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RESEARCH ARTICLE

Similarity in phytoplankton photophysiology among
under-ice, marginal ice, and open water
environments of Baffin Bay (Arctic Ocean)

Hannah Joy-Warren1,2,3,4,*, Kate M. Lewis1, Mathieu Ardyna1,5,6, Jean-Éric Tremblay5,
Marcel Babin5, and Kevin R. Arrigo1

As sea ice is declining rapidly in the Arctic, phytoplankton are being exposed to very different light regimes.
Here we investigated how phytoplankton photoacclimate in three different irradiance regimes: under the ice,
in the marginal ice zone, and in open water. We sampled from these three regimes in spring–summer 2016
during the Green Edge cruise in Baffin Bay. We also conducted experiments to investigate the impact of short-
term surface light exposure on phytoplankton photophysiology, focusing on processes related to
photoprotection and photodamage. These experiments were designed to simulate phytoplankton mixing to
the surface or sea ice rapidly disappearing. Despite differences in hydrography, nutrient concentrations, light
conditions, and phytoplankton biomass in each regime, the phytoplankton community was similar in terms of
photophysiological state. Photoprotective pigments (including the xanthophyll cycle) were high in all three
regimes sampled. As with the in situ measurements, ice conditions and light history had little impact on how
phytoplankton responded to the light shock, leading us to conclude that phytoplankton are largely prepared
for a high light transition, even when originating from low light environments under sea ice.

Keywords: Phytoplankton photophysiology, Arctic Ocean, Marginal ice zone, Photoprotection, Photodamage

1. Introduction
Climate change is drastically altering Arctic ecosystems
(Wassmann et al., 2011; Arctic Monitoring and Assess-
ment Programme, 2017; Intergovernmental Panel on Cli-
mate Change, 2019). Sea ice is declining dramatically,
both in extent and thickness (Comiso et al., 2008; Kwok,
2018; Stroeve and Notz, 2018), and the Arctic is predicted
to be ice-free by the middle of this century (Stroeve et al.,
2007; Wang and Overland, 2009). These changes in sea
ice have important implications for Arctic ecosystems.
Two important changes—the transition from multi-year

ice to first-year ice (Kwok and Rothrock, 2009; Maslanik
et al., 2011), as well as earlier sea ice melt and delayed
freeze-up (Arrigo and van Dijken, 2011)—are increasing
the light transmission to the underwater environment
(Katlein et al., 2015; Katlein et al., 2019).

The reduction in sea ice may increase both the time
period and the regions that are favorable for phytoplank-
ton growth. Kahru et al. (2011) demonstrated that the
spring phytoplankton bloom is occurring earlier in the
season. Meanwhile, Ardyna et al. (2014) showed that
delayed ice freeze-up, which allows for more wind-driven
mixing and nutrient delivery (Mioduszewski et al., 2018),
can increase the frequency of a second phytoplankton
bloom, this one coming in the fall. Consistent with these
findings, satellite data show that until around 2010, net
primary production (NPP) in the Arctic Ocean increased
due to greater open water area and a longer phytoplank-
ton growing season (Arrigo et al., 2008; Pabi et al., 2008;
Arrigo and van Dijken, 2011). Since then, however, sea ice
has not shown the same degree of decline, and increases
in NPP are due primarily to increased phytoplankton bio-
mass, perhaps due to greater nutrient availability (Lewis
et al., 2020). Spring blooms contribute substantially to
annual Arctic primary production (Perrette et al., 2011),
fuel upper trophic levels, and export carbon (Wassmann
et al., 2004; Forest et al., 2011; Le Moigne et al., 2015).
Overall, environmental changes in the Arctic Ocean have
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important impacts on primary production, with rippling
effects through higher trophic levels.

Along with the environmental changes, phytoplankton
bloom phenology and location have changed in recent
years (Ardyna and Arrigo, 2020). Historically, phytoplank-
ton were largely thought to bloom in the marginal ice
zone (MIZ; Ardyna et al., 2020a), where melting sea ice
allows for both increased light transmission into the sur-
face ocean and stratification, concentrating phytoplank-
ton in the well-lit and still nutrient-rich surface waters.
There is now widespread evidence of phytoplankton
blooming under sea ice (Ardyna et al., 2020a). This change
is likely due to thinner sea ice with a more heterogeneous
surface, allowing under-ice environments to receive
enough light to support phytoplankton blooms (Ardyna
et al., 2020a). In the future, phytoplankton blooms could
shift towards greater development under sea ice than in
the MIZ (Ardyna and Arrigo, 2020).

To thrive in an environment with continually changing
light due to sea ice melt and movement, Arctic phytoplank-
ton must balance investment in cellular machinery for light
harvesting and carbon fixation (i.e., photosynthesis) with
protection against excessive light (photoprotection) to
avoid protein damage from light not used for photosynthe-
sis (photodamage). Phytoplankton photoacclimate to their
light environment in part by up-regulating photoprotective
pigments (such as carotenoids and xanthophylls) in high
light or up-regulating photosynthetic pigments (including
chlorophylls) in low light (MacIntyre et al., 2000).

As phytoplankton mix throughout the water column, at
times they are in near-surface waters where they are
exposed to high light (relative to what they experience in
the middle or bottom of the mixed layer) for periods of
time on the order of minutes to hours. The differences
between light that phytoplankton experience during mix-
ing can be enhanced during sea ice retreat and can vary
over two orders of magnitude (Lowry et al., 2018). The goal
of our study was to investigate how phytoplankton respond
to short periods (20 minutes) of greatly elevated light, sim-
ilar to what under-ice phytoplankton would experience
when the sea ice retreats or as phytoplankton are mixed
throughout the water column. Our primary objective was to
determine whether phytoplankton under the ice, in the
MIZ, and in open water respond differently to short periods
of high light exposure, and whether this exposure results in
photophysiological changes. We conducted 21 FLuores-
cence After light SHock (FLASH) experiments in Baffin Bay
to better understand how ephemeral changes in light influ-
ence phytoplankton photophysiology, including photopro-
tection and photodamage. Experiments were conducted on
the Green Edge cruise (spring–summer 2016) that transited
the sea ice edge, such that phytoplankton for experiments
were sampled from under the ice, in the MIZ, and in open
water to capture a progression of irradiance regimes.

2. Methods
2.1. Environmental conditions

2.1.1. Study region

Baffin Bay is ice-covered from December through May and,
as ice melts in spring, the sea ice edge retreats westwards

from Greenland towards Nunavut, Canada. To the north of
our study area, waters in Baffin Bay circulate counter-
clockwise, driven by cold Arctic-derived waters entering
northern Baffin Bay and transiting southwards along the
coast of Nunavut (Platt et al., 1982). Warm and salty
Atlantic-derived waters enter Baffin Bay through Davis
Strait and transit northwards along the coast of Greenland.
Eventually, water flows out of southwestern Baffin Bay
(Melling et al., 2001; Bâcle et al., 2002). Consequently,
Baffin Bay has an east–west gradient in water masses
(Tremblay et al., 2002; Tang et al., 2004) that, along with
sea ice, determines its hydrographic and ecological
dynamics (Tremblay et al., 2006). Baffin Bay has a predict-
able spring phytoplankton bloom (Perrette et al., 2011;
Randelhoff et al., 2019) that is typically dominated by
diatoms, although Phaeocystis pouchetti is often present
as well (Lovejoy et al., 2002; Degerlund and Eilertsen,
2010; Ardyna et al., 2020b).

