction centers (Krause and Weis 1991;
Falkowski et al. 1992). As cellular Fe requirements and uptake
rates vary markedly between phytoplankton species (Sunda
and Huntsman 1997; Alderkamp et al. 2012a), measurements
of Fe concentrations alone are not sufficient to assess the
effects of this micronutrient on phytoplankton growth and
physiology. Variable fluorescence signals from phytoplankton
photosystem II (PSII) are particularly sensitive to iron limita-
tion (Greene et al. 1992; Vassiliev et al. 1995) and are readily
used as an instantaneous indicator of the physiological status
of phytoplankton in response to iron stress without conduct-
ing labor-intensive incubations (Falkowski et al. 2004).

In the polynyas, austral summer Fe supply usually
remains high due to input from melting sea ice (Martin
et al. 1990; Sedwick et al. 2000; El-Sayed 2005), glaciers
(Alderkamp et al. 2012b; Gerringa et al. 2012), and floating
icebergs (Smith et al. 2007). In spite of substantial influxes
of iron from surrounding ice and icebergs, phytoplankton
growth in polynyas may become Fe-limited in late austral
summer, as has been observed in the Ross Sea Polynya (Sed-
wick et al. 2000; Tagliabue and Arrigo 2005). While it is pos-
sible that substantial Fe supply from melting glaciers could
dynamically fuel a phytoplankton bloom in the ASP (Alder-
kamp et al. 2012b; Gerringa et al. 2012), biophysical signa-
tures of Fe limitation have been observed here even at early
stages of the bloom development (Alderkamp et al. 2015).
Contemporary models of bloom dynamics in the Southern
Ocean (Holm-Hansen and Mitchell 1991; Mitchell and
Holm-Hansen 1991; Nelson and Smith 1991) suggest that
the bloom development may be terminated when phyto-
plankton production rates become light limited due to
strong self-shading by high standing stocks and when the
mixed layer depth (MLD) approaches the critical depth
(CRD), where net phytoplankton growth is compensated by
integrated losses (Sverdrup 1953; Smetacek and Passow
1990). In contrast, it has been proposed that in the ASP, pau-
city of iron is the main limiting factor of the bloom develop-
ment (Alderkamp et al. 2012b, 2015; Thurdczy et al. 2012).

Light availability rather than Fe controls phytoplankton bloom

Here, we consider and test two alternative hypotheses for
the bottom-up controls and limiting factors of phytoplank-
ton blooms in the Amundsen Sea. When the top-down
effects, such as grazing pressure, remain invariant, these
hypotheses predict two different patterns of bloom dynamics
in relation to environmental forcing. If the paucity of iron is
the main limiting factor of bloom dynamics (Hypothesis 1),
then the water masses with similar physical conditions but
higher Fe availability should exhibit higher phytoplankton
biomass. In contrast, if light availability is the main limiting
factor (Hypothesis 2), then higher biomass will be observed
in areas exposed to higher irradiance levels.

In order to test these two alternative hypotheses, we ana-
lyzed spatial distributions of phytoplankton physiology and
physical controls of phytoplankton growth in two of the
largest Amundsen Sea polynyas with strikingly different sig-
natures of Fe stress and productivity. This research was con-
ducted at the late stage of bloom development from 10
February 2012 to 10 March 2012 aboard the icebreaker Araon
as part of the Korea Antarctic Research Program (Fig. 1). Our
assessment of the iron stress employs variable fluorescence
measurements, picosecond fluorescence lifetime analysis,
and Fe enrichment experiments in on-deck incubators. To
quantify the importance of light limitation in controlling
the bloom development, we employed the classical Sverdr-
up’s concept of CRD (Sverdrup 1953) and analyzed varia-
tions in CRDs in relation to MLDs. We also measured
photosynthetic rates as a function of photosynthetically
available radiation (PAR) and depth and showed that these
rates averaged over the mixed layer are almost an order of
magnitude lower than their potential maximum, suggesting
severe light limitation of photosynthesis. We further exam-
ined long-term satellite-based climatology records of physical
forcing (wind speed and insolation) to better understand the
importance of these controls in bloom dynamics. Our results
provide the first in situ observations that reveal a Fe-driven
difference in phytoplankton photophysiological status
between the two Amundsen polynyas, however, the entire
set of biogeochemical and biophysical data clearly suggest
that light availability rather than Fe has more influence over
the bloom development and dynamics in this climate-
sensitive region.

Methods

Observations

A SeaBird SBE 911 CTD mounted on the Rosette system
was operated at sea. Vertical profiles of temperature and
salinity from the CTD were used to determine the MLD. The
MLD was defined as the depth at which the water density
increased abruptly. A PAR sensor on the CTD Rosette was
used for logging underwater irradiances. The euphotic depth
was defined as the depth at which the irradiance is 1% of its
value at the surface.
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Fig. 1. Map of the study area, which covers the Amundsen Sea Polynya (ASP) and Pine Island Polynya (PIP). Red rectangles are the stations where Fe
addition incubation experiments were conducted. Colors represent sea-ice concentration at the beginning of the cruise (10 February 2012-15

February 2012).

