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Abstract Light and dissolved iron (dFe) availability control net primary production (NPP) in much of
the Southern Ocean, but the primary controller during spring in the western Antarctic Peninsula has
never been assessed. Underwater light and dFe availability are sensitive to climate‐induced changes in
upper ocean circulation, stratiﬁcation, and sea ice cover, which can affect NPP and phytoplankton
community composition, both of which can alter carbon drawdown and food web structure. We
estimated in situ NPP, net community production, and heterotrophic respiration and contextualized our
ﬁeld measurements with satellite‐based historical NPP estimates. Average light exposure mainly
controlled NPP, while low dFe was associated with greatest NPP, indicating that spring phytoplankton
growth is light‐limited and not dFe‐limited. Using experiments that simulated varying mixed layer depths
by exposing phytoplankton to a short period of in situ surface light (up to 150× the mean light in
the mixed layer, comparable to the difference in light experienced by phytoplankton mixed from 50 m to
the surface), we assessed the effect of phytoplankton photoacclimation on NPP and relative success of
individual taxa. At moderate light exposure (<30×), phytoplankton experienced little photodamage or
changes in NPP, and Phaeocystis antarctica grew more than diatoms. Conversely, phytoplankton
exposed to high light (>60×) experienced signiﬁcant photodamage, declines in NPP, and declines in
P. antarctica, with no consistent changes in diatoms. These results support the idea that P. antarctica is
better adapted to variable light than diatoms and suggest that deeper mixed layers with variable light will
favor P. antarctica.
Plain Language Summary Phytoplankton are single‐celled marine photosynthetic organisms
that require sunlight and nutrients to grow, but climate change is rapidly altering their environment.
Marine animals depend either directly or indirectly on phytoplankton for food, so changes in phytoplankton
impact the entire ecosystem. We studied whether lack of light or nutrients limits spring phytoplankton
growth in the ocean near Antarctica. Although by spring there are many hours of sunlight, ice on the surface
of the ocean partially blocks sunlight from reaching phytoplankton. Similarly, phytoplankton have access to
most nutrients they need for growth but often lack iron. Field measurements showed that phytoplankton
growth was limited by light, despite low iron. In experiments, we exposed phytoplankton to short periods of
high light, simulating mixing. One type of phytoplankton (Phaeocystis) grew more when given extra light,
while the other (diatoms) was not affected. Because the two phytoplankton types are eaten by different
organisms and have distinct impacts on carbon cycling, these differences are important for the future of the
ecosystem. If light intensity changes from low to high quickly—for example, if ice melts earlier in spring due
to climate change—the relative proportion of Phaeocystis may increase, altering the food web and
carbon cycling.

1. Introduction

©2019. American Geophysical Union.
All Rights Reserved.
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The western Antarctic Peninsula (WAP) is highly biologically productive, with measured summer daily
primary production rates as high as 1,788 mg C m−2 d−1 (Vernet et al., 2008) and modeled annual primary
production reaching 1.03 Tg C year−1 (Moreau et al., 2015). This production contributes to making the WAP
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a strong seasonal carbon dioxide sink (Carrillo et al., 2004; Legge et al., 2015, 2017; Tortell et al., 2015) and
supports a rich ecosystem. Antarctic krill (Euphausia superba) are abundant in the WAP (Ashjian et al.,
2004; Fraser & Hofmann, 2003; Marrari et al., 2008; Murphy et al., 2013; Saba et al., 2014), while copepods
(Ashjian et al., 2004), salps (Salpa thompsoni; Atkinson et al., 2004; Bernard et al., 2012; Ross et al., 2008),
and pteropods (Limacina helicina; Bernard et al., 2012; Ross et al., 2008) are also present. These zooplankton
support regionally distinct upper trophic levels (Murphy et al., 2013; Sailley et al., 2013) such as Adélie penguins (Ainley, 2002; Fraser & Hofmann, 2003), crabeater and fur seals (Chapman et al., 2004; Costa et al.,
2010; Costa & Crocker, 1996; Siniff et al., 2008), and humpback and minke whales, which in turn support
leopard seals and orcas (Steinberg et al., 2012). As climate change continues to alter the environment, the
abundance and location of these populations are in ﬂux (Atkinson et al., 2004, 2019; Sailley et al., 2013;
Steinberg et al., 2012).
While annual and decadal shifts in coastal Antarctic ecosystems have been documented (Ducklow et al.,
2007; Montes‐Hugo et al., 2009; see review by Smith et al., 2012), connecting the changing physical and
environmental conditions with observed ecosystem changes remains a challenge (Schoﬁeld et al., 2010).
Although the WAP has been studied extensively through the Palmer Long‐Term Ecological Research
(PAL‐LTER) program during the summer (Ducklow et al., 2007), we lack spring data in this region
and hence a thorough understanding of the seasonal transition from winter to summer (Arrigo et al.,
2017). This study seeks to ﬁll this gap by characterizing controls on early season primary production
in the WAP.
Early in the season, light begins to increase from wintertime lows and is likely the limiting resource for phytoplankton growth (Arrigo et al., 2017), as dissolved iron (dFe) concentrations are elevated due to deep winter mixing (Annett et al., 2015). Before deep winter mixed layers (MLs) begin to shoal, phytoplankton can
experience both very high light when mixed to the surface and very low light at the bottom of the ML, which
is ampliﬁed by ﬂuctuating cloud and ice cover. To acclimate to this variable light ﬁeld, phytoplankton must
optimize carbon ﬁxation while minimizing photodamage from periods of excessive light (Alderkamp et al.,
2010; Kropuenske et al., 2009; Moore et al., 2006; Strzepek et al., 2012; Van De Poll et al., 2011). As the summer approaches and temperatures increase, ice melt, solar heating, and reduced winds shoal the ML and
phytoplankton experience high, and sometimes excessive, light (Alderkamp et al., 2011). Concurrently,
coastal meteoric (glacial meltwater and precipitation) and offshore sea ice melt inputs provide a spatially
heterogeneous dFe supply that can continue to fuel some phytoplankton growth (Annett et al., 2015,
2017). Surface ML light is expected to change in the future as upper ocean circulation, stratiﬁcation, and
sea ice cover continue to undergo rapid and dramatic changes (Martinson et al., 2008; Meredith et al.,
2010; Moffat & Meredith, 2018; Schoﬁeld et al., 2018; Stammerjohn et al., 2008). In the long‐term future,
the combination of these physical changes will likely lead to a deepening of the ML as sea ice is lost and
winds increase, resulting in more variable and overall lower light in the ML (Carvalho et al., 2016;
Meredith et al., 2010; Schoﬁeld et al., 2018; Turner et al., 2016; Vernet et al., 2008). Although dFe inputs
are likely to increase with warming, a deeper ML would dilute available dFe (Annett et al., 2017). Overall,
the net change in dFe concentration depends on a number of unconstrained factors, including wind mixing,
mixed layer depth (MLD), sea ice and glacial melt, sedimentary inputs, and biological demand (Annett et al.,
2017; Sherrell et al., 2018). Together, varying light and dFe limitation create spatially and temporally heterogeneous phytoplankton growth.
The light environment and dFe concentrations not only impact primary production but may also control
which taxa dominate natural phytoplankton assemblages. Diatoms and Phaeocystis antarctica are the two
dominant phytoplankton groups in the Southern Ocean. Their relative abundance is determined by a combination of physical, chemical, and biological factors, including light (Alderkamp et al., 2012; Arrigo et al.,
2010; Kropuenske et al., 2009; Mills et al., 2010), dFe availability (Alderkamp et al., 2012), silicate concentration (Dugdale & Wilkerson, 2001), and possibly grazing pressure (W. O. Smith & Lancelot, 2004). In laboratory studies, Alderkamp et al. (2012) and Kropuenske et al. (2009) showed that diatoms are
photosynthetically optimized to high‐light environments that are commonly found in shallow MLs
(Arrigo et al., 1999). Conversely, P. antarctica is photosynthetically optimized to variable light environments
(Alderkamp et al., 2012; Kropuenske et al., 2009), which are created by deeper MLs and cloud and sea ice
cover (Arrigo et al., 1999). The phytoplankton community composition can signiﬁcantly alter regional and
global nutrient cycling (Assmy et al., 2013; Sarmiento et al., 2004), carbon drawdown (Hoppe et al., 2013;
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Moreau et al., 2012), organic carbon and biogenic silica export (Assmy et al., 2013; Salter et al., 2007), grazing
communities and higher trophic levels (Montes‐Hugo et al., 2009; Saba et al., 2014), and benthic‐pelagic coupling (Assmy et al., 2009).
Following the characterization of the early season physical and chemical environment and patterns in phytoplankton abundance and community composition by Arrigo et al. (2017), this study investigates the environmental and biological factors controlling primary production in the WAP. We characterized net primary
productivity (NPP), net community production (NCP), and heterotrophic respiration (HR) along an
extended PAL‐LTER grid during the NBP14‐09 cruise (October–November 2014). These measurements were
combined with FLuorescence After light SHock (FLASH) experiments to better understand how transient
changes in light inﬂuence photoprotection and photodamage, control NPP, and alter phytoplankton community composition in the WAP.