Hydrographic and phytoplankton parameters were
assessed at 32 “full” stations that included both hydro-
graphic and biological sampling during the Green Edge
cruise on the CCGS Amundsen in Baffin Bay from June 9
to July 10, 2016. FLASH experiments, used to assess
photophysiology, were conducted at 19 full stations at
subsurface depths. At two of the full stations, experi-
ments were conducted at both surface and subsurface
depths to target the subsurface chlorophyll a (chl a)
maximum (SCM), for a total of 21 experiments. Stations
where experiments were initiated were distributed
among the seven longitudinal transects across the ice
edge, spanning an area from 67�N to 71�N and 55�W
to 64�W (Figure 1).

2.1.2. Sea ice cover

At each station, AMSR2 sea ice concentrations on
a 3.125 km grid were used to determine the percent sea
ice cover (Beitsch et al., 2014; Kaleschke and Tian-Kunze,
2016). We compared sea ice concentration on the day of
sampling to the mean ice cover over the previous 3, 5,
and 7 days, as well as the sea ice concentration on those
days. None of these sea ice concentration metrics gave
significantly different results, so we chose to use sea ice
cover on our sampling day as our metric for sea ice cover.
Stations were classified as ice-covered if there were >10
days until the station became ice-free, in the marginal
ice zone (MIZ) if there were �10 days until the station
became ice-free or if the station had been ice-free for
�10 days, and in open water if the station had been ice-
free for >10 days. Snow depth, ice thickness, and free-
board thickness were measured at stations where ice was
present.

2.1.3. Hydrography

At each of the 32 full stations assessed in this study, a Sea-
Bird SBE 911þ conductivity-temperature-depth (CTD)
rosette system was used to collect water samples. Mixed
layer depth (MLD) was determined from the maximum of
Brunt-Väisälä buoyancy frequency (Carvalho et al., 2016),
except at one station (St 318; Table 1) where a transient
mixed layer was evident in the chl a concentration profile
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that the Brunt-Väisälä buoyancy frequency method did not
identify. In this case, we assigned the MLD as the maxi-
mum depth before density crossed a threshold of Dsy ¼
0.1 kg m�3 (Peralta-Ferriz and Woodgate, 2015). Euphotic
depth (Ez) was defined as the depth at which photosyn-
thetically active radiation (PAR, 400–700 nm) was reduced
to 1% of the incident PAR.

2.1.4. Dissolved nutrients

At each station where experiments were conducted, sea-
water samples from Niskin bottles on the CTD rosette
were collected at 10 m intervals from 0 to 100 m, includ-
ing the depth at which experiments were initiated. Sam-
ples were pre-filtered through 25 mm Whatman glass-
fiber filters (GF/F, nominal pore size of 0.7 m) and

Figure 1. Map of study area. Study area shown with (A) in situ chlorophyll a (chl a) concentration and the ratio of
variable fluorescence to maximum fluorescence (Fv/Fm) at the subsurface chl a maximum (SCM) and (B) depth-
integrated chl a measured at each “full” station. Experiment locations are indicated with experiment numbers in
(A); note that experiments were not conducted at every full station. In (A), color of points indicates chl a concentration
(log scale) and size of points indicates Fv/Fm value. In (B), color of points indicates depth-integrated chl a and shape of
points represents the irradiance regime: ice-covered (triangles), MIZ (squares), or open water (diamonds). Shown in the
background of both panels are composite images of MODIS/Aqua satellite chl a concentration, level 3, 4 km
resolution (green colorbar, same scale as in situ chl a concentration) during the cruise period (June 9 to July 10,
2016) and SSMIS satellite sea ice concentration (blue colorbar, where 0% ice concentration is not shown to allow chl
a to be visible where there was no sea ice; https://nsidc.org/data/smmr_ssmi) on June 26, 2016 (mid-cruise). Areas
where there was no sea ice are transparent; for areas where there was satellite data for both sea ice and chl a, panel (A)
shows sea ice concentration and panel (B) shows chl a concentration. (C) Location of the study with cruise transects in
orange. The black box represents the area shown in (A) and (B). Fewer stations are shown in (A) than in (B) because Fv/
Fm was not measured at every station.
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analyzed onboard for dissolved nutrients (NO3
�, PO4

3�,
Si(OH)4) on a BranþLebbe Autoanalyzer 3 using standard
colorimetric methods (Grasshoff et al., 2009). The analyt-
ical detection limits were 0.03 mmol L�1 for NO3

�, 0.05
mmol L�1 for PO4

3�, and 0.1 mmol L�1 for Si(OH)4.
Following Randelhoff et al. (2019), the nitracline depth

was defined as the shallowest depth where NO3
� concen-

tration exceeded 1 mmol L�1. NO3
� concentration was

linearly interpolated between vertical profile measure-
ments spaced 10 m apart. Note that a nitracline depth
of 0 m indicates that NO3

� at that station was >1 mmol
L�1 at all depths.

2.1.5. Irradiance

As described in Randelhoff et al. (2019), Compact Optical
Profiling System (Biospherical Instruments, Inc.) multi-
spectral irradiance profiles were measured to characterize
underwater PAR profiles. Above-surface downwelling irra-
diance was measured synchronously as a reference to cal-
culate the transmittance of PAR through sea ice down to
the sea ice–seawater interface. To account for variable sea
ice concentration, composite profiles were created for
under sea ice and in open water from the closest measure-
ments of transmittance under ice or in open water, respec-
tively. Then, at each station, a percent transmission profile
was calculated by weighting the ice-covered and open
water profiles by the AMSR2-derived sea ice concentra-
tion. Finally, these transmission profiles were converted
to vertical profiles of average daily PAR at each station
by propagating the average daily PAR at the surface
through the water column with the transmission profile
at each station. PAR at the sampling depth at each station
was then determined from this profile. To characterize the
irradiance under sea ice at each station, we used the PAR
at 3 m.

2.2. Phytoplankton abundance and physiology

2.2.1. Biomass

Pigments
Pigment samples were analyzed using high-performance
liquid chromatography (HPLC) on an Agilent Technologies
HPLC 1200 with a C8 guard column before the analytical
column. One liter of sample was filtered on Whatman GF/
F filters and stored in liquid nitrogen until analysis. For
analysis, filters were extracted in 100% methanol for 2
hours, disrupted by sonication, clarified by filtration
(GF/F Whatman, then 0.2 m PTFE), and measured using
HPLC within 24 hours following Ras et al. (2008). For
comparison, pigments were grouped into photosynthetic
pigments (PSP = chl aþ chl bþ chl c1þ chl c2þ chl c3þ
190-butanoyloxyfucoxanthin þ 190-hexanoyloxyfucox-
anthin þ fucoxanthin þ peridinin þ prasinoxanthin) and
photoprotective pigments (PPP = diadinoxanthin (DD) þ
diatoxanthin (DT) þ violaxanthin þ zeaxanthin þ lutein
þ carotenes). Both PSP and PPP were normalized to chl
a concentration (Higgins et al., 2011; Van Leeuwe et al.,
2014). There is some ambiguity as to whether 190-buta-
noyloxyfucoxanthin plays more of a photoprotection or
photosynthetic role in Phaeocystis antarctica (Van Leeuwe
et al., 2014), but because our samples had low values of

this pigment, the inclusion does not significantly alter our
results.

The SCM was defined as the depth of maximum chl
a concentration through the water column (10 depths
from 0 to 100 m). This definition does not necessarily
indicate that the waters above the SCM were devoid of
nutrients or that they had extremely low chl a concentra-
tion. Depth-integrated chl a was calculated from the sur-
face to 100 m, which was the deepest sampling depth,
using trapezoidal integration.