Due to high chlorophyll content in Antarctic polynyas,
the incident solar light is attenuated rapidly by the water
column and greatly reduces the effective PAR levels experi-
enced by phytoplankton in the mixed layer which inevitably
leads to light limitation of photosynthetic rates. To evaluate
the impact of light limitation on the bloom development,
we examined variations in the CRD in relation to the MLD.
CRDs were calculated from the daily integrated irradiances at
the surface and the measured light attenuation coefficients,
according to Sverdrup’s concept of CRD (Sverdrup 1953; Nel-
son and Smith 1991). Because changes in cloud cover and
the resulting daily irradiances varied dramatically both tem-
porarily and spatially, we used satellite-based climatological
data for the month of February 2012 to retrieve the average
daily irradiances for the ASP and PIP areas.

Water samples were collected from Niskin bottles at six
standard depths. For measurements of chlorophyll a (Chl a)
concentrations, seawater samples were filtered at a low vacu-
um through a 25 mm glass fiber filter (Whatman GEF/F), then
placed in 10 mL of 90% acetone in a conical tube. After
extraction in the dark for 24 h, Chl a concentrations were
measured using a Turner Designs fluorometer (Trilogy) cali-
brated with a purified Chl a standard solution, following the
fluorometric method of Parsons et al. (1984). Microzooplank-
ton grazing rates were estimated from the dilution experi-
ments as described in Landry and Hassett (1982) and Yang
et al. (2016).

Underway continuous measurements of variable fluores-
cence and fluorescence lifetimes of phytoplankton in the
near-surface water layer (ca. 7 m depth) were conducted

using mini-FIRe and Lifetime Fluorometers, respectively, as
described in Lin et al. (2016).

Determination of phytoplankton photosynthetic
parameters

Variable fluorescence was measured with a new miniatur-
ized Fluorescence Induction and Relaxation System (called a
mini-FIRe). This instrument is conceptually similar to the
previous Fast Repetition Rate (FRR) and FIRe systems (Gorbu-
nov and Falkowski 2005), but exhibits ca. 20 times better
sensitivity and signal-to-noise, compared to its predecessors.
Also, the mini-FIRe instrument employs excitation at multi-
ple wavelengths (435 nm, 455 nm, 470 nm, 500 nm,
530 nm, and 590 nm, with 20 nm bandwidth of each chan-
nel) that allows for selective excitation of different function-
al groups of phytoplankton, as well as for spectrally resolved
measurements of functional absorption cross-sections of PSII
(opsi). The peak excitation intensity at each wavelength is
optimally adjusted to ensure full closure of PSII reaction cen-
ters and saturation of fluorescence within ca. 100 us (i.e., a
single photosynthetic turnover), which is critically impor-
tant for accurate retrievals of functional cross sections and
quantum yields (Gorbunov et al. 1999).

After collection from Niskin bottles, seawater samples
were kept at in situ temperature and low light (ca. 10 ymol
quanta m~? s~ ') in transparent bottles. This low light adap-
tation (for ca. 60 min) was essential for recovery from photo-
inhibiton and non-photochemical quenching (Park et al.
2013). PSII parameters such as the minimal fluorescence
yield (Fo; when all reaction centers are open), the maximal
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fluorescence yield (Fp,; all reaction centers are closed), and
the quantum efficiency of PSII (Fy/F,) were measured as
described in Kolber et al. (1998). Quantum efficiency of
photochemistry in PSII (F,/F,) was calculated as a ratio of
variable fluorescence (F, = F,, — Fp) to the maximum fluores-
cence (Fp,). Fluorescence measurements were corrected for
the blank signal recorded from filtered seawater (0.2 um) as
described in Bibby et al. (2008).

The rates of photosynthetic electron transport (ETR) were
measured on samples collected from the mixed layer as a
function of PAR, using a programmable Actinic Light
Source integrated into the mini-FIRe instrument. The ETRs
normalized per PSII reaction center were calculated as
described in Gorbunov et al. (2000, 2001). The rate of photo-
synthetic electron transport (ETR) per PSII reaction center is
given by

ETR=Eopsy' (AF /F)) (1)

where opgy’ is the functional absorption cross section of PSII
and AF//F, is the coefficient of photochemical quenching,
which characterizes the fraction of open reaction centers at a
given level of irradiance; the prime character indicates the
measurements under ambient irradiance (E). When non-
photochemical quenching is caused by thermal dissipation
in the light-harvesting antennae, the Eq. 1 can be reduced to
the following (Gorbunov et al. 2000):

ETR = Eopsul(AF'/Fy,)/(Fy/Fm)] @

where AF//Fy,’' is the only irradiance-dependent variable. The
photosynthetic rate as a function of irradiance can be
described by the hyperbolic tangent equation (Jassby and
Platt 1976):

ETR = ETR™*tanh(E/E) 3)

where ETR™#* is the maximum rate achievable at saturating
light and Ey is the light saturation parameter. Applying the
model (3) to the experimental data ETR(E), we can calculate
ETR™** and Ey.

In order to deduce the photosynthetic rates in absolute
units (i.e., electrons per second per reaction center), the
cross sections must be measured for the same spectral quality
as ambient irradiance. Here, we used blue (455 nm, with
20 nm half bandwidth) excitation and ambient light while
recording P vs. E curves. Thereby, the retrieved maximum
rates ETR™®, which are most critical for determining the
photosynthetic rates integrated over the water-column, are
independent on the spectral quality of measuring light. We
further used these irradiance dependencies of photosynthetic
rates in combination with vertical profiles of in situ PAR to
reconstruct vertical profiles of photosynthetic rates over the
mixed layer. We then calculated the averaged photosynthet-
ic rates over the mixed layer and compare them with the

Light availability rather than Fe controls phytoplankton bloom

potential maximum (ETR™®) in order to assess the extent of

light limitation of photosynthesis.

