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Abstract

To constrain the energy fueling photosynthesis in the North Pacific Subtropical Gyre (NPSG) we characterize
the variability of phytoplankton absorption spectra in conjunction with that of the light field at Station ALO-
HA (22°45'N, 158°00'W). Furthermore, we decompose the phytoplankton absorption into photosynthetic and
photoprotective components based on high-performance liquid chromatography pigment analysis. Between
January 2006 and December 2012 the variability in chlorophyll-specific absorption (aj) above the deep chloro-
phyll maximum (DCM) layer was driven by changes in photoprotective carotenoid concentrations while the
chlorophyll-specific absorption of photosynthetic pigments (aj,,sp)) Temained nearly constant with a mean (+
SD) value of 0.008 = 0.001 m? (mg chl a)” L. In contrast, below the DCM layer changes in ag resulted from
increases in the relative contribution of photosynthetic pigments with depth, suggesting that the constancy in
aypspy above the DCM layer is controlled by nutrient limitation. While the daily photon fluxes absorbed by
photosynthetic pigments in the upper 45 m did not vary at a seasonal scale, averaging 0.45 £ 0.12 mol quanta
m 2 d~! in winter and 0.46 = 0.10 mol quanta m > d”' in summer, when integrated over the upper 200 m
these fluxes ranged from 0.64 + 0.16 to 0.79 = 0.19 mol quanta m 2 d~' in winter and summer, respectively.
Based on the rate of photons trapped by the photosynthetic pigments and on the seasonal euphotic zone
depth integrated gross O, evolution rates derived from H3*O in situ incubations we estimate a mean photosyn-
thetic yield of ~0.1 mol O, evolved per mol quanta absorbed by photosynthetic pigments.

In the open ocean, the capture rate of photons by the
light harvesting systems of phytoplankton assemblages sets
an upper limit to photoautotrophic productivity. However,
the fraction of this harvested radiant flux converted into
chemical energy—in the form of a proton gradient and an
electric potential across a membrane—is dependent on the
pigment composition of these harvesting systems (Raven
and Geider 2003). Furthermore, an even smaller fraction of
the captured energy is stored in the form of organic matter
(i.e., net primary production; Emerson 1958; Morel 1978;
Wozniak et al. 2003). For this reason, to constrain estimates
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of pelagic primary productivity and improve our characteri-
zation of the coupling between energy fluxes and the trans-
formation of bio-elements, we need to understand and
quantify how environmental factors affect the pigment
composition of phytoplankton assemblages and how this
pigment composition translates into photosynthetic activity.

Aquatic pelagic photosynthesis takes place in a realm
where environmental factors such as temperature or nutrient
and light availability affect the trapping and conversion of
solar radiation into organic matter (Geider et al. 1997; Marra
et al. 2000). In particular, phytoplankton cells are exposed to
high variability in the intensity and spectral quality of solar
radiation (Cullen and Lewis 1988; Karl et al. 2002; Bidigare
et al. 2014). Superimposed on the seasonal and diurnal pat-
terns in solar radiation, phytoplankton can experience rapid
changes in the availability of light due to the passage of
clouds and vertical displacements in the water column driv-
en by mixing and isopycnal migrations (Karl et al. 2002;
Huisman et al. 2006). Although light is abundant in the
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well-lit upper layer of the open ocean, its intensity decays
rapidly with depth due, primarily, to the attenuation of solar
radiation by seawater and its particulate components (Smith
et al. 1989). In addition, the spectral distribution of light
changes with depth as a result of the absorption and scatter-
ing properties of water itself, as well as those of particulate
and dissolved materials in the water (Kirk 1994). In this vari-
able light environment, phytoplankton taxa have evolved
strategies to maximize the capture of photons under light-
limiting conditions and to prevent photodamage when the
absorbed light energy exceeds the capacity of the photosyn-
thetic apparatus to funnel it toward the production of organ-
ic matter (Raven and Geider 2003; Mackey et al. 2008). The
timescales for pigment-based acclimations range from
seconds-minutes in the case of xanthophyll cycling and state
transition shifts, minutes-hours for the synthesis of photo-
protective carotenoids, and hours-days for the synthesis of
light-harvesting pigments (Ferris and Christian 1991).

In addition to solar irradiance variability, phytoplankton
assemblages experience strong temporal and vertical gra-
dients in nutrient availability. This is particularly important
in the vast marine oligotrophic regions where the carrying
capacity in the upper layers of the water column is chroni-
cally nutrient limited (Margalef 1978; Moore et al. 2013). In
these oceanic environments the daily-integrated photon flux
can vary by two orders of magnitude between the sea surface
and the top of the nutricline—the depth at which ambient
nutrient concentrations begin to increase; this depth is usu-
ally found at or below 90 m depth in the North Pacific Sub-
tropical Gyre (NPSG) and is closely associated with the
position of a DCM layer (Letelier et al. 2004). Hence, open
ocean oligotrophic regions provide us with the opportunity
to study how the photon absorption efficiency of natural
phytoplankton assemblages varies along temporal and verti-
cal light gradients under nutrient limiting conditions.