2. Methods
2.1. Study Region
In situ data (discrete samples and experiments) were collected during the second cruise of the Adaptive
Responses of Phaeocystis Populations in Antarctic Ecosystems (Phantastic II) research program on board
the RVIB Nathaniel B. Palmer from 31 October to 21 November 2014 (NBP14‐09). Hydrographic transects
sampled were selected to match those of the PAL‐LTER (lines 200, 300, 400, 600, and 700; Smith et al.,
1995); however, our transects extended 200 km further northwest (seaward; 400 km total;
Figure 1). The in situ data (discrete samples) are described in detail in Arrigo et al. (2017). Satellite data used
in this study are averaged over the cruise region (Figure 1). The two oceanographic fronts in the study region
are the Southern Antarctic Circumpolar Current (ACC) Front (SACCF) and the Southern Boundary of the
ACC (SBACC) and were identiﬁed and described in Arrigo et al., (2017) using deﬁnitions found in Orsi et
al. (1995).
2.2. Satellite Data
Satellite data are from 1997 to 2017 and averaged over a region covering the PAL‐LTER lines 200 to the
southwest and 700 to the northeast, the southeastern most station of line 300, and the line to the northwest
that marks the end of each cruise line (200 km extended from the PAL‐LTER lines; Figure 1). Daily sea
surface temperature (SST) is from the Reynolds Optimally Interpolated SST version 2 product (NOAA;
http://www.ncdc.noaa.gov/oisst). Daily sea ice concentration was derived from the Special Sensor
Microwave Imager (National Snow and Ice Data Center, https://nsidc.org). Surface chlorophyll a (Chl a)
concentrations were determined from the Sea‐viewing Wide Field‐of‐view Sensor (1997–2002) and the
Moderate Resolution Imaging Spectrometer/Aqua (2003–2017) level 3 binned imagery (eight‐day mean;
reprocessing R2018.0) using the OCI algorithm (https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/). Chl a
was not corrected to account for an underestimation at high latitudes (as suggested by Johnson et al.
(2013)) because satellite Chl a and NPP closely matched our in situ measurements and in situ data from
PAL‐LTER (Schoﬁeld et al., 2017, 2018). The daily rate of NPP was calculated from Chl a concentration,
SST, and photosynthetically usable radiation as described in Arrigo et al. (2008).
Sea ice cover was determined by the fraction of area covered by sea ice each day. The sea ice year was deﬁned
for the entire study region to begin at the mean day of year when mean sea ice cover for the region was at a
minimum (25 April), as in Vernet et al. (2008). Deﬁnitions of ice advance, ice retreat, and ice persistence are
from Vernet et al. (2008). Ice advance was deﬁned as the ﬁrst day of year in the ice year when ice cover
remained above either 15% or 50% of the area for ﬁve continuous days. Ice retreat was the ﬁrst day of year
that ice no longer reached 15% (or 50%) of the area for the remainder of the ice year. Ice persistence was
the fraction of time that ice cover was above 15% (or 50%) between the day of ice advance and the day of
ice retreat. Both thresholds were analyzed and gave similar results (Table S1 in the supporting information).
2.3. In Situ Measurements and Calculations
2.3.1. Discrete Water Samples
As described in Arrigo et al. (2017), a Sea‐Bird SBE 911+ conductivity‐temperature‐depth (CTD) rosette
system was used to collect water samples and included a WET Labs ECO‐AFL/FL ﬂuorometer and a
Biospherical/Licor PAR/Irradiance sensor. Onboard calibrations of CTD salinity sensors using a
JOY‐WARREN ET AL.
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Figure 1. Map of study region. Area of (a) shown in small map of Antarctica. (b) Zoomed‐in for clarity. SSM/I satellite ice concentration (15 November 2014) and
monthly MODIS/Aqua Chl a (November 2014). Black circles in (a) and (b) are stations where in situ measurements were taken. White triangles in (b) are FLASH
experiment locations, with experiment number. Blue box in (a) is the satellite region of interest. Purple lines in (a) are the cruise transects. Yellow lines (a) are
the SACCF and SBACC fronts identiﬁed during the cruise. Grey line in (a) and (b) is the 1,000 m contour.

salinometer revealed no signiﬁcant biases or trends so measurements were not corrected. Water samples
were collected using Niskin bottles mounted on the rosette at standard depths of 2, 10, 25, 50, 75, and
100 m, and the ﬂuorescence maximum, if it existed. Chl a, nutrients (nitrate, phosphate, silicate, dFe),
pigments, dissolved inorganic carbon (DIC), simulated in situ (SIS) NPP incubations, and FLASH
experiments all used water collected from the Niskin bottles. FLASH experiments were conducted at 12
stations (Figure 1). Chl a was measured at every station while nutrients, pigments, DIC, and SIS were
measured once daily at “full” stations, spaced about 50 km apart (see Arrigo et al. (2017) for analysis of in
situ samples). Nutrient and pigment data are discussed at the surface (2–10 m) and subsurface (25–50 m).
dFe was analyzed on board with the automated Flow Injection Analysis method (Klunder et al., 2011).
Samples for pigments were ﬁltered under low light, extracted following Van Leeuwe et al. (2006) and quantiﬁed by high‐performance liquid chromatography (HPLC) at the University of Groningen using the method
of Van Heukelem and Thomas (2001). Taxonomic phytoplankton composition was determined using
CHEMTAX (Mackey et al., 1996) with pigment ratios (relative to Chl a) of P. antarctica (chlorophyll c3,
19′‐butanoyloxyfucoxanthin, fucoxanthin, and 19′‐hexanoyloxyfucoxanthin; high‐ and low‐light‐acclimated), diatoms (fucoxanthin), dinoﬂagellates (peridinin), cryptophytes (alloxanthin), and chlorophytes
(chlorophyll b, neoxanthin, and violaxanthin), with knowledge of the light environment and taxa from
FlowCam analysis (Arrigo et al., 2017). CHEMTAX identiﬁes high‐level taxa, while species composition
analyzed visually using FlowCam data (described in section 2.4.3) enables identiﬁcation often to the genus
level. Photosynthetic accessory pigments (PSP; 19′‐butanoyloxyfucoxanthin, 19′‐hexanoyloxyfucoxanthin,
fucoxanthin, peridinin, and prasinoxanthin), photoprotective pigments (PPP; diadinoxanthin (DD), diatoxanthin (DT), violaxanthin, zeaxanthin), and non‐photosynthetic carotenoids (NPC; zeaxanthin, DD, alloxanthin, β‐carotene) were compared by normalizing to Chl a (Arrigo et al., 2017; Higgins et al., 2011; Van
Leeuwe et al., 2014).

JOY‐WARREN ET AL.
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2.3.2. DIC Measurements
Water samples for DIC were collected following Dickson et al. (2007) at six depths (2, 10, 25, 50, 75, 100 m) at
every full station, for a total of 126 DIC samples. Immediately upon collection, saturated mercuric chloride
(0.06% by volume) was added to samples to stop any biological activity and samples were then sealed and
stored at room temperature (Dickson et al., 2007) until analysis. Upon return, samples were analyzed in triplicate or greater (125 mL) on a custom‐built sample acidiﬁcation and delivery system coupled to an infrared
gas analyzer (LI‐COR 7000) in the Stable Isotope Biogeochemistry Lab at Stanford University, following
methods outlined in DeJong et al. (2015). The estimated precision based on 327 CRM (standard) runs was
±3.6 μmol kg−1. Data were quality‐controlled by removing DIC values less than 100 μmol kg−1 (instrument
error) and removing the lowest replicate if the standard deviation of replicates was more than 2 times the
standard deviation of the CRMs (3.4 μmol kg−1). DIC data were salinity‐corrected to account for ice melt, evaporation, and precipitation using CTD sensor salinity from the depth at which each sample was collected
(Sobserved). Samples generally had less than 2% meteoric water (calculated from δ18O measurements, following Meredith et al. (2008, 2013)), so data were salinity‐normalized (sDIC) to 34.7, the average salinity of
UCDW (S34.7; Hauri et al., 2015):
sDIC ¼

DICobserved × S34:7
Sobserved

(1)

2.3.3. NCP Calculation
NCP was calculated from seasonal changes in DIC as the depth‐integrated (surface to the MLD) difference
between the winter value (DICwinter) and the salinity‐normalized measured value. MLD was determined from
the maximum of Brunt‐Väisälä buoyancy frequency (Carvalho, Kohut, Oliver, & Schoﬁeld, 2016). NCP and ice
melt decrease DIC while organic matter remineralization increases DIC (Bates et al., 2005). The inﬂuence of ice
melt on DIC was minimal (sea ice melt made up 0% of samples on average and always less than 2%) and as such
differences between sDIC and DICwinter approximates NCP (NCP ≈ sDIC − DICwinter). Thus, positive NCP
reﬂects a net autotrophic metabolism and negative NCP reﬂects a net heterotrophic metabolism.
As the cruise was not early enough in the season to measure a true DICwinter value, we used the mean sDIC
values below the MLD as an approximation for DICwinter. The mean MLD was 92 ± 38 m, comparable to that
observed previously in the WAP in the austral autumn and winter (100 ± 40 and 85 ± 50 m, respectively
(Serebrennikova & Fanning, 2004)), indicating that a mean sDIC value below the MLD should closely
approximate DICwinter. At three stations, the MLD was deeper than the deepest sample. For each of these
stations, we used the mean sDIC from below the MLD for all stations within the corresponding front region
(standard deviation was <0.4% of the mean in each region). The front regions are deﬁned by stations northwest (seaward) of the SACCF (DICwinter = 2,192 ± 4 μmol kg−1), between the SBACC and the SACCF
(DICwinter = 2,201 ± 5 μmol kg−1), and stations southeast (shoreward) of the SBACC (DICwinter = 2,205 ±
3 μmol kg−1; Figure 1).
This method will give a lower bound on the seasonal NCP, as it is possible that our DICwinter value had
already been biologically modiﬁed. Other limitations of this method include not taking into account air‐
sea gas exchange, water mass entrainment, and vertical diffusion, all of which may inﬂuence DIC and hence
our seasonal NCP (Ostle et al., 2015; Shadwick et al., 2014). To calculate the rate of NCP, we used the number
of days elapsed between the marked beginning of phytoplankton growth (the date at which satellite Chl a
was greater than three standard deviations above the cumulative mean, which was 16 October 2014 for
the region) and the sampling date.
2.3.4. Simulated In Situ NPP Incubations and HR Calculation
A total of 19 on‐deck SIS incubations were performed to estimate depth‐integrated NPP. Photosynthesis
throughout the water column was estimated by incubating natural phytoplankton samples on deck at in situ
water temperatures for 24 hrs (starting at the same time each morning) under the following optical light
levels, achieved by placing Falcon ﬂasks containing unﬁltered seawater in neutral density screening mesh
bags: 85% (no mesh screening), 65%, 25%, 10%, 5%, and 1%. The 250 mL Falcon ﬂasks were ﬁlled with
150 mL of seawater sample (collected closest to the optical depth at which the sample was incubated) and
0.74 MBq radiolabelled bicarbonate (H14CO3) was added. After 24 hrs, 30 mL of sample was ﬁltered in
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triplicate through 25 mm Whatman glass‐ﬁber ﬁlters (nominal pore size 0.7 μm) at very low vacuum pressure (<15 kPa). The ﬁlters were acidiﬁed for a minimum of 12 hrs with 100 μL of 6 N hydrochloric acid to
drive off inorganic carbon. After the addition of 5 mL of scintillation cocktail (Ecolume), sample activity
was measured on a PerkinElmer 2910TR liquid scintillation counter, from which a mean carbon uptake
was derived and normalized to initial Chl a.
Photosynthetically active radiation (PAR) proﬁles from CTD casts divided by surface (mast) PAR and extrapolated to the surface were used to estimate actual depths from optical depths, allowing calculation of integrated daily NPP from the SIS proﬁles.
Heterotrophic respiration was calculated from the difference of NCP and NPP (HR = NCP − NPP).
2.3.5. Mixed Layer PAR Calculation
We calculated mean PAR in the ML at each station to account for light history and surrounding snow and ice
cover, instead of simply using the CTD PAR proﬁle that does not completely capture the impact of surrounding ice cover. Mean PAR in the ML was calculated using downwelling incident irradiance, specular reﬂection, ice concentration, and attenuation by snow, ice, and water. To determine PAR just below the ocean
surface (E0−) we calculated a mean incident PAR (Eincident = 582.52 μmol photons m−2 s−1) from the mast
PAR sensor during the sampling period (30 October–20 November 2014) and reduced this value to account
for specular reﬂection (r) at either the snow/ice (rsnow = 0.05 (Kirk, 2010; Perovich, 2007)) or seawater surface (rwater = 0.356; calculated from ice‐free stations based on the fraction of PAR just below the surface of
the water (0 m, extrapolated from CTD measurements beginning at 1 m) relative to mast PAR at the same
station):
E 0− ¼ Eincident ð1 − r snow Þ e−K d snow