Particulate organic carbon and nitrogen
Biomass was assessed by measuring particulate organic
carbon (POC) and nitrogen (PON). Samples were collected
by filtration under low vacuum pressure (< 5 mm Hg) onto
precombusted (450�C for 4 hours) GF/F filters following
Knap et al. (1996). This method does not remove inorganic
carbon or nitrogen from the filters, so values for POC and
PON may represent overestimates. Samples were dried
(60�C for 24 hours) and stored at room temperature until
post-cruise analysis on a Costech Elemental Analyzer using
acetanilide as a calibration standard.

Phytoplankton community composition
As described in Ardyna et al. (2020b), the relative abun-
dance of phytoplankton groups was determined using
CHEMTAX software (Mackey et al., 1996). The CHEMTAX
matrix was tuned for Arctic communities and a list of
pigments used to identify taxa is available in Ardyna
et al. (2020b). The groups clustered into the following
chemotaxonomic classes: diatoms, dinoflagellates, crypto-
phytes, chryso-pelagophytes, prasinophytes (groups 2 and
3), chlorophytes, Phaeocystis, and haptophytes other than
Phaeocystis. CHEMTAX-estimated community composition
was closely related to Imaging FlowCytobot (IFCB)
biovolume-estimated community composition (see meth-
ods in Massicotte et al., 2020), especially for diatoms,
Phaeocystis (colonial form identified via IFCB), and other
haptophytes. We therefore elected to use CHEMTAX-
estimated community composition because we did not
have IFCB samples for all stations and experiments.

Variable fluorescence
We measured the maximum photochemical efficiency of
photosystem II (PSII; Fv/Fm) on a Pulse Amplitude Modu-
lated fluorometer (Water-PAM, Heinz Walz). Fv/Fm is the
ratio of variable fluorescence (Fv = Fm � F0) to maximum
fluorescence (Fm; Krause and Weis, 1991; Maxwell and
Johnson, 2000). Prior to measurement, the Water-PAM
was blanked with 0.2 m filtered seawater from the same
station. Samples were dark-acclimated for 5 minutes
before measurement to oxidize the photosynthetic reac-
tion centers. However, our measurements represent a con-
servative estimate because there may have been some
photons remaining downstream in the electron transport
chain even following a dark acclimation period; thus, the
dark-acclimated Fv/Fm may still be slightly suppressed rel-
ative to a completely unquenched Fv/Fm (Maxwell and
Johnson, 2000).
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2.2.2. Photosynthesis

Photosynthesis versus irradiance
Using methods described in Lewis and Smith (1983), pho-
tosynthesis versus irradiance (P-E) curves were used to
determine maximum biomass-specific photosynthetic
rates (P�max; mg C mg chl a �1 h�1), light limited rates of
photosynthesis (a*; mg C mg�1 chl a h�1 (mmol photons
m�2 s�1) �1), and the photoacclimation parameter (Ek;
mmol photons m�2 s�1). Briefly, 40 ml of seawater samples
were spiked with 150–300 ml of radiolabelled bicarbonate
(H14CO3

�). Next, 1.5 ml of sample was added to scintilla-
tion vials and incubated for 2 hours at 0�C under a gradi-
ent of 14 light levels, ranging from approximately 0 to
1000 mmol photons m�2 s�1 (cool white LEDs, LUXEON
star by Phillips, 6500 K). The baseline 14C was quantified
by adding 50 ml of buffered formalin and acidifying trip-
licate samples. To quantify the total 14C after spiking the
sample, 20 ml of sample was added to 50 ml of ethanolo-
mine and 5.5 ml of scintillation cocktail (Ecolume). After
incubation, 50 ml of buffered formalin and 250 ml of 6 N
hydrochloric acid was added and allowed to ventilate for
24 hours to drive off unincorporated inorganic carbon.
Following ventilation, 5.5 ml of scintillation cocktail was
added and vials were tightly capped, vortexed to mix, and
run on a Packard liquid scintillation counter.

P�max was calculated as described in Arrigo et al. (2010)
using a modified nonlinear least-squares regression rela-
tionship (Platt et al., 1980):

P� ¼ P�s 1� e
�a�E

P�s

� �
e
�b�E

P�s

� �
ð1Þ

where P* (mg C mg�1 chl a h�1) is the chl a-specific pho-
tosynthetic rate at irradiance E (mmol photons m�2 s�1),
P�s (mg C mg�1 chl a h�1) is the light-saturated photosyn-
thetic rate without photoinhibition, and b� is the photo-
inhibition term (mg C mg�1 chl a h�1 (mmol photons m�2

s�1) �1). P-E parameters were only used when the p-value of
the curve fit was < 0.05. P�max was then calculated as:

P�max ¼ P�s
a�

a� þ b�

� �
b�

a� þ b�

� �b�
a�

: ð2Þ

Finally, Ek was calculated as:

Ek ¼
P�max

a�
: ð3Þ

Light absorption
Particulate absorption (ap) was measured by filtering sam-
ples (volumes varied from 0.2 to 2.7 L) onto a Milli-Q
water-rinsed GF/F filter and measuring absorbance on
a Perkin-Elmer Lambda-19 spectrophotometer in a 15
cm integrating sphere from 200 to 860 nm (1 nm steps),
following methods in Bricaud et al. (2010). Optical densi-
ties were corrected for the pathlength amplification effect
(Stramski et al., 2015) and converted into ap coefficients.
Absorption by non-algal particles (anap) was measured
after extraction of the sample in methanol for at least
12 hours and optical densities were measured again on
the de-pigmented and re-hydrated filter (Kishino et al.,

1985). For both ap and anap measurements, air was used
as a reference beam (Stramski et al., 2015) for both sam-
ples and wet blank filters and stability of the spectropho-
tometer was confirmed before, during, and after each
measurement series.

Absorption by phytoplankton (aph(l) = ap(l) � anap(l),
m�1) normalized to HPLC-determined chl a gives the chl
a-specific absorption coefficient for phytoplankton (a�ph,
m2 mg�1 chl a) at each wavelength of the P-E photo-
synthetron light source (E(l)). The spectrally averaged chl
a-specific absorption coefficient for phytoplankton (�a�, m2

mg�1 chl a) was then calculated as

�a� ¼

X700

400

a�phðlÞ � EðlÞ

X700

400

EðlÞ
: ð4Þ

Quantum yield of photosynthesis
The maximum quantum yield of photosynthesis (Fm, mol
C mol�1 photons absorbed) was calculated as:

Fm ¼ a�

43:2�a�
: ð5Þ

2.2.3. FLASH experiments

We assessed the responses of phytoplankton to a simu-
lated variable light environment using FLASH experi-
ments (see Table 1). We initiated experiments at
stations with ice concentrations ranging from 0 to
100% (Table S1) and with water from the chlorophyll
maximum at each station. Phytoplankton samples were
collected from the CTD in the mornings at the SCM for
most experiments and just below the sea ice at 0 m for
two experiments (Table 1). As described in Alderkamp
et al. (2010; 2013) and Joy-Warren et al. (2019), we incu-
bated phytoplankton in on-deck incubators with 20 min-
utes of in situ surface irradiance exposure (SIE; called the
“light shock”) followed by incubation at simulated in situ
light levels (Figure 2).

Samples were incubated in PAR and ultraviolet radia-
tion (UVR)-transparent Nasco Whirl-Pak bags (270–700
nm; 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 wavelength transmission through the Whirl-
Pak bags was measured on a Perkin-Elmer Lambda 35
spectrophotometer by mounting pieces of the bags on
the filter holder to allow light to pass directly through
the filter.