Over the past 28 years—and at nearly monthly intervals—
the Hawaii Ocean Time-series (HOT) program has character-
ized the physics and the biogeochemistry of the water
column at Station ALOHA (A Long-term Oligotrophic Habi-
tat Assessment; Karl and Lukas 1996; Church et al. 2013),
located at 22°45'N, 158°00'W in the NPSG. In this study we
analyze how the spectral absorption of phytoplankton varies
with depth and season in this oligotrophic habitat. Based on
these observations and concomitant measurements of light
distributions throughout the euphotic zone we derive the
mean total photon flux absorbed by phytoplankton for win-
ter and summer months to help constrain estimates of the
theoretical maximum gross primary production in the NPSG.

Methods

Depth profile of irradiance (E)

As part of each HOT cruise, measurements of surface pho-
tosynthetically active radiation (PAR) are made using a LI-
COR quantum cosine collector (400-700 nm) and data
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logger (models LI-192SA and LI-1000, respectively). The sen-
sor is positioned above the deck to minimize the influence of
shadows from the ship’s superstructure. Irradiance is logged
throughout the day; readings are averaged in 10 min intervals.

Since May 2009 (HOT cruise # 210), routine deployments
of a Satlantic Hyperpro-II have been performed around local
noon time to determine the light attenuation and character-
ize the spectral distribution of irradiance (350-800 nm, 10
nm resolution) in the upper 200 m of the water column.
The vertical diffuse attenuation coefficient for PAR (k4q[PAR],
m ™) is derived from the ratio of the wavelength integrated
downwelling irradiance at depth (E4[z]) to that of surface
downwelling irradiance (E;) between 400 and 700 nm
according to Beer-Lambert-Bouguer law (Eq. 1), following
the conversion of the instrument irradiance units from W to
quanta s .

700 o N
Ligg Eal2,7) A7) dw)/(—z) (1)

ka(PAR)_, =In ( 400 -
o= 700 £,(0,4) d(2)

where z is depth, kq(PAR)-, is the mean attenuation coeffi-
cient between the surface and depth z, E4(z,2) is the irradi-
ance at depth z and wavelength 2, and E (0, 1) is the surface
irradiance at wavelength 1. A daily integrated spectrally
resolved photon flux at depth is calculated from:

PARy,=1.2 X PAR,, e (PRI, X 7] )
Ed(Z, /1)
E(, naaw=PARqry X —ei—0 3

(z,4)day 0(z) Z(())(()) Ed(Z7 )) d()») ( )
Where, PAR(., is the daily integrated downwelling PAR
measured at the surface and PARy, is the calculated scalar
(downwelling + upwelling) PAR at depth. To convert from
downwelling and planar to scalar photon flux we applied a
factor of 1.2 (Wozniak et al. 2003). E(, ;)qay is the daily inte-
grated scalar photon flux at depth z and wavelength /. See
Table 1 for a summary list of the nomenclature used.

Prior to May 2009, water column k4 and PARg, values
were characterized with a multispectral Profiling Radiance
Reflectance (PRR-600) unit and a PRR-610 surface reference
radiometer (Biospherical Instruments; see Letelier et al.
2004). For these cruises (HOT cruises #177 through 209)
E(,»aay spectra were derived by spectrally weighting the PRR
derived PARq, with the mean spectral distribution of the
relative downwelling irradiance at the corresponding stan-
dard sampling depths calculated from all Hyperpro-II deploy-
ments at Station ALOHA between 2009 and 2014
(Supporting Information Fig. S1).

Phytoplankton spectral absorption

The seasonal and vertical variability in phytoplankton
absorption spectra normalized to chlorophyll a (chl a) con-
centration (a¢*) has been characterized since January 2006
(HOT cruise # 177). During each cruise 4-10 L water samples



Letelier et al.

Table 1. List of symbols with their respective units.

