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Abstract
Photosynthesis acts as a fundamental control in the cycling of biologically reactive elements in the ocean.

Modeling photosynthesis requires an understanding of its response to light, specifically the maximum rate of
photosynthesis per photon absorbed and the irradiance level at which it becomes light-saturated (Ek), though
field measurements of these parameters are both time and labor intensive. As absorbed light either drives photo-
synthesis, is re-emitted as fluorescence, or is converted to heat, fluorescence can be related to the photosynthetic
response to light in that, as light increases, there exists an inflection point where the probability that excess
absorbed energy is dissipated as heat increases and fluorescence yield is decreased. Accordingly, we use a combina-
tion of in vivo chlorophyll fluorescence, particulate matter absorption spectra, and photosynthetically active radia-
tion measurements to approximate this inflection irradiance (termed EFT) and relate it to modeled Ek along a
transect from the oligotrophic North Pacific Subtropical Gyre to the edge of the more eutrophic subpolar gyre
(~ 45�N). We find that EFT declines by a factor of 4� from values of 200–300 μmol photons m�2 s�1 in the oligotro-
phic gyre to 50–100 μmol photons m�2 s�1 north of the transition zone and correlates well with Ek from traditional
data and models. This latitudinal pattern is associated with changes in biomass concentrations and the phytoplank-
ton carbon to chlorophyll ratio, as well as with changes in particulate carbon to nitrogen ratios. Collectively, these
results demonstrate a promising framework to capture high-resolution variability in a key photosynthetic parameter.

Ocean ecosystems play a central role in the global carbon
cycle, with global primary production by phytoplankton pho-
tosynthesis averaging on the order of ~ 50 Pg C yr�1

(Sathyendranath et al. 2019). At any given depth within the
euphotic layer, the absolute rate of photosynthesis is driven
by the time-variant flux of solar irradiance and its absorption
by the photosynthetic pigments of phytoplankton, the bio-
mass of which is determined by the availability of essential
nutrients and mortality terms such as grazing and viral lysis.
The dependence of light absorption and its conversion into
photosynthate on irradiance—photosynthesis vs. irradiance or
P-I—is fundamental to the description of marine primary pro-
duction (Wallen and Geen 1971; Edwards et al. 2016); it is

classically measured from carbon uptake experiments over a
range of irradiances, termed P-I experiments (Lewis and
Smith 1983; Bouman et al. 2018). The light response curve of
phytoplankton photosynthesis generally follows a hyperbolic
relationship (Jassby and Platt 1976) with photosynthetic rates
proceeding as a linear function of irradiance at low light with
a slope defined as either a function of incident or absorbed
light (Behrenfeld et al. 2004). At some irradiance level, photo-
synthesis becomes light-saturated and proceeds at maximal
rates unless photoinhibition occurs. Both the initial slope and
the maximum photosynthetic rate vary as a function of irradi-
ance regime, nutrient supply, and temperature, reflecting both
acclimation (Geider et al. 1996) and stress (Platt et al. 1992;
Babin et al. 1996). When rates are normalized to the concen-
tration of the light harvesting pigment chlorophyll (Chl) a,
the initial slope of the light response curve is a function of the
absorption cross-section of photosynthetic pigments relative
to chlorophyll and the maximum efficiency of photochemical
conversion of light to carbon, whereas the maximum photo-
synthetic rate is a function of the concentration or activity of
the Calvin cycle enzyme RUBISCO relative to chlorophyll
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(Platt and Jassby 1976; Geider and MacIntyre 2002). A thor-
ough and detailed description of these terms and the factors
that drive them to vary is described in Behrenfeld et al. (2004)
and references cited therein.