Picosecond lifetime measurements

Picosecond fluorescence decay kinetics were measured
using a custom-built lifetime fluorometer, called PicoLiF, as
described in Kuzminov and Gorbunov (2016) and Lin et al.
(2016). Both mini-FIRe and PicoLiF instruments are extreme-
ly sensitive and can accurately record fluorescence kinetics
in ultra-low chlorophyll concentrations (down to 0.01
mg m” ).

Measured kinetic curves were fitted using a sum of two or
three exponential components that were convoluted with
the instrumental response function (IRF) by employing a
custom-built software package based on a TCSPFIT MATLAB
routine, which uses a Nelder-Meade simplex algorithm
(Enderlein and Erdmann 1997). The quality of the fit was
evaluated from y?. The lifetimes given in this paper represent
the average of the individual components:

T:Ziﬁ T (4)

Ai'fi
5
A ©

1=

where, 1;, A;, and f; are the lifetime constants, amplitudes,
and relative quantum yields of each component (Lakowicz
2006).

To produce fluorescence lifetime vs. Fy/F, graphs, we
applied a 300 X 300 grid to the study area (i.e., ASP and
PIP). For each pixel of the grid we calculated a mean of
F,/F,, and lifetime.

Fe enrichment experiment

In order to assess the extent of Fe limitation of phyto-
plankton physiology, we conducted short-term Fe-enrich-
ment experiments in on-deck incubators at 12 stations. The
water samples were collected from the mixed layer (ca. 10 m
depth) using trace-metal clean GO-FLO bottles and placed
into 1 L polycarbonate bottles for incubations. All manipula-
tions were conducted in a trace-metal clean plastic bubble
which allowed us to avoid any contaminations. All surfaces
of polycarbonate bottles were rigorously cleaned using trace-
metal grade 1% HCI, followed by rinsing with deionized
water (Milli-Q) and with ~ 50 L of seawater before sampling
began. Once collected, the water was either enriched with
1 nM of iron (FeCl;, Fluka) or left unamended for control.
The incubations were conducted in on-deck incubators
where the samples were maintained at in situ temperature
and were exposed to ~ 10% of surface irradiance. After 3 d
on-board incubations, changes in F,/F,, and Chl a concen-
tration were measured to document the response of phyto-
plankton to iron enrichment. Because the community
structure did not change during the short-term incubations,
the observed changes in F,/F,, were indicative to iron-
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Table 1. Oceanographic and biological data on water samples collected at stations. Temperature (°C), salinity (psu), and Chl a con-
centrations (mg m~3) are surface values. F,/Fy and ops; at 455 nm (A?) are the values averaged over the mixed layer.

Region Station Date Latitude (°S) Longitude ("W) Temperature Salinity MLD Zeu F,/F, opsy Chla CRD
ASP 1 10 Feb -71.66 -116.78 -1.81 33.57 27 27.9 0.329 477 3.21 34.2
2 10 Feb -71.79 -117.67 -1.78 33.47 33 25.6 0.267 439 3.03 31.3
3 04 Mar —-71.95 —-118.45 -1.79 33.64 25 - 0.383 529 0.14 -
6 03 Mar —-72.39 -117.72 -1.80 33.62 26 24.7 0.429 497 3.29 30.3
7 11 Feb —72.85 —-116.50 -1.68 33.58 22 22.8 0.362 455 3.41 27.9
8 11 Feb —-73.50 -116.50 -1.57 33.46 41 20.9 0.355 448 3.84 25.6
10 12 Feb —-73.25 —-115.00 -1.12 33.54 40 14.8 0.340 428 2.95 18.1
12 13 Feb —72.99 —-113.50 -1.60 33.64 18 18.1  0.301 427 4.46 22.2
16 14 Feb —-73.50 —-113.00 -1.38 33.64 31 18.1 0.307 441 6.20 22.2
17 14 Feb —-73.50 —-114.00 —-1.24 33.48 37 17.6 0.277 432 5.72 21.5
19 16 Feb —74.20 —-112.51 -1.67 33.77 16 41.8 0.341 455 0.81 51.2
24 18 Feb —74.08 -115.72 -0.83 33.73 30 28.2 0.353 425 1.74 34.6
61 01 Mar —72.46 -116.37 -1.78 33.54 28 30.7 0.401 509 2.82 37.6
63 01 Mar —-72.93 —-117.58 -1.74 33.38 26 15.3 0.428 488 2.00 18.8
71 16 Feb —73.82 -113.07 -1.29 33.68 57 14.8 0.297 436 4.89 18.1
85 05 Mar —71.42 —-114.33 -1.82 33.44 41 26.3 0.285 558 0.39 32.2
PIP 31 24 Feb —-75.09 -101.76 -1.17 33.69 25 33.1 0.487 540 2.91 33.8
34 25 Feb —74.65 -101.53 -1.06 33.64 67 26.3 0.488 500 2.59 26.9
86 27 Feb —73.81 —-106.54 -1.50 33.38 25 - 0.489 533 1.87 -
87 22 Feb —74.37 —105.00 —-1.43 33.80 36 37.7 0.417 589 2.33 38.6
88 23 Feb —74.86 -102.10 -1.15 33.69 41 40.0 0.507 549 1.56 40.9
Open Sea 38 07 Mar —70.45 —-119.00 -1.13 33.29 20 - - - - -
39 09 Mar —71.58 —-133.99 -1.32 33.35 44 15.5 0.243 585 0.35 -

induced changes in physiology rather than taxonomy (Sug-
gett et al. 2009).