NPSG phytoplankton light absorption

Symbol Units Description
Ag(HpPLC) m™! Absorption coefficient of phytoplankton derived from HPLC pigment reconstruction
ag(QFT) m™! Absorption coefficient of phytoplankton derived from quantitative filter technique
dcpom m~! Absorption coefficient of colored dissolved organic matter
a, m~! (mg chl a m™3)7! Total chl a-specific absorption coefficient
same as m? (mg chl @)™’
@ psp) m? (mg chl @)~" chl a-specific absorption coefficient attributed to photosynthetic pigments
@ pp) m? (mg chl g)~" chl a-specific absorption coefficient attributed to photoprotective carotenoids
dj/) m? (mg chl g)~" chl a-specific absorption coefficient weighted by the in situ spectral distribution of PAR
Ez mol quanta m™2 s Spectral irradiance at depth z
Eqz) mol quanta m™2s™" Downward irradiance at depth z
Es mol quanta m™ 257" Surface irradiance
kq m~’ Diffuse attenuation coefficient for Ey4
A nm Wavelength
PAR(0+) mol quanta m~2 day ™’ Daily integrated sea surface downwelling photosynthetically available radiation
PARo() mol quanta m~2 day ™’ Daily integrated scalar photosynthetically available radiation at depth z
o) mol (mol quanta)™ Quantum yield of photosynthesis
z m Depth

were collected at discrete depths (5, 25, 45, 75, 100, 125,
150, and 175 m) using 12-L polyvinyl chloride sampling bot-
tles attached to a rosette sampler equipped with a
conductivity-temperature-pressure (CTD) Sea-Bird SBE911-
plus system. Particulate matter in each sample was concen-
trated onto a 25-mm glass fiber filter (Whatman GF/F) at sea
and stored in a tissue culture capsule at either —80°C or in
liquid nitrogen for the subsequent characterization of phyto-
plankton pigments and determination of particulate spectral
absorption at our shore-based laboratories.

Particulate spectral absorption was determined using the
quantitative filter technique (QFT) described by Kishino
et al. (1986). Frozen GF/F filters were placed onto a slide
with 200 L filtered sea water (FSW) and allowed to thaw for
~5-10 min in the dark prior to reading the total particle
absorption spectrum (400-800 nm) on a Cary UV-VIS 300
double beam spectrophotometer. To distinguish between the
absorption from detritus and that from phytoplankton pho-
tosynthetic pigment apparatus, lipid soluble phytoplankton
pigments were extracted from the sample by slowly filtering
15 mL of methanol (MeOH) through each filter, subsequent-
ly extracting with MeOH for 1 h in the dark, and a final
slow filtration with 100 mL MeOH. Each sample was rinsed
twice with 5 mL FSW prior to obtaining a reading of the
detrital absorption spectrum in the spectrophotometer. Base-
line corrections were derived from filter blanks run routinely
throughout the day to monitor potential baseline shifts. In
addition, for each absorption spectrum determination, the
mean reading between 750 and 800 nm was subtracted. Phy-
toplankton pigment absorption was estimated from the dif-
ference between the total and the detrital absorption spectra
after correcting for a filter path length amplification (f)

factor (Mitchell 1990). To quantify this p factor, several
methods were compared, including Mitchell (1990), Bricaud
and Stramski (1990) and Roesler (1998). Based on the calcu-
lation of the chl-specific absorption at 676 nm derived from
normalizing the spectral absorption to the chl a concentra-
tion value in a subset of our samples we concluded that a
value of 2 (as proposed by Roesler 1998) was appropriate for
the range of optical density values observed in our filtered
samples (data not shown).

Phytoplankton pigments

Samples for pigment analysis were collected, filtered, and
preserved in the same manner as those collected for the QFT.
Pigment concentrations were estimated based on high-
performance liquid chromatography (HPLC) using the meth-
od described by Bidigare et al. (2005). Briefly, samples were
extracted in 3 mL 100% HPLC grade acetone (Fisher Scientific)
at 4°C in the dark for 24 h. As an internal standard, 50 uL of a
known canthaxanthin concentration was added to each sam-
ple. Following extraction, samples were centrifuged for 5 min
at 1500 X g to sediment filter and cellular debris. One mL of
the final extract was mixed with 0.3 mL HPLC grade water and
injected onto a Varian 9012 HPLC system equipped with a
Varian 9300 autosampler, a Timberline column heater (26°C)
and Spherisorb 5 ym ODS2 analytical (4.6 X 250 mm) column
and the corresponding guard cartridge. Pigments were
detected with a ThermoSeparation UV2000 detector (1= 436
and 450 nm). A ternary solvent system was employed for
HPLC pigment analysis: eluent A (MeOH : 0.5 M ammonium
acetate, 80 : 20), eluent B (acetonitrile:water, 87.5 : 12.5), and
eluent C (ethyl acetate). Pigment peaks were identified by
comparing their retention times with those of pigment
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standards provided by DHI Lab Products (Hersholm, Den-
mark) and extracts prepared from phytoplankton reference
cultures. Pigment concentrations were calculated using inter-
nal and external standards, and expressed as concentrations
(mg pigment m > of filtered seawater).