Photosynthesis vs. irradiance experiments, though time- and
labor-intensive, have proven critical to parameterize biogeo-
chemical and optical models of marine primary production
(Harrison et al. 1985; Uitz et al. 2008; Kulk et al. 2020). In a
meta-analysis of more than 5000 P-I experiments, Bouman
et al. (2018) compared the chlorophyll-normalized maximum
photosynthetic rate and the initial slope with increasing irradi-
ance across ecological provinces and found a strong positive
correlation between these parameters. Furthermore, they deter-
mined that the ratio of the maximum rate and the initial slope,
referred to as the light saturation parameter for photosynthesis,
Ek, ranges between ~ 20–300 μmol photons m�2 s�1 as a func-
tion of latitude: high latitudes (> 65�N) are characterized by a
mean Ek value of ~ 60 μmol photons m�2 s�1, while low
latitudes (40�S–40�N) have an average Ek value of ~ 150 μmol
photons m�2 s�1 in the surface layer. The positive correlation
between the maximum rate of photosynthesis and its initial
slope is attributed to physiological factors such as changes in
the allocation of ATP and NADPH as well as ecological factors
including changes in phytoplankton community composition as
described by Behrenfeld et al. (2004) and Côté and Platt (1983).
The observed latitudinal variability in Ek was hypothesized to be
related to either temperature or light controlled changes in the
concentration (i.e., intraspecific photoacclimation) and composi-
tion (i.e., interspecific photoadaptation) of photosynthetic
pigments (Bouman et al. 2018).

Patterns in phytoplankton responses to light and associated
changes in production have also been assessed by examina-
tion of the dynamics of chlorophyll fluorescence (Kiefer and
Reynolds 1992; Kolber and Falkowski 1993; Jolliff et al. 2012).
Briefly, phytoplankton acclimate to the ambient light field by
modifying cell-specific pigment concentrations which in turn
alter overall absorption efficiency, fluorescence yield per chlo-
rophyll, and the chlorophyll to carbon ratio (Geider
et al. 1998; Roesler and Barnard 2013). Changes in fluores-
cence yield, the amount of absorbed light energy reemitted as
fluorescence, can be related to photosynthesis, as light is
either used to drive photosynthesis, emitted as fluorescence,
or converted to heat (Butler and Strasser 1977; Cullen
et al. 1997; Falkowski and Raven 2007). The three fates of
absorbed light energy are therefore competing processes with
their relative proportions changing, for example, over a diel
cycle.

In an irradiance-based model to quantify the photochemi-
cal and nonphotochemical quenching of fluorescence,
Morrison (2003) describes an inflection irradiance or fluores-
cence threshold, EFT, at which the fluorescence yield begins to
decrease with increasing irradiance. To characterize this
threshold, Comeau (2010) used moored and profiling conduc-
tivity, temperature, and depth (CTD) package data to monitor

the ratio of chlorophyll fluorescence relative to the chloro-
phyll concentration determined via line-height absorption
(Chlfl : Chla676) as a function of light. At very low light levels,
a greater proportion of light energy is being used to drive pho-
tochemistry and the fluorescence yield increases with irradi-
ance up to EFT due to the decreased probability of
photochemical quenching (Kiefer and Reynolds 1992), with a
relatively high Chlfl : Chla676. As light becomes saturating for
photosynthesis and passes the fluorescence inflection point,
phytoplankton begin to dissipate excess absorbed energy as heat,
and Chlfl : Chla676 will significantly decrease, a process termed
nonphotochemical quenching. This diel pattern in non-
photochemical quenching has been shown to strongly correlate
with important primary production parameters such as the
photosynthetic efficiency and electron requirement for carbon
fixation by phytoplankton (Schuback and Tortell 2019). Charac-
terizing photochemical and nonphotochemical quenching as a
function of irradiance can provide valuable in situ information
on the photo-acclimation patterns of sea surface phytoplankton
assemblages required in the interpretation of solar induced fluo-
rescence derived from ocean color remote sensing (Behrenfeld
et al. 2009). Roesler and Barnard (2013) presented a framework
for investigating this ratio simply by measuring in vivo chloro-
phyll fluorescence, the line-height chlorophyll absorption at
676 nm, and photosynthetically active radiation (PAR), albeit
this has not been assessed across basin-scale environmental and
ecological gradients.

Here, we utilize a unique set of continuous sensors to simul-
taneously resolve phytoplankton optical properties, plankton
size and diversity, and biological production across several eco-
tones spanning the North Pacific Ocean as part of the Simons
Collaboration on Ocean Processes and Ecology Gradients cam-
paign. The approach, developed by Comeau (2010), was used
to derive EFT from underway observations of PAR, chlorophyll
fluorescence, and chlorophyll line height absorption along the
transect. The objective of this study was to characterize changes
in the photophysiological characteristics of phytoplankton
communities with a high resolution and autonomous approach
and relate them to corresponding changes in plankton biomass,
elemental composition, and community production across a
latitudinal gradient.