Remote sensing data

Level 3 monthly and 8-d composite regional maps of Chl
a concentrations from Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) and Moderate-Resolution Imaging Spectroradiom-
eter (MODIS) Aqua were obtained from the Goddard Space
Flight Center. We analyzed 16 yr of austral summer (Octo-
ber-March) data sets, with the spatial resolution of approxi-
mately 9 km.

For sea-surface wind data, ERA-Interim data were down-
loaded from European Centre for Medium-Range Weather
Forecasts (ECMWF; http://apps.ecmwf.int/datasets/). This is
the latest global atmospheric reanalysis produced by the
ECMWF, with the spatial resolution of 1/4 degree.
Seventeen-year summer mean (December-March) data sets
were used for comparison of the two regions (ASP and PIP,
respectively).

Global ocean color data were also used to assess the cloud
coverage and the effective daily levels of PAR at the ocean
surface. This data has been constructed from multi ocean
color sensors such as SeaWiFS, MODIS, Medium Resolution
Imaging Spectrometer (MERIS), and Visible Infrared Imaging
Radiometer Suite (VIIRS), downloaded from the Globcolour

site (http://hermes.acri.fr). We used 16 yr summer mean
(December-March) data sets for comparison.

We also used daily SSMIS F-17 microwave remote sensing
data, retrieved from the University of Bremen (http://www.
iup.uni-bremen.de:8084/ssmis/) for sea ice coverage during
the study. These data were processed using a Bootstrap algo-
rithm with 25 km? resolution.

Results

Two polynyas (ASP and PIP) and three ice shelves (Dot-
son, Getz, and Pine Island Glacier (PIG)) belong to our study
area (Fig. 1). The study area was divided into three regions
geographically as follows: (1) ASP and surrounding seasonal
ice zone (16 stations), (2) PIP (5 stations), and (3) open sea
(Sta. 38 and 39).

Seasonal dynamics of phytoplankton biomass in the
Amundsen polynyas as retrieved from ocean color remote
sensing

During the cruise, in situ measured surface Chl a concen-
trations ranged from 0.14 mg m™* to 6.20 mg m ™ * with a
maximum concentration observed in the ASP center (Sta. 16;
Table 1). These high chlorophyll concentrations in this
polynya are also supported by satellite-based ocean color
data. Figure 2 shows the 16 yr (1997-2013) composite of
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Fig. 2. Sixteen years (1997-2013) composite map of Chl a concentrations in the Amundsen Sea in austral summer (October-March), based on

remotely sensed ocean color data.
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Fig. 3. Temporal evolution of Chl a concentrations in (a) the Amundsen Sea Polynya, and (b) Pine Island Polynya during the austral summer. The
values were averaged over the period of 16 yr (1997-2013). Boxplots are distributions of interannual variations for each month. The inner circles in
the boxplots represent the median. The boxes delimit the 25" and 75™ percentiles, and outer circles indicate outliers.

satellite Chl a concentrations in the Amundsen Sea in austral
summer. The summer mean (October-March) Chl a concen-
tration in the ASP center was more than 5 mg m™>. In con-
trast, the maximum value of the summer mean Chl a

concentration in the PIP center was ca. 3 mg m™>. The phy-
toplankton bloom starts in December in both polynyas and
peaks in January (Fig. 3). The year-to-year variations are also
substantial in both polynyas, especially in December and
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January for the ASP and in January and March for the PIP.
Moreover, satellite-based ocean color data over a 10 yr peri-
od reveals that peak chlorophyll concentrations in the ASP
are about two times higher than those in the PIP (Figs. 2, 3).
The phytoplankton bloom in both polynyas was declining
during our study (i.e., mid February to mid March 2012).

Spatial distributions of phytoplankton physiological
status in two polynyas

Surface water properties such as temperature, salinity,
MLD, and euphotic depth as well as phytoplankton biomass
and physiological parameters are shown in Fig. 4. The sea
surface temperature and salinity were similar between the
two polynyas (difference <0.3°C and < 0.1 psu, respectively).
Freshening of surface waters by sea ice melt strengthen strati-
fication of the upper water column, which resulted in a shal-
lower MLD in the marginal ice zone as compared with the
central polynya and areas near the ice shelves. The maxi-
mum quantum efficiencies of PSII (Fy/F,,) in the near-surface
phytoplankton were highest in the PIP, moderate around the
marginal ice zone of the ASP, and lowest in the central part
of the ASP. Overall, F,/F,, decreased in regions with highest
chlorophyll concentrations.