The impacts of the light shock on phytoplankton fluo-
rescence were measured over 2 hours following the light
shock. Pigments, POC, P�max, a

�, Ek, �a�, and Fm were mea-
sured 3.5 hours following the light shock (incubated at in
situ light levels following 20-minute SIE) and compared to
control samples that did not receive the light shock and
were exclusively incubated at in situ light levels.

We evaluated the impact of initial environmental con-
ditions and biological variables at each station where an
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experiment was initiated on the above parameters, as well
as photoprotection and photodamage. These results are
organized in three parts. First, we describe the impacts
of initial environmental conditions on photoprotection
and photodamage measured following the light shock
(arrow 1 in Figure 2) and on the recovery of photosyn-
thetic efficiency and pigments (quantified as the normal-
ized difference between the light-shocked and control
samples) measured 3.5 hours after the light shock (arrow
2 in Figure 2). Next, we describe the impacts of initial
biological variables on the photoprotection, photodam-
age, photosynthetic efficiency, and pigments (arrows 1
and 2 in Figure 2). Finally, we describe the relationships
among photophysiological parameters (photoprotection,
photodamage, photosynthetic efficiency, and pigments;
arrow 3 in Figure 2).

The sensitivity of phytoplankton to SIE was quantified
as described in Joy-Warren et al. (2019), following Alder-
kamp et al. (2010; 2013). Briefly, F0 and Fm were measured
(see Methods: Variable fluorescence) before and immedi-
ately following the 20-minute SIE to record the initial
impact of the light shock. Both F0 and Fm were measured
another three times at 40-minute intervals during a 2-
hour recovery period at very low light (<1 mmol photons
m�2 s�1) and ambient seawater temperatures. This series

of measurements during recovery allowed quantification
of non-photochemical quenching of chl a fluorescence
(qN) at each time point, calculated as follows:

qN ¼ 1� F
0
m � F

0
0

Fm � F0
ð6Þ

where F
0
m is the maximum and F

0
0 is the minimum fluo-

rescence following SIE relative to the maximum (Fm) and
minimum (F0) fluorescence before SIE (Van Kooten and
Snel, 1990).

Under low and variable biomass, qN represents a more
stable calculation of non-photochemical quenching than
when it is calculated using the Stern-Volmer equation that
gives the ratio of quenched to remaining fluorescence;
thus we chose to calculate the former (Krause and Weis,
1991; Maxwell and Johnson, 2000; Lavaud et al., 2007;
Alderkamp et al., 2013). Calculating qN over time allows
for the quantification of the two relaxation components of
qN: photoprotection (qE, fast-relaxing or energy-
dependent quenching; xanthophyll cycling) and photo-
damage (qI, slow-relaxing quenching or photoinhibitory
quenching; requires protein repair) (Maxwell and Johnson,
2000; Alderkamp et al., 2010; Alderkamp et al., 2013;
Lavaud and Goss, 2014).

Figure 2. Design of FLuorescence After light SHock (FLASH) experiments. The two phases of the experiments
(surface irradiance exposure and recovery at in situ light levels) are depicted with samples in whirlpak bags in
triplicate within an incubator. In the timeline of the experiment, the light shock lasted 20 minutes, the resulting
amount of photoprotection or photodamage was assessed during the first 2 hours of the recovery period using Fv/Fm
measurements, and finally photophysiological parameters were measured 3.5 hours after the light shock. Light levels
during the first 20 minutes were surface light levels (unshaded, light green Whirl-Pak bags) for the light-shock
treatment and simulated in situ light levels (shaded, grey Whirl-Pak bags) for the controls (no light-shock
treatment). All samples during the recovery period received simulated in situ light levels. Initial environmental
conditions and biological variables were measured prior to the start of each experiment. Comparisons made in the
Results section are shown with green arrows, and numbers indicate the order in which results are discussed.
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2.3. Statistical analysis

We present our statistical analysis in three parts. The first
part uses all station data over the cruise to compare in situ
phytoplankton communities among the three irradiance
regimes (ice-covered, MIZ, and open water). The latter two
parts test for possible relationships between either initial
environmental conditions (part two) or biological para-
meters (part three) and photophysiology measured in the
FLASH experiments.

Statistical analysis in Part 1
Over the cruise region, in situ environmental conditions
and biological variables were grouped into three regimes
based on time to/since sea ice retreat (see Methods: Sea
ice cover). Because sea ice cover largely determines the
amount of light that penetrates the surface of the ocean,
each regime had distinct amounts of mean PAR in the
mixed layer (see Results: Sea Ice and Hydrography); we
took this classification to represent different irradiance
regimes.

For each group, we took the mean of all measurements
with sample depth �MLD to assess surface mixed layer
samples only. However, results were consistent when we
instead analyzed data from �10 m, �15 m, �20 m, �30
m, �40 m, and �SCM.We compared each variable among
irradiance regimes using a 2-way analysis of variance
(ANOVA; statistical software R). We analyzed significant
(p < 0.05) ANOVA tests with the Tukey Honest Significant
Difference test (Tukey HSD; statistical software R). Com-
parative words (higher/lower, more/less) are only used
when differences are statistically significant at p < 0.05.
The number of observations for each variable (n) in each
irradiance regime is given in Table 2 and ranged from 24
to 105.

Statistical analysis in Parts 2 and 3
We also analyzed photosynthetic parameters measured in
the FLASH experiments grouped by irradiance regime (as
for Part 1), although no experimental measurements
showed significant differences among irradiance regimes,
likely because of low sample size (21 experiments). We
therefore treated our variables as continuous (as opposed
to binned by ice cover) and analyzed the impacts of initial
environmental conditions and biological parameters on
the photophysiological parameters measured in the
FLASH experiments with linear regressions (lm function;
statistical software R; Figure 2).

The impact of the light shock on photosynthetic effi-
ciency and pigments was assessed as the normalized dif-
ference between the light-shocked sample and control
sample ((light-shocked sample � control)/control).
Because the light shock was exposure to in situ light
levels, there was a range of light-shock intensities. We
present and discuss relationships when p < 0.05; compar-
ative words are only used when a relationship is
significant.

When a relationship is described as an initial condition
positively correlated with the light-shock effect on
a parameter, this correlation indicates that the larger the

initial condition, the more the light shock increased the
parameter relative to the control. The word “more” may
refer to either a positive or a negative overall effect of the
light shock, depending on whether samples fell above or
below zero change from the light shock.

3. Results
3.1. Sea ice and nutrients

At the end of May 2016, our study site was almost entirely
ice-covered, except for the stations furthest to the east
(Figure 1). During the cruise, the ice retreated from east
to west, initially retreating parallel with the coast of
Greenland (until around June 23) and eventually retreat-
ing parallel to the coast of Nunavut. The study region was
almost entirely ice-free by the end of our cruise (July 13).
The cruise track was designed to transit across the MIZ,
allowing us to sample the under-ice environment (40
stations; mean and standard deviation (SD) of 19 ± 5
days until ice retreat), the MIZ (60 stations; mean and
SD of 1 ± 6 days since ice retreat), and the open water
(35 stations; mean and SD of 20 ± 7 days since ice
retreat; Table 2). These three regimes had distinct irra-
diance (PAR at 3 m): ice-covered had low light (66 ± 40
mmol photons m�2 s�1), MIZ had moderate but variable
light (202 ± 96 mmol photons m�2 s�1), and open water
had high light (267 ± 87 mmol photons m�2 s�1). Photo-
physiological results are interpreted within the frame-
work of the distinct irradiance in each of these
regimes. For further description of sea ice during the
Green Edge cruise, see Randelhoff et al. (2019).