× zsnow



e−K d ice

× zice



× f ice þ Eincident ð1 − r water Þ × f open water

(2)

where z is the thickness (m) of snow or ice, f is the fraction (unitless) surface cover of ice or open water at that
location obtained using Special Sensor Microwave Imager data, and K (m−1) is the diffuse attenuation coefﬁcient for downwelling irradiance, taken here to be Kd snow = 21.4 m−1 and Kd ice = 1.59 m−1 (Lowry et al.,
2018; Perovich, 2007; Perovich et al., 1998). The thickness of snow or ice was either measured at the ice stations (Selz et al., 2018), or where no measurements were available, the mean depths measured during the
cruise were used (zsnow: 0.28 m, zice: 0.81 m).
We then propagated the open water/ice cover weighted value for E0− through the water column to obtain
irradiance values at 1 m depth intervals (Ez):
E z ¼ E 0− × e−K d water

×z

(3)

where
K d water ¼ 0:04 þ 0:05 × Chl a0:681

(4)

(Morel, 1988) and Chl a was measured ﬂuorometrically (because we did not have HPLC samples for every
proﬁle) at discrete depths through the water column (see section 2.3.1).
Finally, we calculated the mean PAR in the ML (ML PAR) by integrating the Ez proﬁle to the MLD and dividing by the depth.
2.4. FLASH Experiments
Phytoplankton responses to a simulated variable light environment were investigated through 12 FLASH
experiments (Table 1). As described in Alderkamp et al. (2010, 2013), we simulated the variable light environment in the Southern Ocean by incubating phytoplankton in on‐deck incubators with 20 min of in situ
surface irradiance exposure (SIE), under three different ultraviolet radiation (UVR) treatments (PAR only,
PAR + UVA, and PAR + UVR), where UVR is UVA + UVB (UVC is not included because it is attenuated
so strongly through the atmosphere that negligible amounts reach the surface of the ocean (Smith et al.,
1992)). The UVR treatments were achieved by using polystyrene Falcon ﬂasks transparent to PAR and
UVA (350–700 nm), a total UVR‐blocking Acrylite OP‐3 box (PAR only: 400–700 nm), and PAR‐ and
UVR‐transparent bags (PAR + UVR: 170–700 nm; Teﬂon PFA P‐00020‐3, Welch Fluorocarbon), which
JOY‐WARREN ET AL.
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Table 1
FLASH Initial and Experimental Conditions and Measurements
Initial physical conditions

Initial biological conditions

Ice
concentration
(%)

MLD
(m)

ML PAR (μmol
−2 −1
photons m s )

Chl a
−3
(mg m )

P. antarctica
3
−3
(μm cm )

Centric diatoms
3
−3
(μm cm )

Pennate diatoms
3
−3
(μm cm )

Unknown diatoms
3
−3
(μm cm )

PSP/
Chl a

2
3
4
5
6
7
8
9

40
58
0
32
60
60
85
86

92
122
131
27
30
19
81
99

19
20
41
78
55
63
12
7

1.95
0.29
0.42
1.59
0.73
0.74
0.38
0.62

‐
5
7.8 × 10
6
2.4 × 10
8
2.6 × 10
7
4.4 × 10
7
4.6 × 10
7
4.0 × 10
7
4.4 × 10

‐
6
8.1 × 10
6
1.7 × 10
7
1.5 × 10
6
7.7 × 10
6
8.4 × 10
6
3.3 × 10
7
2.1 × 10

‐
4
7.3 × 10
6
1.5 × 10
5
5.6 × 10
5
8.1 × 10
6
6.9 × 10
6
1.9 × 10
5
7.2 × 10

‐
1
4.7 × 10
2
5.1 × 10
2
8.5 × 10
2
7.8 × 10
3
1.8 × 10
3
1.9 × 10
2
7.9 × 10

0.76
0.46
0.67
0.78
0.60
‐
0.67
0.58

12
13

49
30

122
98

23
32

0.56
0.63

1.6 × 10
6
5.5 × 10

8

5.9 × 10
6
3.6 × 10

6

1.0 × 10
6
3.7 × 10

5

2.6 × 10
3
1.0 × 10

3

0.64
0.73

14

0

105

43

0.68

3.5 × 10

5

6.1 × 10

6

9.4 × 10

5

7.8 × 10

2

0.77

15

74

108

8

0.38

1.0 × 10

6

5.0 × 10

4

3.1 × 10

4

2.7 × 10

1

0.58

Experiment

FLASH experiments: initial physical and biological conditions, experimental conditions, and measurements taken for each experiment. SSM/I satellite ice con3
−3
centration (%). Chl a at experiment initialization depth. Species composition concentration is given by biovolume concentration (μm cm ). Pigments are normalized to Chl a (unitless) and grouped as photosynthetic accessory pigments (PSP; 19′‐butanoyloxyfucoxanthin, 19′‐hexanoyloxyfucoxanthin, fucoxanthin,
peridinin, and prasinoxanthin), photoprotective pigments (PPP; diadinoxanthin (DD), diatoxanthin (DT), violaxanthin, zeaxanthin), and non‐photosynthetic
carotenoids (NPC; zeaxanthin, DD, alloxanthin, β‐carotene).

were conﬁrmed by measuring transmission on a Perkin‐Elmer Lambda 35 spectrophotometer.
Phytoplankton samples were collected from the CTD at 10 or 25 m in the morning, and in one
experiment just below the ice at 0 m (Table 1). We observed very few microzooplankton in FlowCam
samples and did not see any grazers in experiment bottles. The impacts of SIE on ﬂuorescence,
productivity, and species composition were all measured on triplicate samples (however, not all
components were measured on all experiments due to time constraints). For each component of the
FLASH experiments, one set of triplicates was exposed to SIE while another triplicate set remained at
very low light (≤1 μmol photons m−2 s−1) and ambient seawater temperatures.
2.4.1. Fluorescence Measurements
The sensitivity of phytoplankton to SIE was quantiﬁed following Alderkamp et al. (2010, 2013). In brief,
maximum photochemical efﬁciency of photosystem II (PSII; Fv/Fm, the ratio of variable ﬂuorescence
(Fv = Fm − F0) to maximum ﬂuorescence (Fm); Krause & Weis, 1991; Maxwell & Johnson, 2000) was
measured using a Pulse Amplitude Modulated ﬂuorometer (Water‐PAM, Heinz Walz) without far‐red
illumination over 2 hr following SIE to quantify non‐photochemical quenching of Chl a ﬂuorescence
(qN) as an indicator of photodamage and subsequent photorepair (Alderkamp et al., 2010, 2013;
Kropuenske et al., 2009; Maxwell & Johnson, 2000). Prior to measurements, the Water‐PAM was
blanked with 0.2 μm ﬁltered seawater from the same station. Samples were dark‐acclimated for
5 min before measurement. However, even following a dark acclimation period there may be some
photons remaining downstream in the electron transport chain, and thus, the dark‐acclimated Fv/Fm
may be slightly suppressed relative to a completely unquenched Fv/Fm, making our measurements a
conservative estimate (Maxwell & Johnson, 2000). qN was calculated from the maximum (F′m) and
minimum (F′0) ﬂuorescence following SIE relative to those before SIE (Fm and F0, respectively; Van
Kooten & Snel, 1990):
0

qN ¼ 1 −
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0

Fm − F0
Fm − F0

(5)
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Table 1
(continued)
Initial biological conditions

Experimental conditions

PPP/
Chl a

(DD + DT)/
Chl a

NPC/
Chl a

UVR
treatment

Sampling
depth (m)