Phytoplankton spectral absorption reconstruction from
pigment composition

For each HPLC sample, the phytoplankton spectral absorp-
tion was reconstructed from HPLC pigment analysis following
Bidigare et al. (1990). To account for packaging effect we com-
bined the empirical relationship proposed by WozZniak et al.
(1999) between chl a concentration and phytoplankton cell
size with the pigment package effect’s spectral function pro-
posed by Morel and Bricaud (1981; also see Le et al. 2008).

Although collected in separate casts, phytoplankton
absorption spectra derived from the QFT display a consistent
overestimation at 400 nm relative to that from the corre-
sponding HPLC pigment reconstructions. This overestima-
tion has been reported in previous studies by Nelson et al.
(1993) and Bricaud et al. (2004), who suggested that it could
result from some unknown and missing pigments. However,
in our study the magnitude of this overestimation decreased
exponentially with increasing wavelength. Based on observa-
tions by Karl et al. (1998) and Cetinic et al. (2012) we sug-
gest that a variable residual amount of colored dissolved
organic matter (CDOM), or some other detrital component
with a similar spectral signature, may have been retained by
the filters prior to the MeOH wash. To correct this systematic
offset a CDOM contribution to each QFT absorption spec-
trum was calculated as:

~0.014(/—400)

acpom(4)=[agqrr)(400)—agmpLc)(400)] (4)
where acpom(4) is the absorption by CDOM—or similar
detrital matter—at wavelength /4, while a4 (qrr)(400) and
de mrLc)(400) are the phytoplankton pigment absorption at
400 nm derived from the quantitative filter technique
approach and HPLC pigment reconstruction, respectively.
The selected CDOM spectral slope coefficient (—0.014) corre-
sponds to the mean value reported by Bricaud et al. (1981)
from samples collected in diverse marine environments.
CDOM corrected aq (qrr) Spectra were obtained by removing
the acpom contribution to the detritus corrected spectrum
(Fig. 1).

For each QFT sample, the chl a concentration was calcu-
lated based on the linear regression of the CDOM corrected
spectral absorption line height at 676 nm of all samples ver-
sus the monovinyl + divinyl chl a concentration from their
corresponding HPLC samples (Davis et al. 1997; Boss et al.
2007). From this analysis we obtained a mean a;(QFT) (676) of
0.0238 (£0.0012) m~? (mg chl a)~' (©*=0.80; Supporting
Information Fig. S2), a value consistent with observations in
oligotrophic waters reported in Figure 1 of Bricaud et al.
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Fig. 1. Comparison between absorption spectrum derived from HPLC
pigment reconstruction and corrected for packaging effect (—), QFT
pigment fraction uncorrected for residual CDOM (=), CDOM correc-
tion (—), and CDOM corrected pigment QFT absorption (———-).
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Fig. 2. Relationship between CDOM corrected chl-specific absorption
(400-750 nm) derived from QFT and chl-specific absorption from HPLC
pigment reconstruction and corrected for packaging effect.

(1995). The QFT chl-specific absorption at any specific wave-
length (a’(;)(QFT) (4)) was obtained from the QFT spectral distri-
bution of phytoplankton pigment absorption divided by the
chl a concentration derived from QFT absorption line
height, as described above. Overall, the spectral average of
QFT chl-specific absorption (aj ) for the 400-750 nm
range was strongly correlated to that derived from HPLC pig-
ment reconstruction (aj ) With a slope not significantly
different than unity (Fig. 2).
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Finally, the depth of the DCM layer was estimated based
on the maximum chl fluorescence observed at depth from
the continuous trace recorded by a Sea-Point fluorometer
connected to the Sea-Bird CTD package mounted on the
sampling rosette. This DCM layer was used to distinguish
between a nutrient limited region (above the DCM layer)
and a nutrient sufficient (below the DCM layer) according to
Letelier et al. (2004).

Results

Over the course of this study (January 2006 through
December 2012), daily-integrated surface PAR recorded dur-
ing HOT cruises varied by threefold, with a maximum value
of 48.4 mol quanta m 2 d~! measured on 30 May 2012
(HOT cruise # 242) and a minimum of 15.2 mol quanta m 2
d! registered on 3 December 2012 (HOT cruise # 248). Sur-
face PAR displayed a significant seasonal cycle with highest
average monthly values (>42 mol quanta m~2 d~ ') observed
from June through August and the lowest values (<29 mol
quanta m % d~ ') recorded in November through January.
Based on the observed seasonal PAR cycle we define June
through August as summer months and November through
January as winter months.