Mean concentration of nutrients (NO3
�, PO4

3�,
Si(OH)4) in the mixed layer differed significantly among
irradiance regimes. All three nutrients followed similar
spatial patterns and were highest at ice-covered sta-
tions, partially depleted in the MIZ (NO3

�: mean of
43% consumed relative to deep water >100 m), and low
at open water stations (NO3

�: mean of 54% consumed;
see Table 2).

3.2. In situ phytoplankton communities

The mean POC concentration in the mixed layer was
greater in the MIZ than in ice-covered waters, but neither
region was different from the mean POC in open water
(Figure 3). PON followed the same spatial pattern
(Table 2). The highest mean chl a concentrations were
observed in the MIZ and ice-covered waters, but only
mean chl a concentration in the MIZ was greater than in
open water (Figure 1). Depth-integrated chl a, however,
was greater in open water than under the sea ice. The
depth of the SCM differed by irradiance regime and was
located near the surface in ice-covered waters (6 ± 6 m),
deepening within the MIZ (18 ± 13 m) and reaching 37 ±
10 m in open water. The mean POC/chl a ratio was high in
open water and lower in the MIZ and under sea ice.

Photoprotective pigments normalized to chl a concen-
tration (PPP/ chl a) in the mixed layer were similar among
the three irradiance regimes (mean and SD across cruise in
the mixed layer: 0.19 ± 0.09). Photosynthetic pigment
ratios (PSP/ chl a), on the other hand, were lower in higher
irradiance environments, decreasing from 1.78 ± 0.11
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under the ice to 1.65 ± 0.05 in open water (Table 2).
There were no differences in (DDþDT)/chl a among irra-
diance regimes (Table 2), which ranged from 0.03 to 0.35
and averaged 0.10 ± 0.06. Although PPP/PSP displayed
almost the same patterns as (DDþDT)/ chl a, PPP/PSP in
open water was slightly higher than in ice-covered water.

The absorption coefficient (�a�) was consistent among
all three irradiance regimes, averaging 0.019 ± 0.006 m2

mg�1 chl a and ranging from 0.004 to 0.046 m2 mg�1 chl
a. Mean Fv/Fm in the mixed layer was not different among
irradiance regimes and averaged 0.24 ± 0.12 across the
cruise, ranging from 0.05 to 0.54 (Figure 1).

Figure 3. Biomass and physiology within the mixed layer of each irradiance regime. Box-and-whisker plots
indicate, in horizontal lines from bottom to top, the 25%, 50% (median), and 75% quantiles. Vertical lines indicate
±1.5� the interquartile range (or the maximum/minimum value if within the range). Points outside of this range are
shown. Significant differences between regimes (connected by horizontal gray line) are shown with a star. When ice-
covered and open water regimes are different, the connecting line extends over the marginal ice zone (MIZ) regime,
but does not indicate that the MIZ is part of the comparison. POC: particulate organic carbon; chl a: chlorophyll a;
Fv/Fm: ratio of variable to maximum fluorescence; PPP: photoprotective pigments; PSP: photosynthetic pigments;
P�max: maximum biomass-specific photosynthetic rate; Ek: photoacclimation parameter.

Art. 11(1) page 10 of 22 Joy-Warren et al: Phytoplankton photophysiology in Baffin Bay (Arctic Ocean)



Of the carbon fixation parameters, only Ek differed
among irradiance regimes. Despite high variability, mean
Ek was higher in open water than under sea ice (Table 2).
P�max, a

�, and Fm were highly variable during the cruise
and none exhibited statistically significant differences
among the three irradiance regimes. P�max ranged from
0.39 to 20.29 mg C mg�1 chl a h�1 and averaged 3.27
± 3.96 mg C mg�1 chl a h�1; a� ranged from 0.004 to
0.363 mg C mg�1 chl a h�1 [mmol photons m�2 s�1] �1

and averaged 0.070 ± 0.085 mg C mg�1 chl a h�1 [mmol
photons m�2 s�1] �1; and Fm averaged 0.085 ± 0.105 mol
C mol�1 photons absorbed and ranged from 0.004 to
0.610 mol C mol�1 photons absorbed.

3.3. FLASH experiments

3.3.1. Phytoplankton community composition

Across our experiments, diatoms dominated the phyto-
plankton community (mean ± SD: 48 ± 12%; CHEMTAX
relative pigment abundance), followed by Phaeocystis (20
± 7%) and prasinophytes (group 3; 15 ± 9%). Dinoflagel-
lates, cryptophytes, chryso-pelagophytes, prasinophytes
(group 2), chlorophytes, and haptophytes (other than
Phaeocystis) all made up less than 10% of the community
on average, although at individual stations, one or more of
these groups occasionally contributed up to 20% of the
community (Figure 4).

Twelve experiments were diatom-dominated, with dia-
toms making up between 25 and 49% of the community

in the other nine experiments (Figure 4). At the stations for
which we have IFCB biovolume-estimated community com-
position (Experiments 13, 15, 17, 18, 19, and 20), there was
high variability in the composition of the diatom commu-
nity. Although on average centric (55 ± 44%) and pennate
(44 ± 42%) diatoms each made up approximately half of
the community, at individual stations the range for each was
from �5% to �94%. IFCB images revealed that the diatom
community was made up of the genera Attheya, Chaeto-
ceros, Coscinodiscales, Cylindrotheca, Entomoneis, Eucampia,
Melosira, Nitzschia (N. frigida), Porosira, Synedropsis, and
Thalassiosira, as well as unidentified pennate and centric
diatoms. Thalassiosira (55 ± 38%) made up the bulk of the
diatom community by biovolume, followed by unidentified
pennate (40 ± 39%) and centric (22 ± 30%) diatoms, and
Melosira (12 ± 10%). The remaining groups made up an
average of <10% of the diatom community by biovolume,
except in Experiment 13 (0 m) where Porosiramade up 42%
and in Experiment 15 where Synedropsis made up 15% of
the diatom community. For a description of the diatom
community across the entire cruise, see Lafond et al. (2019).

Some studies have shown that photophysiological
changes are influenced by community composition (Moore
et al., 2006; Suggett et al., 2009). However, initial commu-
nity composition in our experiments was fairly uniform and
our results compare differences in treatments over 3.5
hours, over which time we would not expect significant
changes in community composition. We therefore consider

Figure 4. Initial phytoplankton community composition at depths sampled for experiments. Relative
abundance of phytoplankton, color-coded by group, determined using CHEMTAX software. Where two depths were
tested in the same experiment, depths are given to distinguish.
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our results indicative of treatment effects rather than
effects of differing community composition.

3.3.2. Photophysiology as a function of environmental

conditions

Photoprotection and photodamage
Non-photochemical quenching was negatively correlated
with photoprotection (p = 0.013) and positively correlated
with photodamage (p = 0.002), suggesting that the higher
the non-photochemical quenching, the less photoprotec-
tion and the more photodamage resulted from the light
shock (Table 3).

Both the MLD and nitracline were positively correlated
with photoprotection (MLD: p< 0.001; nitracline: p = 0.021)
and negatively correlated with photodamage (MLD: p <
0.001; nitracline: p = 0.038; Figure 5). Sea ice concentration
and thickness, freeboard thickness, days to open water, Ez,
PAR at sampling depth, and nutrients (NO3

�, PO4
3�, Si(OH)4)

were not significantly related to non-photochemical
quenching, photoprotection, or photodamage.