2
3
4
5
6
7
8
9

0.08
0.13
0.27
0.15
0.09
‐
0.08
0.10

0.08
0.11
0.26
0.14
0.08
‐
0.08
0.09

0.09
0.17
0.28
0.16
0.11
‐
0.11
0.13

10
10
10
25
10
10
0
10

12
13

0.13
0.16

0.11
0.15

0.16
0.16

14

0.23

0.23

0.25

15

0.13

0.11

0.15

PAR + UVA
PAR + UVA
PAR + UVA
PAR + UVA
PAR + UVA
PAR + UVA
PAR + UVA
PAR only
PAR + UVR
PAR + UVA
PAR only
PAR + UVR
PAR only
PAR + UVR
PAR only
PAR + UVR

Experiment

25
10
10
10

Measurements

Surface irradiance
exposure
−2 −1
(μmol photons m s )

PAR
ratio

SIE

NPP

Species
composition

410
502
478
839
1015
333
1074
877
944
112
757
731
260
363
553
632

21
25
12
11
19
5
92
124
134
5
23
23
6
8
66
75

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓
‐
‐
✓
✓
✓
✓
✓
✓
✓

‐
‐
✓
✓
✓
✓
✓
‐
‐
✓
✓
✓
✓
✓
✓
✓

Note that we chose to calculate qN instead of NPQ because the former is more stable under low and
variable biomass (Alderkamp et al., 2013; Krause & Weis, 1991; Lavaud et al., 2007; Maxwell &
Johnson, 2000). Fv/Fm was measured immediately following SIE to record the initial impact of SIE.
During the 2‐hr recovery from SIE, samples were kept at very low light (≤1 μmol photons m−2 s−1)
and ambient seawater temperatures. Three Fv/Fm measurements made at 40‐min increments during
recovery allowed for resolution of the two relaxation components of qN: photodamage (qI, slow relaxing
quenching or photoinhibitory quenching), which is related to the rate of D1 protein repair in PSII, and
photoprotection (qE, fast relaxing or energy‐dependent quenching), which is related to xanthophyll
cycling (Alderkamp et al., 2010, 2013; Lavaud & Goss, 2014; Maxwell & Johnson, 2000).
2.4.2. Simulated In Situ NPP Measurements
Changes in NPP following SIE were measured similarly to SIS incubations (described in section 2.3.3). Two
sets of samples (samples receiving SIE and controls that remained at ML light levels) were incubated in neutral density screening that blocked out 80% of in situ surface irradiance but maintained UVR treatments to
simulate the middle of the surface ML (in the absence of mixing) for 24 hrs. Changes in NPP following SIE
were quantiﬁed as differences from NPP in control samples, as a percent change (change
in NPP = (NPPSIE − NPPcontrol)/NPPcontrol).
2.4.3. Species Composition
Two more sets of triplicate ﬂasks (one received SIE, one control set) were incubated for three to ﬁve days at
simulated in situ light levels (as described in section 2.4.2). These samples were imaged on a FlowCam (VS
IVc, Fluid Imaging Technologies) under 40X magniﬁcation following preﬁltration with 300 μm Nitex mesh
(detection range: 5–300 μm) and classiﬁed using EcoTaxa (Picheral et al., 2017) in order to quantify shifts in
community composition following SIE relative to control samples. Images were identiﬁed to genus when
possible; however, results are discussed by group (P. antarctica, centric diatoms, pennate diatoms,
and unknown diatoms). The centric diatom group includes images classiﬁed as Asteromphalus,
Chaetoceros, Corethron, Coscinodiscids, Dactyliosolen, Eucampia, Leptocylindrus, Guinardia, Proboscia,
Rhizosolenia, Thalassiosira, and unknown centric diatoms, while the pennate diatom group includes
Amphiprora, Banquisia, Fragilariopsis, Navicula, Nitzschia, Plagiotropidaceae, Pleurosigma, Pseudo‐
nitzschia, Synedropsis, and unknown pennate diatoms. For P. antarctica, images were classiﬁed as either
unicellular, two cells, or greater than two cells. Because colonies can break during processing, we were
not able to determine if individual P. antarctica cells were previously colonial or always single cells. To quantify the number of cells when greater than two, we employed the algorithm described in Selz et al. (2018).
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Abundance was quantiﬁed based on biovolume calculated from each image. P. antarctica biovolume was
quantiﬁed by assuming that each P. antarctica cell was 5 μm in diameter (reviewed in Vogt et al. 2012), from
which spherical volume was estimated for each cell per image. Diatom biovolume was estimated by selecting
the most similar shape (sphere, cuboid, disk, cylinder, or ellipsoid; Jakobsen & Carstensen, 2011; Menden‐
Deuer & Lessard, 2000; Selz et al., 2018). For most taxa, object width and length were used to estimate
biovolume (or diameter for spheres). In cases when taxa were generally curved (for example, Chaetoceros),
geodesic length and thickness were used. Abundance is reported by biovolume concentration (total
biovolume of each group/sample volume; units: μm3 cm−3).
2.5. Statistics
2.5.1. Discrete Variables
The relationship between NPP and discrete variables (location relative to fronts and species composition
clusters) was assessed by comparing the difference in binned means using ANOVA and post hoc Tukey's
honest signiﬁcant difference (HSD) test. Stations binned based on location were selected relative to the
fronts identiﬁed during the cruise and fell into one of three categories: northwest (seaward) of the
SACCF (n = 3), between the two fronts (n = 7), or southeast (shoreward) of the SBACC (n = 9).
Species composition clusters are described further in section 2.5.3. In most cases, the mean ± standard
deviation is shown. The software package R was used for all statistical analyses and for all relationships,
p‐values are given for p < 0.1.
2.5.2. Continuous Variables
2.5.2.1. Satellite Data
Phytoplankton abundance and NPP were linearly regressed against daily values of environmental variables
(SST and sea ice metrics). Data were also binned annually and the minimums, 10th percentiles, means, 90th
percentiles, maximums, and ranges of each data set were regressed against each other. Cross‐correlation
functions were used to identify any potential lagged relationship between annually binned data.
2.5.2.2. In Situ Data
Individual controlling factors of SIS‐derived NPP were assessed by regressing NPP against the following
environmental and biological variables: MLD, temperature, ice cover, ML PAR, nutrients (nitrate, phosphate, silicate, dFe), depth‐integrated Chl a, and phytoplankton community composition. Temperature
was measured with the CTD and averaged over the ML. Nutrient concentrations were determined from surface samples (2–10 m).
2.5.3. Clustering Analysis
Stations were grouped into those with similar species composition (relative abundance from HPLC‐
CHEMTAX, 2–10 m) using Partitioning Around Medoids (PAM) clustering analysis. In the PAM clustering
method, the metric for determining the similarity of each station to the mean of those stations is silhouette
width, where a larger silhouette width indicates more similarity within groups. Thus, the larger the average
silhouette width (asw) of all clusters is, the better the overall clustering is. We tested both PAM and k‐means
clustering analysis and found higher asw with PAM clustering. The highest asw (0.51) corresponded to four
clusters; however, three clusters only had a slightly lower asw (0.48) and joined two clusters that each consisted of only two stations. For the purposes of statistical analysis, we used three clusters: cluster 1 is diatom‐
dominated stations (n = 7), cluster 2 is high‐light‐acclimated P. antarctica‐dominated stations (n = 4), and
cluster 3 is mixed (P. antarctica and diatoms) stations (n = 8).
2.5.4. Multiple Linear Regression
A multiple linear regression model (Table 2) was used to assess the relative importance of environmental
variables in controlling NPP. The Shapiro‐Wilk normality test, complemented with visual inspection of histograms and Quantile‐Quantile plots, was used to identify variables that were not normally distributed (dFe
and ML PAR), which were then log‐transformed for normality. Environmental variables were also assessed
for collinearity. When two variables had a correlation coefﬁcient greater than 0.6 or less than −0.6, only one
of the variables was used. This reduced the variable set to ML PAR, dFe, and nitrate. However, when we
tested both best subsets regression and backward selection beginning with various subsets of variables (subsets selected to reduce collinearity) and compared models using ANOVA, we arrived at the same model. We
used a model with condition number <3 to ensure that our predictor variables were not collinear (Belsley
et al., 1980). The relative importance of each variable in the model was calculated using the ‘relaimpo’ package in R.
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Table 2
Correlations with Chl a, NCP, NPP, and HR
log(depth‐integrated
Chl a)

Physical variables

Nutrients

Biological variables

Location relative to fronts
MLD (m)
Mean ML temperature (°C)
Ice concentration (%)
−2 −1
log(ML PAR) (μmol photons m s )
Nitrate, surface (μM)
Nitrate, subsurface (μM)
Phosphate, surface (μM)
Phosphate, subsurface (μM)
Silicate, surface (μM)
Silicate, subsurface (μM)
log(dFe), surface (nM)
log(dFe), subsurface (nM)
−2
log(depth‐integrated Chl a) (mg m )
Diatoms, surface
Diatoms, subsurface
sqrt(P. antarctica, high light acclimated), surface
log(P. antarctica, high light acclimated), subsurface
P. antarctica, low light acclimated, surface
P. antarctica, low light acclimated, subsurface
Chlorophytes, surface
Chlorophytes, subsurface
log(Cryptophytes), surface
log(Cryptophytes), subsurface
Dinoﬂagellates, surface
Dinoﬂagellates, subsurface

NCP

NPP

HR

R

p‐value

R

p‐value

R

p‐value

R

p‐value

‐
−0.498
0.024
−0.656
0.612
−0.315
−0.478
−0.451
−0.580
−0.638
−0.582
−0.659
−0.511
‐
0.295
0.395
0.543
0.526
−0.805
−0.874
−0.668
−0.612
−0.654
−0.698
0.145
−0.099