Methods
In April 2019, we conducted a latitudinal transect along

158�W from Honolulu, Hawaii, to 42.3�N aboard the R/V Kilo
Moana (KM1906, Gradients 3 campaign, www.simonscmap.
com/catalog/cruises/KM1906, Fig. 1). The aim of the survey was
to understand the drivers of latitudinal changes in elemental
composition, plankton community structure, and primary pro-
duction across an ecological gradient from the oligotrophic
North Pacific Subtropical Gyre (NPSG) to the transition zone
bordering the nutrient-rich subpolar gyre of the Pacific Ocean
(Juranek et al. 2020). Near-continuous optical measurements of

Allen et al. Characterizing optical photophysiology

714

http://www.simonscmap.com/catalog/cruises/KM1906
http://www.simonscmap.com/catalog/cruises/KM1906


hyperspectral absorption and attenuation, particulate beam
transmission, particulate backscattering, and chlorophyll fluo-
rescence in near-surface waters were conducted between
09 April and 30 April 2019, using the ship’s underway flow-
through system (~ 7 m depth inlet). In addition, discrete
measurements were conducted regularly underway and at nine
stations along this gradient, and seawater was collected daily
for net community production incubations. Methodological
details are presented below.

Discrete measurements
Particulate carbon and particulate nitrogen concentrations

(n = 470) were determined from discrete water samples (bet-
ween ~ 2 and ~ 6 liters) collected from the ship’s uncontaminated
seawater system and filtered onto precombusted glass fiber filters
every ~ 2.5 h using a semi-automated filtration device based on
the design of Holser et al. (2011). Particulate carbon was deter-
mined via high temperature combustion as per the HOT proto-
cols (www.hahana.soest.hawaii.edu/hot/methods/pcpn.html,
Sharp 1974) with acetanilide as an internal standard. All samples
were corrected to remove dry filter blanks and contribution of dis-
solved organic carbon is assumed to be negligible.

Discrete samples for Chl a concentration (~ 0.5 liters,
n = 16) were taken from the inline underway system and from

the surface bottles of the CTD rosette for multiple stations
along the transect. Samples were collected onto glass fiber filters
(GF/F) and measured using a Turner Designs Model 10-AU fluo-
rometer using standard methods described in Strickland and
Parsons (1972) modified to use 100% acetone as the solvent
(Bowles et al. 1985). Nitrate plus nitrite (NO3 + NO2 or simply
referred to as nitrate) as well as phosphate (soluble reactive
phosphorus, PO4) samples were collected daily (n = 65) from
the underway flow through system as well as the CTD-rosette
and analyzed using a SEAL Analytical AutoAnalyzer III following
procedures documented in Strickland and Parsons (1972) and
described in Juranek et al. (2020). The detection limit is
75 nmol L�1 for NO3 + NO2 and 30 nmol L�1 for PO4.

Underway measurements of phytoplankton biomass and
production

Phytoplankton abundance and carbon content was mea-
sured by a pair of continuous flow cytometers: the SeaFlow
(Swalwell et al. 2011), which detects auto-fluorescing particles
ranging in size from ~ 0.4 to ~ 6 μm, and the Imaging
FlowCytobot (IFCB; Olson and Sosik 2007) which images
4–100 μm particles detected on both scattering and auto-
fluorescence. We used a subset of the IFCB dataset, including
only auto-fluorescing particles, to determine the phytoplank-
ton biomass in the 4–100 μm size range. Phytoplankton
carbon was derived from direct estimates of particulate
biovolume from the IFCB (Moberg and Sosik 2012) and the
application of Mie Theory to convert forward light scatter
measured by the SeaFlow into biovolume, as described in
Ribalet et al. (2019). All biovolume estimates were then
converted to carbon using allometric scaling (Menden-Deuer
and Lessard 2000). Additional details of data processing are
described in Juranek et al. (2020). These data are used here to
validate our estimate of phytoplankton carbon. Measure-
ments of net community production (mmol O2 m�2 d�1)
were derived from continuous measurements of O2/Ar in the
surface mixed layer as described and presented in Juranek
et al. (2020). These data are shown here for reference to lati-
tudinal changes in EFT and proxies of photoacclimation.