To determine the role of light limitation in controlling
the bloom development, we analyzed variations in CRDs in
relation to MLDs. MLDs in the ASP varied from 18 m (Sta.
12) to 57 m (Sta. 71), with a mean of 31.1 m. MLDs in the
PIP ranged from 25 m to 67 m, with a mean of 38.8 m. In
the ASP area, CRDs varied from 18 m to 51 m, with a mean
of 28.4 m. In the PIP, CRDs varied from 27 m to 41 m, with
a mean of 35 m (Table 1). In both ASP and PIP, MLD values
closely approached or even exceeded CRD values, imposing
light limitation on blooms in both regions.

Vertical distributions of F,/F,,, aps;, and Chl a concentra-
tion (averaged over a total of 16 and 5 stations in the ASP
and PIP, respectively) are shown in Fig. 5. Generally, the
Fy/F, increased with depth in the upper 70 m of the water
column, but Chl a concentrations were highest within the
upper 20 m and decreased with depth in both polynyas. The
averaged surface values of F,/F, were low (0.34 =0.06) in
the ASP and relatively high (0.48 =0.03) in the PIP. The
F,/F,, was also very low (ca. 0.24) at open sea stations. On
the other hand, the averaged surface Chl a concentrations
were higher in the ASP (3.05+ 1.77 mg m™®) than in the PIP
(2.25+0.54 mg m 3. The surface Chl a concentration was
lowest at open sea stations (ca. 0.35 mg m °). In general,
the values of gpgyy in the blue spectral region (at 455 nm) did
not vary with depth, and were consistently higher in the PIP
(average of 542 AZ) and open sea stations (567 AZ) than in
the ASP (465 A?).

High-resolution horizontal distributions of F,/F,, which
were reconstructed from underway measurements, are shown
in Fig. 6a. The highest subsurface values of F,/F,, (> 0.40)
were observed in the northeast marginal ice zone and in the

Light availability rather than Fe controls phytoplankton bloom

PIP, in the vicinity of PIG. In contrast, the lowest F,/F,, val-
ues (0.19-0.32) were observed in the ASP. In the central ASP
(with the highest chlorophyll concentration) Fy/F, was as
low as ca. 0.2. F,/F,, was also about 0.25 in front of the Dot-
son and Getz ice shelves. On average, the F,/F,, values were-
> 25% lower in the ASP than in the PIP.

Figure 6b shows horizontal distributions of chlorophyll
fluorescence lifetimes in the ASP and PIP, reconstructed from
continuous underway measurements. These lifetimes were
maximal (~ 2 ns) in the open ocean and minimal (0.7-1.3
ns) in the PIP region. The distributions of lifetimes across
the ASP showed a dramatic (~ 3-fold) variability (from 0.7 ns
to 2.1 ns, Fig. 6¢). The central part of ASP was characterized
by exceptionally long lifetimes (1.1-1.4 ns). The area in front
of the Dotson and Getz ice shelves with lower chlorophyll
concentrations was characterized by relatively fast fluores-
cence lifetimes, which was distinct from the central part of
ASP. Extremely long lifetimes were observed in the low chlo-
rophyll region on the border with the open ocean (Fig. 6).
Overall, there was an inverse relationship between fluores-
cence lifetimes and F,/Fy, (panels C and D in Fig. 6, see also
Fig. 7). Because the fluorescence lifetime is directly propor-
tional to the quantum yield of fluorescence (Lin et al. 2016),
this inverse relationship indicates that reduction in photo-
synthetic efficiency increases dissipation of absorbed energy
via fluorescence emission.

In vitro Fe enrichment experiments

After short term incubations with iron addition, F,/F,
values generally increased as compared to the control treat-
ment (Fig. 8). The biggest (> 10%) increases in F,/F, were
observed at Sta. 17, 71, 19, 24, and 38 in the ASP and in the
open ocean (Fig. 1). Changes in chlorophyll concentrations
were small and not significant. This pattern is consistent
with previous Fe enrichment experiments in the Southern
Ocean and reflects a slow response in biomass at low temper-
atures (Gervais et al. 2002; Coale et al. 2004). In contrast to
ASP, iron enrichment did not change F,/F,, in samples col-
lected in the PIP and the seasonal ice zone surrounding the
ASP.

Discussion

Variability in physiological parameters of phytoplankton
in relation to Fe stress

Our combination of variable fluorescence analysis, fluores-
cence lifetime measurements, and short-term incubation
experiments provided unambiguous evidence on the striking
differences in phytoplankton photophysiological status and
iron stress between the two largest Amundsen Sea polynyas.
These analyses revealed that phytoplankton in the ASP show
signatures of Fe limitation in the late summer, while that in
the PIP remain Fe-replete. Nevertheless, chlorophyll biomass
in the Fe-replete PIP remained 30-50% lower than that in
Fe-limited ASP, suggesting that the paucity of Fe is not the
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main limiting factor that controls the magnitude of the
bloom in the Amundsen Sea. Below, we quantitatively exam-
ine physical, chemical, and biological controls that may con-
tribute to the observed difference between ASP and PIP.