Photosynthetic efficiency and pigments
MLD was positively correlated with the light-shock effect
on P�max (p = 0.033) and Fm (p = 0.003), meaning that

phytoplankton from stations with a deeper mixed layer
exhibited a greater reduction in P�max due to the light shock.
Ez was negatively correlated with the light-shock effect on
(DDþDT)/chl a (p = 0.006), indicating that the light shock
had a more positive effect when Ez was shallow. PPP/PSP
was negatively correlated (p = 0.009) and Fm was positively
correlated (p = 0.043) with mean PAR during the light
shock, while a� was positively correlated (p = 0.004) and
Fv/Fm was negatively correlated (p = 0.044) with the ratio
of light received during the 3.5-hour incubation to PAR at
sampling depth. The thickness of the ice freeboard was
positively correlated with both (DDþDT)/chl a (p =
0.025) and PPP/PSP (p = 0.031). The number of days until
the station became ice-free after sampling was negatively
correlated with the effect of the light shock on (DDþDT)/
chl a (p = 0.049). The effect of the light shock on Fv/Fm was
negatively correlated with NO3

� (p = 0.04) and PO4
3� (p =

0.009) at the sampling depth.

3.3.3. Photophysiology as a function of biological

variables

Photoprotection and photodamage
Initial concentrations of chl a, POC, and PON, as well as
the ratios POC/chl a, (DDþDT)/chl a, and PPP/PSP, did not

Table 3. Non-photochemical quenching, photoprotection, and photodamage measured in each experiment,
with photosynthetically active radiation (PAR) at the sampling depth and during the light shock, as well as
the ratio between the two PAR values

Exp

PAR at Sampling
Depth (mmol

photons m�2 s�1)

PAR during
Light Shock

(mmol photons
m�2 s�1)

Light-Shock
PAR/PAR at

Sampling Depth

Non-Photo-
Chemical
Quenching

Photo-
Protection

Photo-
Damage

1 4.11 181 ± 57 44 0.64 0.00 1.00

2 0.03 640 ± 6 22,201 0.83 0.51 0.33

3 0.19 194 ± 74 1046 0.88 0.20 0.71

4 1.40 309 ± 17 221 0.88 0.21 0.70

5 2.73 357 ± 64 131 1.03 0.25 0.75

6 3.42 622 ± 101 182 0.98 0.08 0.97

7 0.44 333 ± 39 753 0.98 0.00 1.00

8 0.80 565 ± 59 709 0.93 0.05 0.90

9 0.79 246 ± 19 310 0.98 0.03 0.98

11 1.81 284 ± 20 156 0.99 0.00 0.98

12 (0 m) 26.01 277 ± 11 11 1.04 0.10 0.94

12 (10 m) 3.66 270 ± 12 74 1.01 0.00 1.00

13 (0 m) 35.34 525 ± 45 15 0.77 0.13 0.82

13 (15 m) 2.00 481 ± 77 240 0.97 0.05 0.95

15 0.38 391 ± 54 1023 1.01 0.01 0.98

17 0.40 300 ± 26 750 1.01 0.00 1.00

18 0.34 188 ± 9 555 0.95 0.03 0.92

19 1.16 104 ± 13 89 0.89 0.18 0.70

20 0.84 276 ± 13 328 1.02 0.02 1.00
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influence non-photochemical quenching, photoprotec-
tion, or photodamage. Photoprotection was greatest in
samples with low Fv/Fm (p = 0.039; Figure 5). High initial
P�max, a

�, and Fm resulted in greater photoprotection
(P�max:p < 0.001; a�: p = 0.001; Fm: p < 0.001) and lower
photodamage (P�max: p < 0.001; a�: p = 0.002; Fm: p =
0.001). Initial b� was not correlated with non-
photochemical quenching, photoprotection, or
photodamage.

Samples with a high proportion of diatoms exhibited
a high degree of photoprotection (p = 0.014), while sam-
ples with a low diatom proportion exhibited high photo-
damage (p = 0.019). The initial fraction of dinoflagellates,
chryso-pelagophytes, cryptophytes, chlorophytes, prasino-
phytes, Phaeocystis, and other haptophytes were not

correlated with non-photochemical quenching, photopro-
tection, or photodamage.

Photosynthetic efficiency and pigments
Initial Fv/Fm was negatively correlated with the light
shock-effect on Fv/Fm (p = 0.038). Initial P�max was posi-
tively correlated with the light-shock effect on PON (p =
0.010), while initial b� was positively correlated with the
light-shock effects on a� (p = 0.034) and b� (p = 0.038).
Initial �a� was negatively correlated with POC/chl a (p =
0.016) and P�max (p = 0.011). Initial chl a concentration,
(DDþDT)/chl a, PPP/PSP, and Fm were not correlated with
effects of the light shock.

Haptophyte abundance (other than Phaeocystis) was
positively correlated with the magnitude of the light

Figure 5. Relationships between initial variables and non-photochemical quenching (separated into
photoprotection and photodamage) in FLuorescence After light SHock (FLASH) experiments. Left panels
(A, C, E) show relationships for photoprotection; right panels (B, D, F), for photodamage. Initial variables, measured at
the station and depth sampled for each experiment, are the mixed layer depth (MLD; A, B), maximum photochemical
efficiency of PSII reaction centers (Fv/Fm; C, D), and maximum biomass-specific photosynthetic rate (P�max; E, F). Solid
lines indicate linear regressions, with statistics noted in each panel; shaded areas indicate 95% confidence limits.
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shock-effect on both a� (p = 0.08) and �a� (p = 0.048), while
chlorophyte abundance was positively correlated with the
magnitude of the light-shock effect on b� (p < 0.001). The
effect of the light shock on chl a concentration was pos-
itively correlated with, and POC/chl a was negatively cor-
related with, initial cryptophyte (chl a: p = 0.027; POC/chl
a p = 0.014) and chryso-pelagophyte abundance (chl a: p
< 0.001; POC/chl a p < 0.001). Chryso-pelagophytes were
also negatively correlated with the light-shock effect on
P�max (p = 0.033) and �a� (p = 0.037). Initial chlorophyte
abundance (p < 0.001) was positively correlated with the
light-shock effect on Fv/Fm . Diatom abundance was not
correlated with photophysiological effects of the light
shock.

3.3.4. Relationships among photophysiological

parameters

The effect of the light shock on Fv/Fm was negatively
correlated with non-photochemical quenching (p = 0.03)
and positively correlated with photoprotection (p = 0.03).
The effect of the light shock on Fm was positively corre-
lated with photoprotection (p = 0.021) and negatively
correlated with photodamage (p = 0.015).

The effects of the light shock on (DDþDT)/chl a and
PPP/PSP were positively correlated with each other (p <
0.001), and PPP/PSP was positively correlated with
POC/chl a (p = 0.048). The effect of the light shock on chl
a concentration was negatively correlated with POC/chl
a (p < 0.001), P�max (p = 0.005), and �a� (p < 0.001).

The effect of the light shock on P�max was positively
correlated with the effects on POC/chl a (p = 0.025), a�

(p = 0.042), and Fm (p = 0.029). Additionally, the effect on
a� was positively correlated with Fm (p < 0.001). The
effect on �a� was positively correlated with the effect on
POC/chl a (p = 0.001), while both a� (p = 0.001) and Fm (p
= 0.002) were negatively correlated with the effect on Ek .