Underway optics and hydrography
The ship’s thermosalinograph system, comprised of an SBE-

38 remote temperature sensor located at the seawater intake
situated ~ 7 m below the sea surface in conjunction with an
SBE-45 analog thermosalinograph sensor placed in a sea chest
near the bow of the ship, was utilized for measurement of sea
surface temperature (�C) and salinity (PSU). Uncontaminated
seawater samples from the same intake were delivered to the
ship’s wet laboratory in the dark using the ship’s March Model
TE-8K-MD magnetic drive pump, rated at 400 L m�1 with an
estimated delay on the order of ~ 10 s.

Continuous underway optical measurements were made
using an AC-S operating in benchtop mode in line with an
ECO Triplet (SeaBird, Philomath, Oregon), housed in a 7.6-cm

Fig. 1. (A) Satellite retrievals of chlorophyll concentration for the month
of April 2019 using the OCI algorithm on VIIRS. Shown in red is the 34.82
surface isohaline corresponding to the southern edge of the transition
zone, while the black line corresponds to the chlorophyll isoline value of
0.15 mg m�3 corresponding to the transition zone chlorophyll front. The
cruise track departed Honolulu, Hawaii along 158�W and reached a north-
ernmost latitude of 42.3�N before transiting southward. (B) Latitudinal
values of MODIS-derived sea surface temperature (�C, red circles) and
SMAP-derived salinity values (PSU, white squares) along the transect at
158�W for April 2019.
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diameter PVC chamber with a highly absorbing black interior.
For the first 10 min of every hour, incoming seawater was pas-
sed through a 0.2 μm filter (Graver ZTEC G series with Teflon
O-rings) to collect dissolved “blanks” that were subsequently
used to correct whole-water signals from both the AC-S and
the ECO Triplet collected in the succeeding 50 min of each
hour. This allowed for the establishment of a relative calibra-
tion of the instruments and minimized the influence of bio-
fouling. Filtered values were linearly interpolated throughout
the cruise and subtracted from raw measurements to provide
in vivo chlorophyll fluorescence (volts, excitation/
emission = 470/695 nm), the particulate volume scattering
function at 700 nm at 117� (volts), spectral particulate beam
attenuation at 83 wavelengths (m�1), and spectral particulate
absorption at 83 wavelengths (m�1). Voltage measurements
from the ECO sensor were then scaled to particulate volume
scattering values (m�1 sr�1) using factory calibrations. In vivo
fluorescence-derived chlorophyll (Chlfl) was calculated from
raw voltage by calibrating to discrete extracted chlorophyll
measurements (n = 16) collected at nighttime with a slope of
0.0025 mg m�3 V�1 and a r2 of 0.94. The use of a single cali-
bration coefficient for the transect was determined to be suffi-
cient as EFT was calculated relative to the closest low-light
values and is explained in more detail in the next section. Par-
ticulate volume scattering at 117� (βp) was converted to the
hemispherical particulate backscattering coefficient (bbp, m

�1),
following Boss and Pegau (2001):

bbp ¼2πχpβp ð1Þ

where the conversion factor χp is 1.1 for 117� (Boss and
Pegau 2001). An initial quality control for the AC-S measure-
ments removed negative particulate beam attenuation and
absorption spectra and any spectra with a slope greater than
three standard deviations of the hourly average to account for
bubbles or large, rare particles. Particulate absorption was then
corrected for residual temperature and scattering after Slade
et al. (2010). The dissolved component of absorption was cal-
culated from filtered measurements using a Nanopure freshwa-
ter blank and temperature and salinity corrected according to
Slade et al. (2010).