The first biophysical evidence of iron stress comes from
our documented horizontal variability in the quantum yields
of photochemistry in PSII (F,/Fy). The maximum values of
F,/F, observed in iron-enriched waters of the Southern
Ocean are about 0.55 (Gervais et al. 2002; Coale et al. 2004).
Our measured values of Fy/F,, in the PIP (0.48 = 0.03, Fig. 5;
Table 1) were very close to this maximum, clearly suggesting
that phytoplankton were not iron limited in this region. In
contrast, Fy/F,, values in the ASP (0.34 = 0.06) were ca. 40%
lower and similar to those observed previously in other iron-
limited regions of the Southern Ocean (Hopkinson et al.
2007; Peloquin and Smith 2007). These values are compara-
ble with the Fy/F,, values (< 0.35) observed in the central
ASP in the early summer (Alderkamp et al. 2015). Our study
was conducted in the late austral summer when iron limita-
tion was expected to be critical. Nevertheless, our data sug-
gest that phytoplankton physiology was significantly iron-
limited only in the ASP, while phytoplankton remained
iron-replete in the PIP region.

The other environmental factor that could potentially
reduce Fy/Fy,, is photoinhibition (Falkowski et al. 2004).
However, because we measured F,/F,, in low-light acclimated
samples, the effect of photoinhibition was alleviated (Park
et al. 2013).

The functional absorption cross sections of PSII,
opsii(455 nm), in near surface phytoplankton were signifi-
cantly (~ 20%, p <0.05) smaller in the Fe-limited ASP than
in the PIP (on average, 465 A% vs. 542 A2, respectively). This
difference cannot be explained by Fe limitation alone. Fe
limitation usually increases cross-sections of PSII (Vassiliev
et al. 1995). The cross-sections of PSII vary between species

and variations in gps;; may also reflect changes in taxonomic
composition (Suggett et al. 2009) and cell size distribution
(Gorbunov et al. 1999). For example, Antarctic diatoms tend
to have higher cross sections then Phaeocystis antarctica
(Smith et al. 2013). During our study, P. antarctica was slight-
ly more abundant in the ASP, but not significantly different
from that in the PIP to fully explain the observed difference
in cross-sections. Alternatively, the reduced cross-sections of
PSII in the ASP may reflect that phytoplankton in this polyn-
ya were exposed and became acclimated to higher light
regimes than in the PIP region.

The second, biophysical based evidence of iron limitation
of phytoplankton photosynthesis in the ASP comes from our
high spatial resolution measurements of chlorophyll fluores-
cence lifetimes. Fluorescence lifetimes are directly propor-
tional to the quantum yields of fluorescence (Lakowicz 2006)
and are strongly affected by phytoplankton physiological
state. Biophysical models predict that in a dark-adapted
state, there is an inverse relation between the quantum yield
of photochemistry and that of fluorescence (Lin et al. 2016).
Under optimal conditions, when all the reaction centers are
active and open, the fluorescence lifetimes are minimal
(~ 0.5-0.6 ns). When the reaction centers are closed (i.e.,
photochemistry is nil), the lifetimes increase to 1.5-1.8 ns
(Kuzminov and Gorbunov 2016). Nutrient stress also leads
to an increase in fluorescence lifetimes due to an increase
in the fraction of inactive reaction centers and the presence
of uncoupled light-harvesting antennae (Vassiliev et al.
1995; Behrenfeld et al. 2006; Schrader et al. 2011; Lin et al.
2016).

The shortest fluorescence lifetimes (0.7-1.3 ns) were
observed in the PIP (Fig. 6b,d) where F,/F,, values were max-
imal, indicating the absence of iron stress in this region. In
the ASP, the variability of the fluorescence lifetimes was sub-
stantially greater (0.7-2.1 ns) with a significant portion of
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fluorescence lifetimes in the PIP reconstructed based on continuous underway measurements.

lifetimes > 1.2 ns, indicating a large pool of non-functional
reaction centers and possibly detached antenna complexes.
Extremely long lifetimes (> 2 ns) were also observed in the
equatorial Pacific Ocean (Lin et al. 2016), a region exposed
to persistent iron limitation.

In order to estimate the portion of detached antenna
complexes we modeled dependence between F,/F,, and fluo-
rescence lifetimes, when 0-40% of the antenna complexes
are detached (Fig. 7). We assumed an inverse relationship
between F,/F,, and the quantum of fluorescence (Butler
1978; Lin et al. 2016) and used the following fluorescence
lifetimes criteria: 0.5 ns for fully open reaction center, 1.5 ns
for fully closed reaction center, and 4 ns for detached

antenna complexes. The presence of detached antenna com-
plexes would ultimately lead to longer fluorescence lifetimes,
as compared to those predicted by the Butler’'s model, and
these lifetimes may exceed the values observed for fully
closed reaction center (~ 1.5 ns) (Fig. 7). From Fig. 7 it could
be estimated that Fe-limited regions of ASP have less than
25% of the antenna complexes detached. In comparison,
iron limited regions in the open ocean exhibit extremely
long fluorescence lifetimes (> 1.5 ns), indicating a substan-
tial portion (up to 40%) of detached antenna complexes.
Generally, chlorophyll fluorescence lifetimes in our study
increased in the areas with highest chlorophyll concentra-
tions. For instance, in the central part of ASP, where
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chlorophyll concentrations exceeded 5 mg m ™, the lifetimes maximum photosynthetic rates in the ASP. Therefore, pauci-
were > 1.2 ns. This may indicate that at high standing stock ty of iron could limit phytoplankton photophysiology most-
(> 5 mg m? Fe fluxes are not sufficient to maintain ly at the late stage of bloom development in the ASP, but
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that iron limitation is not responsible for the relatively low
productivity in the PIP.