4. Discussion
4.1. Key environmental factors drive seasonal

phytoplankton dynamics

The Green Edge cruise sampled three different irradiance
regimes, which were characterized by distinct hydro-
graphic patterns. The MLD was shallowest in the MIZ
where ice melt stratifies the water column, and deepest
in open water where wind energy can reach the surface of
the ocean and deepen surface mixing (Table 2; Randelh-
off et al., 2019). Nutrients in the mixed layer followed
a predictable pattern with ice concentration: elevated
under ice and increasingly depleted with decreasing ice
cover (Table 2). The SCM also followed the expected pat-
tern of deepening with reduced ice concentrations, a com-
monly observed phenomenon where phytoplankton
concentrate at the depth of the optimal combination of
light (highest at surface) and nutrients (highest at depth;
Martin et al., 2010; Ardyna et al., 2011). As phytoplankton
in surface waters deplete surface nutrients, the commu-
nity must concentrate deeper and deeper to access nutri-
ents (Tremblay et al., 2008). With the seasonal transition
from spring to summer, increasing solar irradiance and ice

melt result in deeper light penetration through the water
column that can support phytoplankton growth at depth.

4.2. In situ biomass and photosynthetic pigments

differed among irradiance regimes

Concentrations of POC, PON, and chl a were within range
of previous observations in Baffin Bay (Harrison and Platt,
1986; Harrison et al., 1987). Mean POC (Figure 3) and chl
a concentration displayed the opposite pattern among
irradiance regimes (Table 2). As a result, the cellular
POC/chl a ratio demonstrated large differences among
irradiance regimes. POC/chl a was lowest in the ice-
covered regime (mean ± SD: 182 ± 81 g:g; lowest irradi-
ance) and highest in open water (940 ± 1073 g:g; highest
irradiance). Detritus and zooplankton are likely contribut-
ing to the POC in our samples, making the POC/chl a ratios
especially high.

The POC/chl a ratios in the ice-covered (182 ± 81 g:g)
and MIZ (303 ± 179 g:g) regimes reflect those commonly
seen across seasons in the Arctic. For example, Lewis et al.
(2018, a three-year study from spring to summer in the
Chukchi Sea) observed POC/chl a of 119 ± 120 g:g in the
early season “low-light, high-nutrient” (sea ice cover >
80%; NO3

� > 3 mmol L�1) period, which increased to
314 ± 170 g:g by the late season “high-light, low-nutrient”
(sea ice cover < 10%; NO3

� < 1 mmol L�1) period. In the
Chukchi and Beaufort seas, Palmer et al. (2013) measured
POC/chl a of 50 ± 83 to 91 ± 83 g:g under the ice and 67
± 83 to 143 ± 125 g:g in open water. Under pack ice
north of Svalbard, however, Assmy et al. (2017) measured
POC/chl a ratios much lower (31.4 g:g) than those mea-
sured even under sea ice in this study.

The ratio of photosynthetic pigments to chl a (PSP/chl
a) also differed among irradiance regimes (Figure 3).
Under the ice, where light was low but nutrients required
for biosynthesis were replete (Table 2), phytoplankton
produced large amounts of photosynthetic pigments to
optimize their light acquisition (Geider et al., 1993; Geider
et al., 1998). In the higher light regimes (MIZ and open
water) phytoplankton reduced their internal concentra-
tions of photosynthetic pigments (including chl a;
Table 2), as they were no longer needed (Mac-Intyre
et al., 2002; Kropuenske et al., 2009; Nymark et al.,
2009; Arrigo et al., 2010). Correspondingly, the photoac-
climation parameter (Ek) was higher in open water than
under sea ice (Table 2), demonstrating that phytoplank-
ton cells had photoacclimated to the increase in light from
the under-ice to the open water regime.

4.3. In situ carbon fixation was similar among

irradiance regimes

P�max was high in all three regimes (means of 3.0–4.6 mg C
mg�1 chl a h�1), despite much lower NO3

� in the open
water regime than in the other regimes (Table 2). Our
measurements were within range, but on average higher,
than those previously reported in summer in Baffin Bay
(Harrison and Platt, 1986). For comparison, Lewis et al.
(2018) reported a mean P�max value of 2.42 ± 0.92 mg C
mg�1 chl a h�1 in low-light, high-nutrient waters (compa-
rable to our ice-covered regime) and 0.83 ± 0.45 mg C
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mg�1 chl a h�1 in high-light, low-nutrient waters (compa-
rable to our open water regime). In the Beaufort Sea,
Palmer et al. (2011) measured P�max values with means of
0.93 ± 0.54 mg C mg�1 chl a h�1 under the ice and 0.71
± 0.38 mg C mg�1 chl a h�1 in open water. Notably, in our
study P�max was consistently high and variable across
regimes, while Palmer et al. (2011) similarly observed little
difference between ice-covered and open water regions,
but lower P�max overall, and Lewis et al. (2018) observed
a lower P�max in high-light, low-nutrient waters than in low-
light, high-nutrient waters. NO3

� concentrations in our
study region closely mirrored those measured in the Chuk-
chi Sea by Lewis et al. (2018): mean values of NO3

� were
3.86 ± 1.45 mmol L�1 in our ice-covered regime and 0.57
± 1.5 mmol L�1 in open water. Thus, despite low light
under the ice and low NO3

� in open water, P�max did not
appear to be light- or nutrient-limited overall, the latter of
which Harrison et al. (1982) and Harrison and Platt (1986)
also observed in Baffin Bay in the summer. However, given
the high variability in P�max, there was likely patchy light- or
nutrient-limitation in each regime. Overall our photosyn-
thetic rates were far less light- and/or nutrient-limited
than those observed by either Palmer et al. (2011) or Lewis
et al. (2018) and indicate that despite some possible lim-
itations, photosynthesis was generally not limited in the
late spring in Baffin Bay.

4.4. In situ phytoplankton have similar

photoprotective states under ice cover and in

open water

Despite distinct hydrographic, biomass, and pigment pat-
terns, the photoprotective status of the phytoplankton
communities in each irradiance regime was very similar,
mirroring the photosynthetic parameters. Phytoplankton
generally synthesize more photoprotective pigments as
a strategy to acclimate to high light (Brunet et al., 2011).
Photoprotective pigments within the mixed layer (includ-
ing the xanthophyll cycle pigments, DDþDT) did not dif-
fer among irradiance regimes, but were in fact quite high
across all three regimes (study-wise mean PPP/chl a: 0.19
± 0.09; study-wise mean (DDþDT)/chl a: 0.10 ± 0.06). For
comparison, also in Baffin Bay, Alou-Font et al. (2016)
found PPP/chl a ratios that averaged 0.14 ± 0.06 at ice-
covered stations, similar to a combination of our under-ice
and MIZ regimes, and 0.24 ± 0.05 at open-water stations,
about twice as much light as our open water regime. The
same pattern in (DDþDT)/chl a holds between the two
studies. Lewis et al. (2018) found mean PPP/chl a ratios
between 0.074 ± 0.017 (early season) and 0.153 ± 0.065
(late season) in the Chukchi Sea. These values suggest that,
in this study, phytoplankton growing under the ice in
Baffin Bay already had sufficient photoprotective mechan-
isms in place for a rapid transition to higher light. This
same phenomenon, described as phytoplankton “priming”
for rapid growth once light increases, was demonstrated
by Lewis et al. (2018) in the Chukchi Sea.

Fv/Fm, the photochemical efficiency of PSII reaction
centers, did not change among the irradiance regimes and
was fairly low (mean: 0.24 ± 0.12). The consistency in Fv/
Fm across irradiance regimes may support the suggestion

that phytoplankton are primed for future high light (Lewis
et al., 2018). However, Fv/Fm also displayed a high amount
of variability (range: 0.05 to 0.54). Given the potential for
small-scale variability when ice cover is heterogeneous
(Ardyna et al., 2020a), this high variability may indicate
that phytoplankton are locally acclimated, with photophy-
siological states that vary widely within an irradiance
regime. Considering that we did not observe differences
in photoprotective pigments or Fv/Fm among irradiance
regimes, however, we conclude that phytoplankton in all
three regimes were similarly photoacclimated.