0.001
0.030
0.923
0.002
0.005
0.219
0.038
0.069
0.009
0.006
0.014
0.004
0.036
‐
0.220
0.094
0.016
0.021
0.000
0.000
0.002
0.005
0.002
0.001
0.553
0.688

‐
0.706
0.148
−0.106
−0.242
0.402
0.200
0.354
0.100
−0.007
−0.168
−0.130
−0.127
−0.090
0.028
0.066
−0.259
−0.347
0.143
0.111
0.213
0.172
0.008
−0.005
0.417
0.377

0.593
0.001
0.547
0.667
0.318
0.110
0.411
0.164
0.683
0.977
0.519
0.620
0.628
0.715
0.908
0.788
0.285
0.146
0.560
0.651
0.381
0.482
0.976
0.985
0.076
0.112

‐
−0.257
−0.198
−0.358
0.374
−0.432
−0.138
−0.571
−0.247
−0.441
−0.401
−0.571
−0.513
0.674
0.172
0.224
0.365
0.383
−0.517
−0.536
−0.396
−0.384
−0.407
−0.480
0.226
0.040

0.006
0.288
0.417
0.132
0.115
0.083
0.574
0.017
0.309
0.076
0.111
0.017
0.035
0.002
0.481
0.358
0.124
0.106
0.023
0.018
0.093
0.104
0.083
0.038
0.352
0.872

‐
−0.343
−0.218
−0.350
0.407
−0.462
−0.163
−0.587
−0.262
−0.417
−0.367
−0.564
−0.506
0.694
0.171
0.219
0.401
0.429
−0.541
−0.556
−0.426
−0.410
−0.414
−0.486
0.181
−0.004

0.005
0.150
0.370
0.141
0.084
0.062
0.506
0.013
0.279
0.096
0.147
0.018
0.038
0.001
0.484
0.368
0.089
0.067
0.017
0.013
0.069
0.082
0.078
0.035
0.460
0.988

−2

Correlation table showing linear relationships among depth‐integrated Chl a (mg m ; log‐transformed)and production variables (NCP, NPP, and HR;
−2 −1
mg C m d ) and physical variables, nutrients, and biological variables. The variable “location relative to fronts” is categorical; thus, the p‐value shown is for
ANOVA. Some variables were log‐ or square root‐ (sqrt) transformed for normality. The p‐values and R are bolded when p < 0.05.

3. Results
3.1. Temporal Context from Satellite Remote Sensing
Satellite‐derived daily NPP showed that our cruise was conducted before
the peak of the seasonal bloom, and that we sampled the steady and rapid
increase in phytoplankton that occurs each spring (Figure 2). During our
November cruise the mean daily NPP was 133 ± 21 mg C m−2 d−1, which
increased to a maximum of 390 mg C m−2 d−1 in January. Over the course
of the entire 2014–2015 growing season, NPP averaged 132 ± 66 mg C m−2
d−1, lower than the 1997 to 2017 mean (166 ± 111 mg C m−2 d−1;
Figure 2). These low NPP rates in 2014–2015 were not statistically associated with temporal trends in SST or sea ice cover and remain to be
explained (Table S1). Over the 1997–2017 satellite record, neither mean
annual Chl a nor NPP showed a signiﬁcant change over time. However,
the smallest values (minimum and 10th percentile) of mean daily Chl a
and NPP did increase signiﬁcantly over the 20‐year time series. This may
be related to the fact that ice persistence declined and sea ice advanced
earlier during that same time period, providing a longer ice season that
led to more stratiﬁed MLs (Table S1).
−2

−1

Figure 2. Mean daily NPP (mg C m d ) from satellite data over the
growing period (late August to April) from 1997 to 2017 (grey lines). The
1997–2017 mean shown in blue; 2014–2015 (cruise year) shown in green.
NBP14‐09 cruise period shown in shaded purple. PAL‐LTER sampling period shown in shaded yellow.
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3.2. Early Season In Situ NCP, NPP, and Heterotrophic Respiration
3.2.1. NCP
NCP is a measure of the difference between NPP and HR, where positive
values of NCP indicate net growth (autotrophic) and negative values
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Figure 3. In situ (a) NCP, (b) NPP, and (c) HR measured during cruise (mg C m
Bathymetry shown.

d

−1
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). SACCF and SBACC fronts identiﬁed during cruise are shown in yellow.

represent net respiration by the community (heterotrophic). During our cruise, the pelagic ecosystem was
entirely autotrophic (Figure 3a). Over our sampling area, NCP ranged from 9.0 to 138.9 mg C m−2 d−1,
and averaged 67.2 ± 34.9 mg C m−2 d−1. Environmental factors, including location relative to fronts,
mean ML temperature, ice concentration, ML PAR, and surface nutrients (nitrate, phosphate, silicate,
dFe), were largely uncorrelated with NCP, with the exception of MLD: the highest NCP was at stations
with the deepest MLs (Table 2). Similarly, there were no signiﬁcant relationships with NCP and biological
variables, including depth‐integrated Chl a and relative abundance of diatoms, P. antarctica,
chlorophytes, cryptophytes, and dinoﬂagellates (Table 2).
3.2.2. NPP
Daily in situ NPP ranged from 95.1 to 1,242.7 mg C m−2 d−1 and averaged 435.9 ± 302.0 mg C m−2 d−1
(Figure 3b). NPP was signiﬁcantly different in regions divided by the SACCF and SBACC fronts
(Figures 3b, 4a, and Table 2). Stations between these two fronts had higher NPP (699.2 ± 329.1 mg C m−2
d−1) than those either to the northwest (315.6 ± 19.7 mg C m−2 d−1, p = 0.072) or southeast
(271.2 ± 164.9 mg C m−2 d−1, p = 0.0058) of the fronts (Figure 4a), possibly due to ice melt‐induced stratiﬁcation between fronts leading to shallower MLDs, elevated light, and vertical mixing along fronts delivering nutrients to surface waters (Arrigo et al., 2017).
A multiple linear regression showed that 57% of the observed variance in NPP was explained by ML PAR
(log‐transformed for normality), surface dFe (log‐transformed for normality), and surface nitrate
(R2 = 0.57, p = 0.021, n = 15 stations; Table 3), with ML PAR being most important variable (phosphate
was excluded because of its collinearity with nitrate).
Similarly to NPP, depth‐integrated Chl a (log‐transformed for normality) was positively correlated to ML
PAR (log‐transformed for normality) and inversely correlated to nutrients (Table 2). Depth‐integrated Chl
a (log‐transformed for normality) was signiﬁcantly different in regions divided by the SACCF and SBACC
fronts (Table 2) and stations southeast of the SBACC had lower depth‐integrated Chl a (log‐transformed)
than those either between (p = 0.00093) or to the northwest (p = 0.066) of the fronts. Depth‐integrated Chl
a (log‐transformed) was additionally inversely correlated to MLD and sea ice concentration and positively
correlated to NPP. These relationships indicate that phytoplankton drew down more nutrients and biomass
was greater in areas of melting sea ice where the ML had shoaled.
Clustering analysis of phytoplankton assemblages by stations (HPLC‐CHEMTAX, PAM clustering) showed
that high light acclimated P. antarctica dominated stations where NPP was highest (672.0 ± 254.8 mg C m−2
d−1), while mixed (NPP: 265.1 ± 169.3 mg C m−2 d−1) or diatom communities (NPP: 496.2 ± 356.8 mg C m−2
d−1) were present at stations where NPP was lower (Figures 5b and 5c). Only low‐light‐acclimated P. antarctica and cryptophytes (log‐transformed) showed a signiﬁcant linear inverse relationship with NPP (Table 2).
Chl a was higher where high‐light‐acclimated P. antarctica was abundant, while low‐light‐acclimated P. antarctica was negatively correlated with Chl a. Chlorophytes and cryptophytes were also negatively correlated
with depth‐integrated Chl a (log‐transformed; Table 2).
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−2 −1

Figure 4. NPP (mg C m d ) shown as a function of (a) location relative to fronts, (b) MLD (m), (c) average temperature
−2 −1
in the ML (°C), (d) ice concentration (%), (e) log‐transformed ML PAR (μmol photons m s ), (f) nitrate (μM), (g)
phosphate (μM), (h) silicate (μM), and (i) log‐transformed dFe (nM). ANOVA p‐value results shown in top right corner of
each plot. Post hoc Tukey's HSD test shown for binned location, where identical letters show no difference between
boxes and different letters show signiﬁcant differences between boxes (a). Linear regressions shown for signiﬁcant
relationships with R in top right corner (g and i).

Even though high‐light‐acclimated P. antarctica was associated with the highest NPP and positively correlated to depth‐integrated Chl a concentrations (log‐transformed; Table 2), there was no consistent relationship between this group and MLD or ML PAR (log‐transformed). Rather, diatoms were positively
correlated to ML PAR (log‐transformed; surface: R = 0.49, p = 0.032; subsurface: R = 0.57,
p = 0.011), but not MLD, suggesting that high ML PAR supported a higher relative abundance of diatoms. Low‐light‐acclimated P. antarctica (inversely correlated with NPP and log‐transformed depth‐
integrated Chl a; Table 2) was negatively correlated with ML PAR (log‐transformed; surface:
R = −0.60, p = 0.0072; subsurface: R = −0.63, p = 0.0037) and positively correlated with MLD (surface:
R = 0.58, p = 0.010; subsurface: R = 0.56, p = 0.013), indicating that deep MLs and low ML PAR, characteristic of low depth‐integrated Chl a waters, supported a higher relative abundance of low‐light‐
acclimated P. antarctica.
3.2.3. Heterotrophic Respiration
Heterotrophic respiration ranged from 22.3 to 1,103.8 mg C m−2 d−1 and averaged 368.7 ± 298.0 mg C
m−2 d−1 (Figure 3c). Similarly to NPP, HR was signiﬁcantly different in regions divided by the SACCF
and SBACC fronts (Table 2). Stations between these two fronts had higher HR (631.8 ± 308.4 mg C m−2
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Estimate β

p‐value

Relative
importance

971 ± 690
108 ± 46

0.19
0.039

28%

d−1) than those either to the northwest (229.9 ± 9.6 mg C m−2 d−1,
p = 0.052) or southeast (210.4 ± 180.0 mg C m−2 d−1, p = 0.0055) of
the fronts. Phosphate (surface) and dFe were lowest when HR was
highest. Chl a was positively correlated with HR, which was highest
when low‐light‐acclimated P. antarctica and cryptophytes were low
(Table 2).