The CDOM corrected ay, pr) spectra at Station ALOHA dis-
play two characteristic distributions as a function of depth.
Samples collected above the DCM (< 90 m) were characterized
by a maximum at ~ 440 nm and a shoulder at 490 nm. In con-
trast, below the DCM (> 110 m), @y, ) displays a pronounced
absorption peak at ~ 485 nm, reflecting a significant increase
in the concentration of photosynthetic pigments relative to
that of chl a (Fig. 3). Furthermore, the chl a concentration and
its specific absorption, as derived from the QFT method, dis-
play opposite seasonal cycles in the upper 45 m: while the chl
a concentration decreases during the summer months (Fig.
4A), ajqpr) peak during summer (June-August) relative to
winter (November—-January) (Fig. 4B). This seasonal pattern
appears to reverse at and below the DCM layer.

The vertical and seasonal patterns in aj  reflect the rela-
tive distribution of the dominant phytoplankton pigments
derived from HPLC (Fig. 5): In the upper water column the
observed decrease in aj,, with increasing depth can be
attributed to the vertical distribution patterns of zeaxanthin
(zea) relative to chl a (Fig. 5C). In addition, the seasonal pat-
tern of ay ey i this upper layer can only be explained
by changes in the relative contribution of photoprotective
pigments since the relative contribution by photosynthetic
pigments remains constant (Fig. 6). In contrast, the increase
in aj ey below 100 m depth correlates with increases in
chl b, 19-hexanoyloxyfucoxanthin (19'-hex) and 19'-
butanoyloxyfucoxanthin (19’-but)(Fig. 5B).

The contribution of photosynthetic and photoprotective
pigments to the phytoplankton spectral absorption (ajg,(PSP)
and  agppc), respectively) can be derived from pigment
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Fig. 3. Ensemble of all summer (grey) and winter (black) QFT derived
chl-specific absorption spectra collected at 25 m (upper panel) and
125 m (lower panel).

concentrations (Fig. 5) and the in vivo spectral absorption of
each pigment (Bidigare et al. 1990; Babin et al. 1996; Allali
et al. 1997). Based on this approach we estimate that in the
upper 45 m of the euphotic zone photosynthetic pigments
(monovinyl and divinyl chls a and b, chl ¢, fucoxanthin
(fuco), peridinin, 19'-hex, and 19'-but; Fig. SA,B) contribute
36% * 5% of the total ay during summer months and 50%
(£7%) in winter; in contrast, this contribution increases to
~80% = 4% below the DCM layer and remains constant
across seasons (Fig. 6B). The remaining absorption is attribut-
ed to photoprotective carotenoids, comprised primarily by
zea, with lesser contributions by diadioxanthin and «+ -
carotenes (Fig. 5C).

However, to calculate the photon flux that is actually
absorbed by phytoplankton, specific absorption spectra need
to be weighted by the in situ spectral composition of the
light (Kishino et al. 1986; Sakshaug et al. 1997), which
changes with depth (Supporting Information Fig. S1):
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Fig. 4. Depth distribution (mean = SD) of chl a concentrations and chl-specific absorption derived from QFT (open circles = winter and closed

squares= summer months).
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where afj; corresponds to ay weighted by the in situ spectral
distribution of PAR.

As observed by previous authors (e.g., Kishino et al. 1986;
Markager and Warwick 2001), af(*,, is significantly higher than
ay due to the spectral shift of PAR, toward the blue region
of the spectrum with depth, increasing by a factor of 1.5 at
5 m depth and by a factor of ~ 2.2 at 25 m and below (Fig.
7). For this reason, when compared to ay, the relative contri-
bution of photosynthetic pigments to a; in surface layers
decreases to ~ 30% and 45% for summer and winter, respec-

tively, while remaining close to 80% at depth.

Discussion

The energy trapped by phytoplankton assemblages pro-
vides an upper boundary estimate of gross photoautotrophic
productivity in a pelagic environment. This flow is linearly
dependent on the photosynthetically available radiation
(PAR) at depth z and time ¢, the corresponding chl a con-
centration [chl a] and the chl-specific absorption attributed
to photosynthetic pigments (d; @sp)), which provides an esti-
mate of the size of the photosynthetic antenna per reaction
center (Dubinsky 1992), as long as the number of chl a mol-
ecules per photosystem II (PSII) reaction center remains con-
stant (Oxborough et al. 2012). To convert this captured
energy into oxygen produced or carbon assimilated we must

apply a quantum yield (®), which defines the number of
oxygen molecules evolved or carbon atoms assimilated into
organic matter per photon absorbed:

GPP() = PARog) X [chl a] ) X (5 oo Vo) X Py (6)

While the variability in PARg and [chl a]. have been
well characterized at Station ALOHA (Letelier et al. 1993,
2004), to date we have a limited understanding of how
(af’(;)(psp)) and ® for oxygen and carbon fluctuate in time and
with depth.