4.5. Few environmental conditions impacted the

extent of photoprotection or photodamage

As with the in situ measurements (see sections 4.2, 4.3,
and 4.4), ice conditions and light had little impact on how
phytoplankton responded to the light shock in our FLASH
experiments (data not shown), supporting our conclusion
that phytoplankton are largely prepared for high light
even when originating in under-ice, low-light environ-
ments. Photoprotection was higher and photodamage was
lower when samples came from deeper mixed layers
(Figure 5), where phytoplankton also exhibited high
P�max, a

�, and Fm and low Fv/Fm. When phytoplankton
came from stations with deep mixed layers, they were
better able to protect themselves and were less photoda-
maged. Conversely, when phytoplankton came from sta-
tions with shallow mixed layers they were less able to
protect themselves and experienced greater photodam-
age. MLDs were very shallow (13.5 ± 9.0 m) at the stations
where experiments were initiated and, as a result, most of
the samples used for experiments came from depths
below the mixed layer (experiments were initiated with
water from the SCM). Thus, we expect that phytoplankton
sampled at stations where samples were collected from
within the mixed layer were in fact exposed to higher in
situ light (and therefore more photophysiologically pre-
pared for the light shock) than samples from stations
where mixed layers were much shallower than the sam-
pling depth, thereby preventing exposure to surface irra-
diance. This expectation would be the case in both an
average sense (mean mixed layer light is higher than
below the mixed layer) and an episodic sense (intermittent
mixing toward the surface).

Photoprotection was greatest in samples with low ini-
tial Fv/Fm and high initial P�max, a

�, and Fm. When cells
were optimized to make use of low light (high a�), had
a high quantum yield of photosynthesis (Fm), and
achieved high maximum rates of photosynthesis (high
P�max), they were able to protect themselves from high
light. Surprisingly, cells with low Fv/Fm also demonstrated
a high degree of photoprotection (Figure 5), potentially
because the photons that would have been measured as
variable fluorescence (Fv) were instead dissipated through
photoprotective mechanisms, reducing the measured Fv/
Fm (MacIntyre et al., 2000). Alternatively, cells that initially
had a high proportion of damaged photosystems (low Fv/
Fm) may have been forced to photoprotect against excess
light because they did not have sufficient functioning
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photosystems to make use of the elevated light (MacIntyre
et al., 2000).

Surprisingly, neither sea ice concentration nor the
intensity of PAR at the depth from which FLASH experi-
ments were initiated influenced the degree of photopro-
tection or photodamage. Additionally, neither initial
(DDþDT)/chl a nor PPP/PSP were correlated with photo-
protection or photodamage, nor were initial chl a, POC,
and PON concentrations, or initial POC/chl a. These exper-
imental results may either indicate that phytoplankton are
photophysiologically similar under varying ice and light
conditions in Baffin Bay, enabling quick responses to rapid
changes in light (Lewis et al., 2018), or reflect the capacity
of diatoms to cope with large fluctuations in light (Lavaud
et al., 2007).

4.6. Photoprotection and photodamage were

temporary

Phytoplankton were generally able to recover photophy-
siologically from the light shock within 3.5 hours, as evi-
denced by the similarity of most parameters before and
after the light shock, with the exception of Fv/Fm and Fm.
Interestingly, the effects of the light shock on Fv/Fm and
Fm were not correlated. In experiments where phyto-
plankton exhibited a high degree of photoprotection, the
light shock increased Fv/Fm relative to the control, indi-
cating that when cells were protecting themselves from
excess light, they were also able to repair damaged photo-
systems (Bouchard et al., 2005a; Bouchard et al., 2005b;
Alderkamp et al., 2010). Fv/Fm likely increased because
cells were repairing the D1 protein, part of the PSII reac-
tion center complex (Aro et al., 1993; Falkowski and
Raven, 2007). Despite the high metabolic expense of
repairing the D1 protein, it is essential to repair the photo-
systems that shuttle photons from photosynthetic pig-
ments to the remainder of the photosynthetic electron
transport chain, a process that can happen on the order
of 30 minutes (Ohad et al., 1984; Ohad et al., 1990). Thus,
elevated Fv/Fm when cells are photoprotecting indicates
cellular investment in protein repair that will enable ele-
vated rates of photosynthesis.

P�max, a
�, Ek , PPP/PSP, (DDþDT)/chl a, and �a� were

unaffected by the light shock after 3.5 hours of recovery.
Photosynthetic rate has been shown to recover following
UV radiation exposure in approximately 2–6 hours,
depending on phytoplankton community assemblage and
kinetic repair rate (Boucher and Prézelin, 1996; Fritz et al.,
2008). Photoprotective pigments, in particular DD and DT,
likely responded to the light shock rapidly (within 1 hour)
with reversible transformations of a fraction of the DD pool
into DT, but with no new pigment synthesis (Demers et al.,
1991). After 3.5 hours, then, the only pigment changes that
likely took place were within the xanthophyll cycle pigment
pool (DD and DT). However, the initial photoacclimation
state of the phytoplankton allowed cells to accommodate
rapid changes in light. The light shock influenced the over-
all light environment to which cells acclimated through
a longer-term build up of photoprotective mechanisms
(Sakshaug et al., 1987; Demers et al., 1991).

5. Conclusion
Both our in situ measurements and our FLASH experi-
ments demonstrate that phytoplankton under the ice, in
the MIZ, and in open water in Baffin Bay had differences in
their biomass and pigments, yet similar photosynthetic
and photoprotective states. We observed high concentra-
tions of photoprotective pigments in phytoplankton in all
three irradiance regimes, as well as high P�max in phyto-
plankton beneath sea ice and very high P�max in open water
phytoplankton. These findings lend evidence to the idea
that Arctic phytoplankton under the sea ice are primed to
bloom once they have access to sufficient light (Lewis
et al., 2018).

Despite observing photodamage in our experiments,
we saw almost complete recovery from the light shock
after 3.5 hours. Additionally, phytoplankton originating
from all irradiance regimes responded photophysiologi-
cally similarly to the light shock. This further indicates that
early season phytoplankton in the Arctic are acclimated to
higher light than they are experiencing and are prepared
for rapid changes in light.

These findings are important to consider as the Arctic
continues to change rapidly, particularly in the context of
sea ice cover. To understand the impact of sea ice changes
on phytoplankton biomass and populations, we need to
understand the photophysiology of Arctic phytoplank-
ton. In our study, we show that at the time of year when
snow on sea ice has mostly melted, nothing is preventing
a bloom from starting under sea ice. This is demonstrated
by, among other things, the lack of strong differences in
Ek among the different regimes. In our study, phyto-
plankton were able to cope with variations in light over
multiple orders of magnitude, suggesting that Arctic
phytoplankton are capable of thriving in a changing Arc-
tic light-scape. As sea ice thins and retreats earlier in the
season, phytoplankton will be exposed to elevated irra-
diance earlier in the growing season (Kahru et al., 2011;
Katlein et al., 2015; Katlein et al., 2019); under ice
blooms are also expected to increase in prevalence
(Ardyna et al., 2020a). Our work has demonstrated that,
photophysiologically, phytoplankton are prepared to
bloom under sea ice, likely contributing to changing bio-
mass and species distributions. Future work investigating
other Arctic regions, variability within irradiance regimes
compared to variability among regimes, and species-
specific variability in response to changing light will elu-
cidate how Arctic phytoplankton will respond to environ-
mental changes.
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