−38 ± 29
−36 ± 24

0.22
0.16

16%
14%

3.3. FLASH Experiments

Table 3
Multiple Linear Regression Parameters
Parameter
−2

−1

Intercept (mg C m d )
log (ML PAR)
−2 −1
(μmol photons m s )
log (dissolved iron) (nM)
nitrate (μM)

10.1029/2019JC015295

During the shipboard experiments, we quantiﬁed the impact of incident
PAR and UVR (similar to conditions phytoplankton would experience if
mixed to the surface) on phytoplankton NPP, species composition, and
non‐photochemical quenching (qN), which was separated into components attributable to either photoprotection (qE) or photodamage (qI;
referred to as quenching parameters).
3.3.1. Short‐Term Mechanistic Response to SIE
There was high non‐photochemical quenching in all experiments, which was caused by both photoprotection (at lower incident PAR) and photodamage (at higher incident PAR). There was no difference among
UVR treatments (PAR only, PAR + UVA, and PAR + UVR) with respect to non‐photochemical quenching,
photoprotection, and photodamage following SIE (treatment slopes were not signiﬁcantly different), and
therefore, all UVR treatments were analyzed together. All three quenching parameters showed statistically
signiﬁcant relationships with incident PAR during SIE: the amount of non‐photochemical quenching
increased slightly with PAR (Figure 6a; slope = 2.6 × 10−4, R = 0.75, p = 0.00083) because photoprotection
decreased (Figure 6b; slope = −6.2 × 10−4, R = −0.57, p = 0.021) at a slower rate than photodamage
increased (Figure 6c; slope = 8.8 × 10−4, R = 0.73, p = 0.0014).

Multiple linear regression parameter estimates ± standard error and relative importance of predictor variables in explaining variance in NPP.
Model follows the form: NPP = β0 + β1 × log(ML PAR) + β2 × log
(dFe) + β3 × nitrate. ML PAR and dissolved iron were log‐transformed
2
for normality. Model: R = 0.57, p = 0.021, n = 15 stations.

The light conditions from which phytoplankton originated impacted the observed non‐photochemical
quenching after SIE. Samples from stations with low mean ML PAR were likely photoacclimated to low light
and thus signiﬁcantly less photoprotected (Figure 6e; R = −0.52, p = 0.019) and more photodamaged
(Figure 6f; R = 0.58, p = 0.036) than samples from stations with high mean ML PAR. Not surprisingly, ice
concentration where the samples were collected, an important parameter in the calculation of mean ML
PAR, was a good predictor of both photoprotection (R = −0.82, p = 8.6 × 10−5) and photodamage

−2

−1

−2

Figure 5. NPP (mg C m d ) shown as a function of (a) water column‐integrated Chl a (mg m ; log scale) and (b) species composition. (c) The mean relative
abundance of each HPLC‐CHEMTAX determined taxa is plotted. Stations are binned by similar species composition using PAM clustering analysis. P. antarctica
(P. ant) is divided into high‐ and low‐light‐acclimated. p‐value and R shown for signiﬁcant linear relationship (a).
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Figure 6. Phytoplankton were exposed to in situ surface irradiance (20 min) under three UV treatments (PAR only (yellow), PAR + UVA (blue), and PAR + UVR
−2 −1
(red)). Surface irradiance exposure (SIE) was compared to (a–c) incident PAR during SIE just below the surface of the water (μmol photons m s ), (d–f) ML
−2 −1
PAR from where the samples were taken (μmol photons m s ), and (g–i) the ratio between PAR during SIE and ML PAR (unitless). (a, d, and g)
Non‐photochemical quenching (qN) was measured and separated into (b, e, and h) photoprotection and (c, f, and i) photodamage. Signiﬁcant linear relationships
are shown with p‐value and R.

(R = 0.74, p = 0.0010; results not shown). Chl a concentration was the only other ML PAR parameter that
was signiﬁcantly correlated to photoprotection and photodamage: higher Chl a at the experiment initiation
depth led to greater photoprotection (R = 0.55, p = 0.027) and less photodamage (R = −0.45, p = 0.083;
results not shown).
Initial pigment ratios indicate the light acclimation state of the phytoplankton prior to the experimental light
exposure (see Table 4). Higher PSP/Chl a was related to greater photoprotection (R = 0.73, p = 0.00093) and
less photodamage (R = −0.55, p = 0.022). PPP/Chl a showed similar, but not signiﬁcant, relationships.
Waters with shallow MLs generally showed high PSP/Chl a (p > 0.1) and low PPP/Chl a (R = 0.47,
p = 0.088), indicating that cells were maximizing light absorption in response to low spring light availability.
ML PAR (log‐transformed) was positively correlated to PSP/Chl a (R = 0.66, p = 0.0046), indicating that cells
acclimated to higher light had higher PSP/Chl a than those acclimated to lower light, which led to less
photodamage (and hence greater photoprotection), likely because the photons were used for
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−2 −1

Correlation coefﬁcients for relationships between pigments normalized to Chl a (unitless) and MLD (m), log (ML PAR) (μmol photons m s ; transformed for normality), Ek (μmol photons m
−2 −1
s ), quenching parameters (qN, qI, and qE;unitless), change in NPP (%), and relative abundance of taxa (unitless). Signiﬁcant (p < 0.05) relationships are in bold. All species composition was
determined from surface samples. Abbreviations: high‐light (P. ant (HL)) and low‐light (P. ant (LL)) acclimated P. antarctica. qN = non‐photochemical quenching, qI = photodamage,
qE = photoprotection.

−0.84
−0.27
−0.37
−0.15
−0.91
−0.43
−0.53
−0.33
−0.62
0.33
0.23
0.42
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PPP/Chl a
(DD + DT)/Chl a
NPC/Chl a

−0.42
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0.41
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0.66
0.4
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0.036
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0.74
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Pigment Relationships in FLASH Experiments
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photosynthesis instead of causing cellular damage. The photoacclimation parameter (Ek; μmol
photons m−2 s−1) was calculated by dividing the maximum photosynthetic rate (P*max; mg C
mg−1 Chl a hr−1) by the photosynthetic efﬁciency (α*; mg C mg−1 Chl a hr−1 [μmol photons
m−2 s−1]−1). Ek was positively correlated with PPP/Chl a (R = 0.79, p = 0.012), (DD + DT)/
Chl a (R = 0.74, p = 0.024), and NPC/Chl a (R = 0.83, p = 0.0057), indicating that populations
acclimated to higher light levels had higher photoprotective (PPP and DD + DT) and non‐
photosynthetic pigments. The relative abundance of diatoms (surface) was positively correlated with PPP/Chl a (R = 0.67, p = 0.033), (DD + DT)/Chl a (R = 0.70, p = 0.023), while abundances of chlorophytes and cryptophytes were negatively correlated with PSP/Chl a
(R = −0.91, p = 0.00031; R = −0.84, p = 0.0026, respectively), and NPC/Chl a (R = 0.67,
p = 0.034). No other groups were correlated with pigments (Table 4).
The ratio of mean PAR during SIE to mean ML PAR in situ (referred to as the “PAR ratio”)
indicates how many times more light the cells received than that to which they were previously
acclimated. While there was not a signiﬁcant relationship between the PAR ratio and non‐
photochemical quenching (because almost every sample was entirely quenched; Figure 6g),
photoprotection decreased signiﬁcantly (Figure 6h; R = −0.83, p = 6.7 × 10−5) with the PAR
ratio while photodamage increased signiﬁcantly (Figure 6i; R = 0.87, p = 1.5 × 10−5). The
amount of light that causes photodamage is therefore dependent upon a combination of the
light to which the phytoplankton were previously exposed and the photoprotective mechanisms already in place.
3.3.2. Impacts of SIE on NPP
We calculated the percent change in NPP between the sample receiving SIE and the control
that remained at ML light levels, normalized to the control. Despite no signiﬁcant difference
in quenching parameters among UVR treatments (PAR only, PAR + UVA, and
PAR + UVR), we did observe different responses in NPP following SIE (ANOVA: p = 0.017;
Figure 7b). Results were similar when assessing percent change in NPP as a function of the
PAR during SIE, ML PAR, and the PAR ratio, so only the latter metric will be discussed, as
it is the most environmentally relevant. NPP (as a percent change) in the PAR only
(−26.7 ± 11.7%, p = 0.059) and PAR + UVR (−21.7 ± 12.7%, p = 0.097) treatments declined
relative to the control, while the PAR + UVA treatment (+4.8 ± 17.1%, p = 0.46) did not change
signiﬁcantly. The treatment NPP means were different from each other: PAR + UVA was
greater than PAR only (p = 0.030) and PAR + UVR (p = 0.068). Although NPP declined in most
of the light treatments relative to the control (Figure 7a), it did increase in some of the
PAR + UVA treatments when the PAR ratio was below 30.
3.3.3. Taxon‐Speciﬁc Responses to SIE
3.3.3.1. Initial Species Composition
Although the initial phytoplankton concentration (μm3 cm−3) differed by three orders of magnitude among stations (Table 1), most experiments (Exp) were initiated at stations dominated
by P. antarctica. The only exceptions were two mixed P. antarctica and diatom stations (Exps 4
and 13) and two centric diatom‐dominated stations (Exps 3 and 14; Table 1). It is noteworthy
that while Exp 9 was P. antarctica‐dominated, the community was still made up of 31% centric
diatoms (Table 1).
3.3.3.2. Species Composition Response
The species composition response was quantiﬁed as the absolute difference in concentration
between the SIE samples and very low light samples (Figure 8 and Table S3). Even though
NPP declined in some treatments over 24 hrs (Figure 7), over the three‐ to ﬁve‐day duration
of the species composition incubation, there was substantial growth in the SIE samples relative
to the very low light samples in experiments with a PAR ratio up to 30, indicating that the overall community eventually overcame damage incurred during the SIE (Figure 7c).
In the majority of experiments (4, 5, 6, 7, 12, and 13), P. antarctica concentration increased
markedly after SIE (by 1.7 to 6.2 × 107 μm3 cm−3; Figure 8). In these experiments, the PAR
ratio was 5 to 27 (Table 1). For comparison, the very low light samples only received a PAR
ratio of 1 to 6. These experiments were primarily P. antarctica‐dominated (5, 6, 7, 12),
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Figure 7. (a) Change in NPP resulting from SIE. (b) Impact of UV treatment on NPP. ANOVA shown in top right corner (b). Post hoc Tukey HSD tests shown with
letters, where identical letters show no difference between boxes and different letters show signiﬁcant differences between boxes (b).