Chl-specific absorption variability

In the present study, the phytoplankton spectral absorp-
tion derived from both QFT and HPLC pigment reconstruc-
tion suggests a consistent decrease in total aj with
decreasing light levels (increasing depth) in the upper region
of the euphotic zone (Fig. 4B and Supporting Information
S3). In addition, the decomposition of total aj into the
absorption contributed by photoprotective carotenoids
(apercy) and that contributed by photosynthetic pigments
(aprsp)) reveals that above the DCM layer the variability in
a;, is driven almost exclusively by changes in the contribu-
tions of photoprotective pigments relative to chl a. In con-
trast, it is the change in the relative contribution of
photosynthetic pigments that accounts for the increase in
total aj, below the DCM layer (Fig. 8). These results are con-
sistent with previous studies by Sosik and Mitchell (1995)
and Allali et al. (1997) who found that the observed
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Fig. 5. Depth distribution (mean = SD) of HPLC derived chl a concentrations (mv + dv chl @) and that of accessory pigments concentrations relative
to that of chl a. (A) chl pigments (open triangles: [dv chl a/total chl a], open circles: [chl b/total chl a], open squares: [chl c/total chl a], close squares:
[total chl a]). (B) Photosynthetic carotenoids (open circles: [peridinin/total chl a], open squares: [fuco/total chl a], close squares: [19-hex/total chl d],
close circles: [19-but/total chl a]). (€) Photoprotective carotenoids (open circles: [diadinoxanthin/total chl a], open squares: [f-carotene/total chl a],

close squares: [o-carotene/total chl a], close circles: zea/total chl a]).

variability of aj in the upper layers of the water column is
dominated by changes in agppc).

Several factors contribute to the variability in pigment
composition of natural assemblages. These include changes
in phytoplankton taxonomic diversity (Margalef 1978; Lete-
lier et al. 1993; Reigman and Rowe 1994), photoacclimation
(Deming-Adams 1990; Demers et al. 1991; Falkowski and
LaRoche 1991), nutrient limitation (Ketchum et al. 1958;
Yentsch and Vaccaro 1958; Watson and Osborne 1979;
Latasa 1995), and the role of grazers and viruses in control-
ling the diversity and abundance of phytoplankton taxa
(Latasa et al. 1997; Suttle 2000). At present it may be difficult
to quantify the role that each one of these processes plays in
the observed temporal and spatial variability in pigment
composition at Station ALOHA. Nonetheless, we can try to
interpret the observed variability in pigment composition in
terms of the response of the full photoautotrophic assem-
blage to changes in light intensity and nutrient availability.

The chl-specific absorption attributed to photoprotective
carotenoids (ajppc)) accounts for approximately 70% of the
total absorbed photon flux in the upper layers of the eupho-
tic zone during summer months, decreasing to 55% in win-
ter and to less than 20% below the DCM layer. Increases in
the relative concentration of photoprotective carotenoids
have been interpreted primarily as an acclimation mecha-
nism aimed at minimizing damage of the photosynthetic
apparatus that can arise from exposure to excess light
(Deming-Adams 1990; Demers et al. 1991). In addition,
some carotenoids play an important role in the mitigation
of oxidative stress experienced by cells exposed to light con-
ditions that exceed the processing capability of the photo-
synthetic apparatus (Cirulis et al. 2013 and references
therein). These metabolic responses are consistent with the
high concentration of zea observed in surface waters and
with increased contributions of photoprotective carotenoids
to total aj;, in the upper 45 m depth in summer.
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a function of depth and season. (Open symbols = winter, close symbols = summer).

The increase in the ratio of photoprotective carotenoids
to chl a from the DCM layer to below the light saturating
region of primary productivity (~45 m, see Letelier et al.
1996) may represent a physiological indicator of nutrient
limitation. Several studies (Latasa and Berdalet 1994;
Schluter et al. 1997; Staehr et al. 2002; Pribyl et al. 2016)
have documented an increase in carotenoids per unit chl in
response to nutrient limitation, even under low light and
balanced growth conditions. For example, in a study of var-
iations in cell composition of the haptophyte Pavlova lutheri
(Droop) grown in chemostats and exposed to high and low
light levels, Madariaga and Joint (1992) observed that cells
grown under low light and nitrogen (N) or phosphorus (P)
limitation triggered a > 2.5-fold decrease in chl pigments; in
contrast, N limitation increased diadinoxanthin and p-
carotene by factors of 3 and 8, respectively. The reason for
this relative increase has been attributed to a differential
nutrient requirement in the metabolic pathways of chloro-
phyll pigments versus carotenoids. The common nutrient
requirements of different chls may also explain the constan-
cy in agesp) above the DCM layer since most of the photo-
synthetic absorption in this region of the water-column is

due to chl pigments with minor contributions from photo-
synthetic carotenoids (Fig. 5).