The above-described biophysical signatures of iron limita-
tion in the ASP are further supported by our iron enrichment
experiments in on-deck incubators. If phytoplankton are Fe-
limited, then Fe addition would increase photosynthetic effi-
ciency and, ultimately, growth (Olson et al. 2000; Behrenfeld
et al. 2006). Although F,/F,, may be affected by the taxo-
nomic composition of phytoplankton (Suggett et al. 2009),
there is, in general, a good correlation between the in situ
Fy/F, values and the subsequent response to iron addition
in the Southern Ocean (Hopkinson et al. 2007). Other
reports also showed that the F,/F,, values were inversely cor-
related with the availability of iron in the Southern Ocean
(Olson et al. 2000; Boyd and Abraham 2001). Our short term
iron enrichment incubations (Fig. 8) clearly suggest that the
ASP was iron-limited, but the PIP was not.

Physical controls of phytoplankton growth

Our analysis of the multi-year ocean color data showed
that the dynamics and spatial patterns of phytoplankton
bloom in both polynyas were similar (Fig. 3), but that the
ASP exhibited consistently higher chlorophyll biomass than
the PIP. This trend is further supported by our in situ meas-
urements, including fluorescence-based estimates of chloro-
phyll biomass and standard chemical measurements of
chlorophyll concentrations in the water column. Analysis of
vertical profiles of chlorophyll concentrations revealed that
the water-column integrated biomass in the ASP was ca. 30%
higher than that in the PIP (118 = 74 mg m ™2 vs. 89 + 50 mg
m 2 respectively). Iron limitation (e.g., in ASP) leads to a
marked reduction in chlorophyll content (i.e., chlorosis) in a
plant cell, thus increasing the C/Chl a ratio (Greene et al.
1991; Coale et al. 2004). For instance, the C/Chl a ratio in
Fe-limited areas of the ASP is significantly higher than that
in PIP (Alderkamp et al. 2012b). For this reason, the differ-
ence in carbon biomass between the Fe-limited ASP and the
Fe-replete PIP should be even greater than the difference in
chlorophyll biomass.

The remotely sensed data on sea-ice concentration
showed that both ASP and PIP, in general, were opened from
the southeast in the spring and expanded to the northwest
during the summer. As a consequence, the phytoplankton
bloom peaked in early January in the eastern parts of the
polynyas and in late January in the western parts. Although
the ASP was opened for ca. 10 d longer than the PIP, the
peak timing and spatial patterns of phytoplankton bloom
were similar in both polynyas. Other physical characteristics
such as temperature, salinity, and MLD were also very simi-
lar between these two polynyas (Fig. 4). Persistently lower
biomass of the PIP appears to contradict high Fe availability
and the absence of Fe stress in this area. Such apparent para-
dox would not have been observed if Fe availability were the
main control of phytoplankton blooms in the Amundsen

Light availability rather than Fe controls phytoplankton bloom

Sea. Our data analysis clearly rejects Hypothesis 1 (as put for-
ward in the Introduction).

In the Southern Ocean, concentrations of macronutrients
in the euphotic zone are at the highest levels observable in
the global oceans and rarely become depleted even at the
peak of seasonal blooms (Arrigo et al. 2008). During our
study, the macronutrients were abundant in the upper water
column and not significantly (p > 0.1) different between the
two polynyas. For instance, nitrate + nitrite was 18.4 = 4.9
uM L' and 18.7 +3.0 uM L' in ASP and PIP, respectively;
phosphate was 1.54+0.26 yuM L™' and 1.52+0.12 uM L™*
in ASP and PIP, respectively; silicate was 74.3 + 6.4 yuM L™!
and 60.7 +3.6 uM L™ ' in ASP and PIP, respectively.

Grazing by microzooplankton is an important top-down
control of primary production, which is mostly pronounced
at the late stages of bloom development in the Southern
Ocean. To examine whether the grazing pressure could con-
tribute to the observed difference in phytoplankton biomass
between ASP and PIP, we estimated the grazing rates from
dilution experiments, as described in Landry and Hassett
(1982). These experiments showed no significant difference
(p>0.1) in grazing pressure between these two polynyas. For
instance, microzooplankton grazers consumed 76% *23%
and 80% * 34% of daily gross primary production in the ASP
and PIP, respectively. Therefore, our data clearly suggest that
macronutrients and grazing pressures were similar between
ASP and PIP and, hence, these factors could not explain the
observed difference in bloom magnitude between these two
areas.

Light limitation and low temperature have been recog-
nized as limiting factors of primary productivity in the
Southern Ocean (Holm-Hansen and Mitchell 1991; Mitchell
and Holm-Hansen 1991). Light regimes in polar regions vary
dramatically with season, but in the summer the maximum
daily integrated irradiance levels at the surface are as high as
in the tropics (Campbell and Aarup 1989). However, wind-
driven vertical mixing and cloud cover may markedly reduce
the effective irradiance levels in the water column. Strong
attenuation of incident light by chlorophyll rich waters fur-
ther reduces the effective light levels in the mixed layer
(Schofield et al. 2015). During our study, the mixed layer
was slightly (ca. 25%) shallower and thus more favorable for
bloom development in the ASP than in the PIP (31.1 m vs.
38.8 m, respectively), but the light conditions experienced
by phytoplankton within the upper water column were simi-
lar because of greater light attenuation coefficients in the
ASP.