although two were mixed (4 and 13). When the PAR ratio was greater (62–71; Table 1), P. antarctica
concentration decreased in P. antarctica‐dominated experiments (8 and 15; Figure 8). This indicates that
P. antarctica growth was stimulated at light levels up to ~30 times and inhibited at greater than ~60 times
the light to which the cells were acclimated. For reference, surface light is 30 times greater than light at
the base of a 34 m ML and 60 times greater than at the base of a 41 m ML in water containing modest
amounts of phytoplankton (Kd = 0.1m−1).
The third experiment (14) in which P. antarctica declined was the only centric diatom‐dominated experiment for which we measured species composition change (Figure 8 and Table 1). In this experiment, the
PAR ratio was low (~7) and centric diatoms increased in the PAR‐only treatment. All other changes were
minimal. For comparison, other experiments that also had considerable initial centric diatom concentrations showed the largest observed changes in centric diatoms (increase in centric diatoms in Exps 7 and
13 and a decrease in Exp 4; Figure 8). Pennate diatoms (speciﬁcally Fragilariopsis) changed appreciably in
a single experiment (increased in the PAR + UVR treatment of Exp 15; Figure 8). This experiment had
the lowest initial phytoplankton concentration as well as the lowest ML PAR (8 μmol photons m−2 s−1),
resultingin a high PAR ratio (~71).

4. Discussion
While the WAP has been thoroughly sampled during January and many insights have emerged from the
PAL‐LTER program (e.g., Ducklow et al., 2007), satellite‐based estimates of NPP show that this sampling
period catches high but declining production and largely misses the increase in production during the spring
(Figure 2). Due to a paucity of data, our understanding of the dynamics controlling spring NPP in the WAP
has lagged that of summer. Arrigo et al. (2017) showed that net phytoplankton growth occurs in stratiﬁed
regions with low ice cover, where there is sufﬁcient light in the mixed layer, indicating that in the spring
light appears to be the most important factor controlling phytoplankton growth. Similarly, in the
Amundsen Sea's Pine Island Polynya, Park et al. (2017) found that light rather than dFe controls the magnitude of summer phytoplankton blooms. In both of these cases, dFe was sufﬁcient so as to not limit phytoplankton growth: in the springtime WAP, this was because dFe resupplied during the winter had not yet
been fully consumed (this study; Arrigo et al., 2017); in the summertime Pine Island Polynya, continual glacial melt provided sufﬁcient dFe input so as to not limit growth (Park et al., 2017). Our results add further
support to the conclusion that light is the dominant controlling factor for phytoplankton growth in the
WAP in the spring, although there are regions where dFe limits growth in both the spring and summer
(see, for example, the Amundsen Sea Polynya in Alderkamp et al. (2015) and Park et al. (2017)).
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Figure 8. Species composition change in FLASH, grouped into unknown diatoms (grey), centric diatoms (yellow), pennate diatoms (teal), and P. antarctica (purple). Absolute difference in biovolume concentration between SIE samples (PAR only, PAR + UVA, or PAR + UVR; indicated on x‐axis) and very low light
samples plotted. PAR ratio shown in top corner of plot (PAR + UVA and PAR only in left corner; PAR + UVR in right corner). Experiments organized by location
relative to fronts (shown in horizontal grey dashed lines between rows of plots): (a and b) north of the SACCF, (c–f) between fronts, and (g–i) south of the SCAAF.