The consistency of aypspy with depth and season above
the DCM layer is somewhat surprising because it suggests
that, under nutrient limiting conditions—as those encoun-
tered above the DCM layer at Station ALOHA (Letelier et al.
2004), the efficiency of the photosynthetic antennae in
absorbing incident photons to fuel algal photosynthesis
remains relatively constant over a broad range of PAR inten-
sities. Instead, photoacclimation and photoadaptation in
this oligotrophic layer is driven primarily by changes in the
concentration of photoprotective carotenoids (Fig. 6) and by
changes in the size of the photosynthetic antenna and/or
the number of photosynthetic units (PSUs) per volume, as
suggested by the change of chl concentration with depth
and season (Fig. 5A) and per cell, as evidenced by the
observed increase in chl fluorescence per cell in Prochlorocco-
cus spp. as PAR decreases (Winn et al. 1995). In these nutri-
ent limited layers the variability in ajpspy appears to be
small compared to that of other photoacclimation and pho-
toadaptation mechanisms. In contrast, increases in aypsp)
with decreasing PAR, below the DCM layer seem to confirm
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(circles) as well as weighted for the spectral distribution of light
(squares). QFT = open symbols, HPLC reconstruction = close symbols.

that changes in the photosynthetic trapping efficiency of
incident photons by PSUs are an important driver of photoa-
daptation in these well stratified layers under light limiting
and nutrient replete conditions (Fig. 6).

Seasonal water column phytoplankton light absorption
budget

Although Station ALOHA experiences a significant seasonal
solar irradiance cycle, with mean daily-integrated surface PAR
values in summer months that are 1.5 times greater than
those observed in winter, this seasonality does not appear to
translate into a summer increase in the photon flux being
absorbed by the phytoplankton’s photosynthetic pigments in
the upper layers of the euphotic zone. When calculating the
photon flux absorbed by phytoplankton photosynthetic pig-
ments—as E(z) X chl a concentration X (i:;)(PSP)—We find that
winter month 0-45 m mean (£ SD) integrated values are
approximately 0.45+0.12 mol quanta m 2 d~' while in
summer the absorbed photon flux averages 0.46 =0.10 mol
quanta m~2 d~! (Table 2, Fig. 9). This apparent lack of an

NPSG phytoplankton light absorption

annual cycle in the photosynthetic absorbed energy can be
attributed to an inverse seasonal cycle between chl a concen-
tration and daily-integrated solar irradiance, while a::/)(psp)
remains invariant in these upper layers. However, at and
below 100 m depth the summer values of light absorption are
consistently greater than those measured in winter leading
to an euphotic zone integrated (0-200 m) photon flux of
0.79 +0.19 mol quanta m 2 d~! and 0.64 + 0.16 mol quanta
m~2d~}, respectively.

A comparison of the absorbed photon flux by photosyn-
thetic pigments with the gross oxygen production (GOP)
derived from in situ '80-H,O incubations can provide a
rough estimate of the fraction of absorbed energy being
channeled through PSII. Based on near monthly in situ '®O-
H,O incubations carried over a 2-year period (March 2006
through February 2008) Quay et al. (2010) estimated that
the mean (*+ SD) 0-100 m integrated GOP varies between
89+ 18 and 67 =13 mmol O, m 2 d"! in summer and win-
ter, respectively. These values correspond to approximately
1/10"" of absorbed quanta over the same integrated depth
range and season (712 and 613 mmol quanta m % d ',
respectively; Table 2). Although our observations appear to
be in good agreement with the canonical photosynthetic
quantum efficiency of 0.1 mol O, evolved per mol quanta
first observed by Emerson (1958), they represent the seasonal
ratio between two bulk estimates and may mask the natural
variability in the oxygen quantum yield.

Finally, although (af(’;} (espy) Temained constant in the upper
water column over the extent of this study (2006 through
2012), Karl et al. (2001) suggested that a strong shift toward
a prokaryote-dominated phytoplankton community took
place between 1975 and 1985 in the region surrounding Sta-
tion ALOHA. More recently, Corno et al. (2007) and Bidigare
et al. (2009) reported the occurrence of a relatively abrupt
increase in photosynthetic (chl b, fuco and 19'-hex) and
photoprotective (zea) pigment abundance at Station ALOHA
during the mid to late 1990s, coincident with a shift in El
Nino Southern Oscillation and Pacific Decadal Oscillation
climate indices. Hence, we cannot discard the possibility
that significant shifts in environmental conditions affect
long-term changes in the phytoplankton community struc-
ture and the mean photosynthetic functional absorption
cross section in this oligotrophic region.