To quantify the impact of light limitation on the bloom
development, we examined variations in the CRD in relation
to the MLD. This analysis revealed that in both ASP and PIP,
MLD values closely approached or even exceeded CRD val-
ues, indicating a condition that imposes severe light limita-
tion (Sverdrup 1953) on bloom development in both
regions.
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Fig. 9. Comparison of (a) ECMWF wind stress (N m~2), and (b) remotely sensed Photosynthetically Available Radiation (PAR; mol quanta m2d")
between ASP and PIP. Seventeen years (1997-2014; 1 yr missing for PAR) data were used for analysis. All data represent December-January mean.

Further evidence of severe light limitation of primary pro-
ductivity comes from our measurements of photosynthetic
rates in the mixed layer as a function of PAR, in combina-
tion with the vertical profiles of PAR. This biophysical analy-
sis revealed that even wunder clear skies ~ 73% of
phytoplankton in the mixed layer were exposed to PAR lev-
els below the saturating light intensity (Ex ~ 224 yM m~?
s7!, n=17) and thus were light-limited. Under cloudy
skies, > 91% of phytoplankton in the mixed layer were light-
limited. The combined analysis of P-vs.-E measurements, cli-
matological PAR data for the Amundsen Sea, and in situ
light attenuation coefficients showed that, on average, 97—
98% of phytoplankton in the mixed layer were exposed to
light-limiting irradiances. Because of severe light limitation,
the average photosynthetic electron transport rates
(ETR=25=%19 e/s per PSII reaction center) in the mixed

layer were almost an order of magnitude lower than their
potential maximum (ETR™®* =200 = 67 e/s per reaction cen-
ter). For comparison, reduction in the photosynthetic rates
in the ASP due to Fe limitation (based on F,/F,, measure-
ments) was only ~ 40%.

In order to elucidate whether there is a difference in
wind-driven vertical mixing regimes between the two poly-
nyas on longer temporal scales, we further examined the
17-yr satellite-based record of wind velocities and wind stress
curl in the Amundsen Sea. This analysis revealed no signifi-
cant difference in the seasonally averaged wind velocities
between the ASP and PIP (Fig. 9a). The values of wind stress
ranged from 0.014 N m 2 to 0.061 N m™ 2 (with a mean of
0.030+0.011 N m~?) in the ASP and from 0.016 N m 2 to
0.051 N m~2 (0.030+0.009 N m 2) in the PIP. The wind
stress curl was higher in PIP, which may stimulate upwelling
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and bring more Fe to already Fe-rich surface waters in this
region, with no effect on primary productivity. Clearly, the
17-yr record revealed no difference in the wind stress
between the two polynyas that can affect the light regimes
experienced by phytoplankton.

In contrast to the wind stress data, the season-averaged
sea surface irradiance levels were markedly higher in the ASP
than in the PIP (Fig. 9b). The values ranged from 35.5 to
42.9 mole quanta m 2 d~! (with a mean of 39.3 + 2.45 mole
quanta m 2 d™!) in the ASP and from 29.9 to 41.0 mole
quanta m % d~! (34.5+3.18 mole quanta m 2 d') in the
PIP. This difference was clearly observed each year, in corre-
spondence with higher biomass accumulation in the ASP.
Therefore, irradiance data further supports our Hypothesis 2
(as put in the Introduction) that light availability rather
than Fe is the main driver of phytoplankton bloom dynam-
ics in the Amundsen Sea polynyas.

Our study is the first quantitative comparison of two
major bottom-up controls (iron and light) of primary pro-
ductivity in the Amundsen Sea. Our analyses revealed strik-
ing differences in both iron stress and irradiance regimes
experienced by phytoplankton between the two largest
Amundsen Sea polynyas. The inference about variations in
iron stress is supported by four lines of evidence, including
high spatial resolution underway measurements of variable
fluorescence, vertical profiles of variable fluorescence, chloro-
phyll fluorescence lifetime measurements, and short-term
iron enrichment experiments. These biophysical analyses
revealed that phytoplankton physiology was iron-limited in
the ASP, but remained iron-replete in the PIP in late austral
summer. These results corroborate previous observations of
exceptionally high Fe concentrations (> 1.2 nM) in the
upper water column in the PIP (Gerringa et al. 2012) and
low Fe in the ASP (< 0.3 nM) (Gerringa et al. 2012; Sherrell
et al. 2015). In spite of enhanced Fe availability, biomass in
the PIP remained ~ 30-50% lower than that in the Fe-
stressed ASP, suggesting that iron is not the main limiting
factor of the phytoplankton bloom. Long-term satellite-based
climatology records revealed that the ASP is exposed to sig-
nificantly higher solar irradiance levels throughout the sum-
mer season, as compared to the PIP region, suggesting that
light availability is the main control of phytoplankton
bloom dynamics in the Amundsen Sea. These data have an
important implication for predicting the future impact of cli-
mate variations on the primary production in Antarctic bio-
logical hotspots. Our analysis suggests that, in spite of what
was previously thought, higher Fe availability (e.g., due to
higher melting rates of ice sheets) would not necessarily
increase primary productivity in this region. Instead, the
increase in productivity might be achieved by relief from
light limitation. Therefore, understanding how environmen-
tal and climate change may influence the light fields in polar
hot spots is particularly critical.

Light availability rather than Fe controls phytoplankton bloom
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