4.1. Light Controls NPP
Daily rates of NPP in the WAP were light‐limited in November. Shallow MLD and low ice concentration
both led to high ML PAR, which was the most signiﬁcant factor controlling NPP, accounting for 28% of
the variance over our study site (Table 3). Light limitation has long been considered a controlling factor of
Southern Ocean NPP owing to dark winter periods, seasonal sea ice cover, deep MLs, and high cloud cover
(Mitchell et al., 1991), but there can be regional differences (Montes‐Hugo et al., 2009; Vernet et al., 2008) in
the interplay between light and dFe limitation (Alderkamp et al., 2015; Garibotti et al., 2003; Smith
et al., 2008).
We found no evidence that dFe concentration limited NPP in early spring (this study; Arrigo et al., 2017).
Although many stations had dFe concentrations that hovered around the growth‐limiting level of 0.1 nM
(Sedwick et al., 2011), we observed no evidence of dFe stress in phytoplankton (Arrigo et al., 2017). Early‐
season iron sources in the WAP include sedimentary input from both deep wintertime mixing throughout
the water column (Annett et al., 2015) and horizontal transport from coastlines (Sherrell et al., 2018), upwelling of Circumpolar Deep Water onto the WAP shelf (Dinniman et al., 2011; Measures et al., 2013), sea ice
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melt (Annett et al., 2017; Wang et al., 2014), glacial melt (Annett et al., 2015, 2017), and precipitation (Annett
et al., 2017). As the season progresses, sea ice melt and warming stratify the water column (Smith et al.,
2008), lifting light limitation but making it more difﬁcult to mix dFe into surface waters. Despite the negative
correlation between heterotrophic respiration and dFe, remineralization of organic matter may provide a
small source of regenerated iron throughout the growing season (Boyd et al., 2005). Depending on the wintertime dFe concentration, NPP may become dFe‐limited as the season progresses (Annett et al., 2015; Park
et al., 2017). The inverse correlation we observed between dFe concentrations and NPP (Figure 4i) indicates
that during spring, phytoplankton were growing on the available dFe, resulting in low dFe concentrations in
areas with high NPP. As described above, Park et al. (2017) also found that light, instead of dFe, controlled
summer phytoplankton biomass in the Pine Island Polynya (Amundsen Sea), consistent with our ﬁndings in
the WAP. Nearby in Ryder Bay, Annett et al. (2015) reported sufﬁcient dFe concentrations for complete
macronutrient drawdown, indicating that dFe concentration would not limit phytoplankton growth
throughout the growing season. Ryder Bay is coastal and has greater dFe inputs than the WAP region
(Annett et al., 2015, 2017; Boyd et al., 2012), particularly off the shelf. Hence, our ﬁndings provide additional
evidence that light predominantly controls NPP in the WAP, especially during the spring (Taylor et al.,
2013), and that dFe concentration only limits NPP later in the season (Annett et al., 2017; Garibotti et al.,
2003; Prézelin et al., 2004).
The highest rates of NPP were observed when ML PAR was high and dFe concentration was low (due to biological uptake), indicating that spring phytoplankton growth is a balance between increasing light levels and
dFe availability. In the WAP, dFe concentrations are generally higher on the continental shelf near the coast
(Arrigo et al., 2017). As ice retreats from the open ocean toward the shelf (Figure 1), light reaches areas with
sufﬁcient dFe, enabling phytoplankton growth. The interplay between these two factors led to the highest
rates of NPP just off of shelf break, between the SBACC and SACCF (Figure 3b and 4a). Smith et al.
(2008) similarly observed elevated Chl a in the SACCF region during the spring, which they hypothesized
may have been due to meltwater‐induced water column stability and elevated micronutrients from regional
deep winter mixing. In other regions of the Southern Ocean, NPP is also high where sufﬁcient light and dFe
availability coincide (Huang et al., 2012; Sedwick et al., 2011; Taylor et al., 2013).
4.2. Some SIE Stimulates Phytoplankton Growth
Phytoplankton growth was stimulated by short‐term exposure to PAR ratios up to 30, indicating that phytoplankton can manage substantial transient high‐light exposure. In the Arctic, Lewis et al. (2018) observed a
PAR ratio (ratio of surface PAR to mean ML PAR) of 3. In order to extend our comparison, we can use the
photoacclimation parameter (Ek) as an indicator of the average light in the mixed layer to which phytoplankton are acclimated, and we ﬁnd a range of 4 to 11 (Ek/surface PAR) in the Arctic (Lewis et al., 2018) and North
Atlantic (Moore et al., 2006). In our study, communities from low ML PAR became more photodamaged than
those from higher ML PAR. Other Southern Ocean ﬁeld studies have shown that phytoplankton from high‐
light habitats have more photoprotective mechanisms in place than those from lower light (Alderkamp et al.,
2013; Mendes et al., 2012). In our study, there was no indication that samples from high ML PAR had more
photoprotective pigments than those from low ML PAR, although we did see that both higher PPP/Chl a (not
signiﬁcant) and higher PSP/Chl a (signiﬁcant) were associated with both more photoprotection and less
photodamage. However, there are other mechanisms beyond those that we investigated that could provide
photoprotection. In addition to photoadaptation and DNA and protein repair mechanisms (Karentz et al.,
1991), photoprotective mechanisms can include the xanthophyll cycle (Demmig‐Adams, 1990; Olaizola et
al., 1994; Olaizola & Yamamoto, 1994; Van De Poll & Buma, 2009) and mycosporine‐like amino acids
(MAAs), which can act as a “sunscreen” for phytoplankton cells (Klisch et al., 2002; Riegger & Robinson,
1997; Sinha et al., 1998; Sinha & Häder, 2008). MAA induction can take 10 to 24 hrs (Riegger & Robinson,
1997), so cells that were photoprotected during our 2hr experiments likely already had greater amounts of
MAAs from previous high‐light exposure than those that were unable to photoprotect. Thus, while we do
not know what induced higher PPP/Chl a and PSP/Chl a in some samples, these higher ratios were related
to greater photoprotection and suggest a longer history of high‐light exposure.
Although UVR (UVA + UVB) is strongly attenuated within the water column, it can still negatively impact
phytoplankton physiology (Davidson & Belbin, 2002; Häder et al., 1998, 2007; Helbling et al., 1992, 1994;
Karentz & Spero, 1995; Neale et al., 1998; Neale et al., 1998; Sinha & Häder, 2008; Smith et al., 1980;
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Smith et al., 1992). Our samples incubated under PAR + UVA showed no decline in NPP, likely because blue
to UV wavelengths induce MAA production after 10 to 24 hr (Riegger & Robinson, 1997) and MAA absorption was apparent from the phytoplankton absorption spectra (not shown), offsetting the potential damage
incurred from elevated PAR. The wavelengths of maximal induction of MAAs differ in P. antarctica (305–
340 nm) and diatoms (370–460 nm; Riegger & Robinson, 1997). The PAR + UVA treatment likely induced
further MAA production and had the highest photoprotection and lowest photodamage, leading to no
change in NPP after SIE. The PAR only treatment resulted in a decline in NPP, although we may not have
seen the same results had our experiments been diatom‐dominated (Hernando et al., 2006) because blue
wavelengths can induce MAA production in diatoms (Riegger & Robinson, 1997). The PAR + UVR treatment also resulted in a decline in NPP, likely because photodamage in this treatment swamped any photoprotective mechanisms induced by blue to UVA wavelengths. Thus, it appears that the damage caused by
UVA is offset by the repair mechanisms that are stimulated by UVA exposure, whereas damage caused by
adding UVB exceeds the capacity of the repair mechanisms.
4.3. P. antarctica Dominates the WAP in Spring
During our spring cruise, the phytoplankton community in the WAP was largely dominated by P. antarctica
(Arrigo et al., 2017; Selz et al., 2018), as has been previously observed (Annett et al., 2010), but is distinct from
the typically reported diatom dominance during summer (Rozema et al., 2017; Trimborn et al., 2015).
However, Prézelin et al. (2004) suggest that WAP species composition may be climatically forced rather than
locally forced; hence, it is possible that our observation of P. antarctica dominance in the spring is not the
norm. We observed that deeper MLs and lower ML PAR supported higher relative abundance of low‐
light‐acclimated P. antarctica, while higher ML PAR supported higher relative abundance of diatoms. In
northern Marguerite Bay, Rozema et al. (2017) found that a higher relative abundance of P. antarctica (up
to 40% of the community) was associated with lower overall biomass and less stratiﬁcation. Our observations
for low‐light‐acclimated P. antarctica are in line with their results, but distinct from our observation that
high‐light‐acclimated P. antarctica was dominant at stations where NPP was the highest (Figures 5b and
5c). This indicates that in the spring, high‐light‐acclimated P. antarctica is the fastest growing taxa and
may be best suited for a variable light, high‐nutrient environment. Additionally, there may be important
physiological differences between these two P. antarctica light acclimation groups that require
further investigation.
In the FLASH experiments, transient high light stimulated the growth of P. antarctica far more than diatoms,
indicating that P. antarctica is more effectively poised to capitalize on short periods of high light. UVR exposure did not reduce P. antarctica growth in our experiments, in contrast to what Karentz and Spero (1995)
reported, but similar to the ﬁnding of Hannach and Sigleo (1998) that prymnesiophytes (a subgroup within
the haptophytes that includes P. antarctica) have the highest resistance to UVB, potentially explaining the
advantage P. antarctica appeared to have over diatoms in our UVR exposure experiments where UVA likely
stimulated MAA production, while UVB caused photodamage. Our in situ observations and experiments
support the classic understanding that P. antarctica dominates WAP waters in the spring because deeper
MLs create a low but variable light environment, to which P. antarctica is better adapted than diatoms
(Alderkamp et al., 2012; Kropuenske et al., 2009; Mills et al., 2010; Rozema et al., 2017). However, our study
is the ﬁrst to quantify the factor difference in light (transient exposure up to 30 times greater PAR than the
mean of the ML) that stimulates rather than hinders P. antarctica growth. Furthermore, we show that in
all of our experimental conditions, diatoms did not grow substantially. In a spring Phaeocystis sp.‐dominated
Bellingshausen Sea study, Karentz and Spero (1995) found that Phaeocystis sp. responded rapidly to changes
in UVB and did not impact diatom abundance. Our ﬁndings, in addition to Karentz and Spero (1995), demonstrate that taxon‐speciﬁc responses to UVR may vary regionally.
4.4. Future Implications
Combined sea ice cover and MLD largely control mean ML PAR, which is the dominant controlling factor
for spring NPP in the WAP (Vernet et al., 2008; this paper). Further, high ice cover years lead to stable, stratiﬁed water columns, while low ice years enable enhanced wind mixing that creates deep MLs (Carvalho et
al., 2016; Schoﬁeld et al., 2018; Smith et al., 2008; Venables et al., 2013; Vernet et al., 2008). Consequently,
future changes in sea ice cover will have large implications for NPP in the WAP. Although Schoﬁeld et al.
(2018) observed large interannual variability in sea ice cover across the WAP, they showed a signiﬁcant
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decline in the number of sea ice days from 1979 to 2008 followed by an increase in sea ice days from 2008 to
2016, recovering to mid‐1980s concentrations. Turner et al. (2016) similarly showed a larger sea ice decrease
across the WAP from 1979 to 1997 than from 1999 to 2014. Hence, if we continue to see the recent trend in
increasing sea ice, the near‐term future may bring meltwater shoaled MLs with higher mean ML light and
higher NPP (due to less light limitation in a more stratiﬁed water column). Historically, the WAP has experienced large temperature changes due to anthropogenic climate change and natural variability in atmospheric circulation, warming in the latter half of the twentieth century and cooling since the late 1990s
(Clarke et al., 2009; King, 1994; Meredith & King, 2005; Smith et al., 1996; Turner et al., 2016; Vaughan et
al., 2003; Whitehouse et al., 2008). If the WAP warms in decades to come, the long‐term decline in sea ice
will likely continue, leading to deeper MLs, lower and more variable ML light, and lower NPP.
The timing and rate of the arrival of light to the surface ocean may vary dramatically in larger geographic
contexts (around Antarctica) or on longer time scales (1,000–10,000 years), depending on ice breakout relative to day length. Early breakout may still not afford enough light for growth due to short day lengths in
early spring, resulting in a slow increase in light with day length. Late breakout when there is already
24 hrs of light, which has been observed over the geologic record and in other regions around Antarctica
(Domack et al., 2003; Leventer et al., 1993; Leventer & Dunbar, 1996), would create a rapid increase in light
in the surface ocean. The varied timing and rate of light reaching the surface ocean may select for taxa that
are best adapted to handle these types of light changes.
In addition to lower NPP, if the future WAP has deeper MLs, we may expect to see P. antarctica dominating
the community longer into the growing season, instead of just during spring, until iron depletion favors diatoms with a lower iron requirement over P. antarctica, which has a higher iron requirement (Strzepek et al.,
2011). A transition from mixed P. antarctica and diatom dominance (Annett et al., 2010; Buma et al., 2001;
Garibotti et al., 2005; Kozlowski et al., 2011; Schoﬁeld et al., 2017) to mainly P. antarctica dominance may
lead to more carbon drawdown per mole of phosphate (Arrigo et al., 1999), although with overall lower
NPP as described above, the total biological carbon drawdown may be reduced. In addition, the WAP ecosystem may see a transition away from diatom‐dependent krill (Flores et al., 2012; Moline et al., 2004) that
support penguins, seals, and whales, toward a salp‐dominated or microbial food web (Bernard et al., 2012;
Saba et al., 2014; Sailley et al., 2013; Schoﬁeld et al., 2017).
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5. Conclusion
We showed that light is the most important environmental factor controlling spring NPP in the WAP. Our in
situ measurements and experiments both show that P. antarctica can manage a variable light environment
and is widely dominant in WAP waters in the spring. Our experiments simulated a transient passage from
the bottom of the ML to the surface. In the P. antarctica‐dominated spring waters, P. antarctica growth
was stimulated with up to 30 times higher light than that to which it was previously acclimated, while diatoms did not grow substantially. Induction of MAAs (photoprotective pigments) is stimulated by UVA wavelengths in P. antarctica as a photoprotective mechanism (Riegger & Robinson, 1997). Our experiments were
conducted on P. antarctica‐dominated natural phytoplankton assemblages. Accordingly, we found that NPP
declined with transient light exposure in both the PAR only (likely no MAA induction) and PAR + UVR
(photodamage outweighed photoprotection) treatments, while NPP remained the same in the PAR + UVA
treatment (greatest photoprotection and least photodamage of all treatments, likely due to MAA induction
and no damaging UVB). This corroborates laboratory ﬁndings that P. antarctica can do well in variable light
environments. Given these results, if the future WAP has a deeper ML with lower and more variable light, we
may expect to see P. antarctica dominate over diatoms, greater biological carbon drawdown per mole of phosphate (Arrigo et al., 1999), although possibly less overall carbon drawdown, and a transition from the diatom‐
supported upper trophic levels (krill, penguins, seals, and whales) to those supported by P. antarctica (salps).
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