Uncertainties in the photosynthesis photon budget
analysis

Our derivation of the photon flux absorbed by phyto-
plankton assemblages is based on the assumption that the
absorption between 400 and 750 nm by photosynthetic pig-
ments derived from HPLC analysis accurately reflects the
flow of energy into the photosynthetic reaction centers.
However, this photon flux may be underestimated due to
several factors. For example, our calculations do not take
into account the contribution to the total photon budget of
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UV radiation (280-400 nm) and its effect on photosynthesis.
Nevertheless, prior studies on natural phytoplankton
assemblages suggest that the effect of UV radiation on pho-
tosynthetic rates in low latitude oligotrophic regions is negli-
gible (Helbling et al. 1992; Montecino and Pizarro 1995).

Not accounting for the presence of water-soluble photo-
synthetic pigments in our samples is another potential cause
of underestimating the total photon flux absorbed by the
phytoplankton assemblage. A close comparison between the
CDOM corrected QFT absorption spectra wavelength
(@} qrr)) and that derived from HPLC pigment reconstruction
wavelength (aj p; ), identifies a minor deviation centered
around 525 nm in some of our samples (Fig. 1), consistent
with the presence of phycoerythrin (Bidigare et al. 1989).
However, when weighted by the in situ spectral composition
of the light (Eq. 5), the photon flux absorption attributed to
phycoerythrin for any given sample is less than 1% of the
total afj) sp) (data not shown).

A third source of uncertainty we need to consider is the
possibility that a small fraction of the energy absorbed by
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photoprotective pigments is funneled into photosynthesis.
In this context, our results suggest that zea accounts for over
90% of the photoprotective carotenoid’s absorbance in the
upper 45 m (Fig. 5). Based on previous measurements of cel-
lular zea concentrations in Synechococcus spp. and Prochloro-
coccus spp. (Bidigare et al. 1989; Moore et al. 1995) and the
abundance of these cyanobacteria at Station ALOHA (Camp-
bell and Vaulot 1993; Malmstrom et al. 2010), we conclude
that all zea can be ascribed to these taxa in these upper
water column layers. The lack of evidence for the transfer of
energy from zea to the photosystem in Synechococcus spp.
and Prochlorococcus spp. (Bidigare et al. 1989; Moore et al.
1995) suggests that photoprotective carotenoids do not con-
tribute significantly to the flow of energy into photosynthe-
sis in our study region.

Finally, our sampling approach may miss the contribution
of large but rare aggregates, such as Trichodesmium spp. colo-
nies that are commonly found in concentrations lower than
0.1 colonies L™! (Letelier and Karl 1996). Furthermore, our
analysis does not take into account the energy contribution
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ocean and can contribute to the metabolic activity of

trophs. Over the past two decades several studies have sug-
gested that this process may be ubiquitous in the open
proteorhodopsin-containing bacteria, such as SAR11 (Pelagi-

of light driven proton pumps found in some marine hetero-

t al. 2001; DeLong and

z.

éja e

Béja 2010) which are some of the more abundant taxa in
not associated with the evolution of O, or NADPH, they will
not affect the quantum yield of oxygen evolution or organic

pelagic marine environments. Because these processes are

bacter), SAR86, and SAR116 (B

matter production. Nevertheless, they may contribute signifi-

cantly to the total energy budget of the pelagic oligotrophic

microbial assemblage.
In spite of these uncertainties, our observations are consis-
tent with results from prior studies. In a synthesis effort to
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model phytoplankton spectral absorption distribution as a
function of pigment composition Wozniak et al. (2000) con-
cluded that af;) (PSP): afz) varied between 0.3 and ~0.9 in surface
layers of oligotrophic and eutrophic regions, respectively.
More recently, Lin et al. (2016) combined in situ variable fluo-
rescence and satellite retrieved solar induced fluorescence to
conclude that approximately 35% of photons absorbed by
phytoplankton in the open ocean are funneled into the photo-
chemistry. Our results suggest that the relative contribution of
photosynthetic pigments to a_z) in the surface layers at Station
ALOHA ranges from ~ 30% in summer to ~ 45% in winter.

Conclusions

Our long-term observations at Station ALOHA suggest
that, under nutrient limited conditions, such as those that
characterize the NPSG, the chl-specific photosynthetic
absorption (a_;(psp)) remains nearly constant over a broad
range of light conditions. This constancy, which reflects an
apparent lack of plasticity of the functional cross section of
PSII (002), allows a straightforward approach to estimate the
gross oxygen evolution in the upper layers of subtropical oli-
gotrophic oceanic regions based on daily sea surface solar
irradiance and chl a concentration. However, although this
approach may provide an upper theoretical estimate of gross
photoautotrophic production, the challenge remains in
understanding what controls the variability in the fraction
of photosynthetic energy that is channeled into the gross
synthesis and, ultimately, into the net storage of organic
matter in this marine oligotrophic environment.
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