Calculations of the diffuse attenuation coefficient of PAR
from the surface to the 7 m depth of the underway intake,
described below, require both total absorption and total back-
scattering coefficient spectra. As the underway protocol provides
relatively calibrated particulate optical data to reduce biofouling,
modeled seawater absorption and backscattering spectra are
derived to be added to observations of particulate optics. The
total spectral absorption coefficient (m�1) was calculated by
adding the absorption by pure seawater after Mason et al. (2016)
between 400 and 550 nm, and Pope and Fry (1997) from 550 to
700 nm to the sum of the dissolved and particulate absorption
spectra. Total particulate backscattering spectra were calculated
by extrapolating the ECO particulate backscattering value,

calculated at 700 nm, to all AC-S wavelengths assuming a power
law slope of 1.0337 (Maritorena et al. 2002). Seawater backscat-
tering was derived from salinity and temperature measurements
via Zhang et al. (2009) and added to the particulate backscatter-
ing spectra to calculate the total backscattering spectra.

AC-S-derived Chl a concentrations (Chla676) were estimated
from the particulate absorption coefficients using the line-
height method (Davis et al. 1997; Roesler and Barnard 2013).
A chlorophyll-specific absorption coefficient of 0.012 m2 mg�1

was determined from a linear regression of line-height absorp-
tion at 676 nm against discrete chlorophyll samples collected
across all regions from the underway system within � 30 min
of optical measurements (n = 16) and was highly significant
(slope = 1.006, r2 = 0.98). Continuous phytoplankton carbon,
CPHYTO-BUCK (mg C m�3), was additionally calculated from
Chla676 using the relationship derived in Buck et al. (1996):

log10CPHYTO�BUCK ¼1:92þ0:69log10Chla676 ð2Þ

where the log–log regression against discrete SeaFlow + IFCB
phytoplankton carbon data (n = 373) was also significant
(slope = 0.91, r2 = 0.83).

Photophysiology calculations
Measurements of surface planar PAR (400–700 nm) were

made using a LICOR LI-190R quantum cosine collector, logged
throughout the day, and averaged in 1 min intervals (data log-
ger model LI-1500). The sensor was positioned 4 m above the
deck to minimize the influence of shadows from the ship’s
superstructure. The diffuse attenuation coefficient for PAR,
KPAR, was calculated according to methods described in Lee
et al. (2005), which calculates the average KPAR as a function
of the solar zenith angle, the total absorption coefficient at
490 nm, and the total backscattering coefficient at 490 nm.
Assuming a well-mixed layer above the ship’s water intake,
the scalar PAR at 7 m depth was then calculated as per Eq. 3
where 1.2 is a conversion factor between downwelling planar
PAR and scalar PAR, τ is the transmission PAR between the
air–sea interface, and z is 7 m.

PAR 7mð Þ¼1:2τPARsurfe�KPAR z ð3Þ

The transmission of PAR through the air–sea interface was
calculated according to methods described in Mobley and
Boss (2012), which calculates τ as a function of average wind
speed and solar zenith angle, assuming clear skies and open-
ocean chlorophyll concentrations. Wind speeds were acquired
using an RM Young anemometer located on the weather deck
of the ship, and sun angles were calculated using time and
GPS coordinates.

The fluorescence threshold irradiance, EFT, was approxi-
mated using a nonlinear curve function to characterize where
ECO Triplet chlorophyll fluorescence (Chlfl) significantly
diverges from AC-S line height chlorophyll (Chla676) as a
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function of PAR(7 m) values. To maximize spatial and tempo-
ral resolution, measurements of Chlfl : Chla676 were divided
into two daily portions: from sunrise to solar noon, and from
solar noon to sunset. A nonlinear curve fitting routine
described in Comeau (2010) was used to fit two intersecting
lines with a Boolean operator to solve for EFT:

Chlfl :Chla676
¼ Chlfl :Chla676o PAR<EFT½ �ð Þ
þ Chlfl :Chla676oþmln

PAR
EFT

� �
PAR ≥EFT½ �

� �� �
ð4Þ

where the ratio Chlfl : Chla676 is assumed to be constant under
low irradiance less than EFT and decreases with a slope m once
PAR is greater than EFT. This is expressed via the Boolean oper-
ators [PAR < EFT] and [PAR ≥ EFT]), which signify the portions
of the function below and above the EFT PAR value, respec-
tively. An example of this curve fitting routine is shown below
in Fig. 4. The original Comeau (2010) routine allowed for a
significant slope when [PAR < EFT], but here we assume the
slope to be null. This same approach has been used to describe
the threshold and dose-dependent reduction of viability in
phytoplankton exposed to ultraviolet radiation (MacIntyre
et al. 2018). The cost function was minimized by the
Levenberg–Marquardt nonlinear least squares algorithm with
an initial guess of 1 (unitless), �0.4 (μmol photons
m�2 s�1)�1, and 200 μmol photons m�2 s�1 for Chlfl :
Chla676o, m, and EFT, respectively. Confidence intervals were
determined using an asymptotic normal distribution for the
parameter estimate from the residuals and the Jacobian of the
nonlinear function fit in MATLAB (nlparci.m), and poor fits
were rejected if their confidence intervals crossed null.

The same approach was used to estimate EFT from the chlo-
rophyll fluorescence emitted by the most abundant group of
pigmented cells detected with the IFCB. The laser-induced
(635 nm, 4.5 mW) red autofluorescence (680 � 30 nm, arbi-
trary units) emitted by individual cells was measured using a
photomultiplier (PMT) module (Hamamatsu HC120-05 modi-
fied for current-to-voltage), as described in Olson and
Sosik (2007). For 24 h, the fluorescence per cell of the main
nanophytoplankton group was extracted with a temporal reso-
lution of ~ 20 min (determined by the fixed flow rate of
0.25 mL min�1 for the instrument) in two stations located at
30.8�N and 41.3�N along the 158�W transect. The average
fluorescence per cell was normalized to cell biovolume to
account for changes in biomass over the diel cycle and plotted
against the underway PAR values to fit Eq. 4 with initial
parameters of 0.6 a.u., �0.4 (μmol photons m�2 s�1)�1, and
200 μmol photons m�2 s�1. The instrument settings were kept
constant throughout the cruise, as described in Juranek
et al. (2020). Standard beads (6 μm, AlignFlow™, molecular
probes, excitation: 630–660 nm) were monitored in each sam-
ple to detect any instrumental drift, but the regression of
beads’ red fluorescence against time did not yield a significant

slope (n = 1858, intercept = 0.81 a.u.). Similarly, we tested the
effect of the relatively long (maximum of 20 min) duration of
each analysis, where individual cells intercept the laser in ran-
dom order at a frequency of 800 kHz by regressing the time of
interception against cell fluorescence. In daytime samples espe-
cially, cells may have relaxed nonphotochemical quenching as
they were kept in the dark from the moment the sample was
drawn from the underway inlet to the end of the analysis.
However, the regression of cell fluorescence against time for
each sample did not yield a significant slope (see Supplemen-
tary Material). All underway data are accessible on Zenodo.org
(doi:10.5281/zenodo.5178648).

Results and discussion
Latitudinal trends in oceanographic conditions

Oceanographic measurements made over the course of the
cruise showed a marked transition from typical low-nutrient,
low-biomass subtropical surface water masses to the colder, more
productive transition zone (Fig. 1). The regional hydrography
from this cruise is described in Juranek et al. (2020). Briefly, chlo-
rophyll concentrations increase by a factor of five and net com-
munity production estimates increase three- to five-fold between
the subtropics and the subpolar region, and high-resolution opti-
cal observations suggest that picoeukaryotes and nanoplankton
dominate changes in biomass to the north. The area covered by
the cruise is divided into three regions, with the boundary
between the subtropical gyre and the southern edge of the tran-
sition zone defined by the 34.8 surface isohaline (Roden 1971;
Lynn 1986), which was located at 32.34�N. Within the transi-
tion zone, we follow the convention of Juranek et al. (2020) and
define a northern and southern subregion separated by the sea-
sonally variable transition zone chlorophyll front (as defined by
the 0.15 mg m�3 chlorophyll isoline); this front was positioned
at ~ 35�N during the cruise.

The availability of nutrients can play a large role in the var-
iation of photosynthetic parameters such as the initial rate of
increasing photosynthesis with irradiance (Platt et al. 1992;
Babin et al. 1996; Moore et al. 2008), though care should be
taken on the interpretation of nutrient stress on phytoplank-
ton photophysiology (Parkhill et al. 2001). Nutrient analysis
at the surface showed that NO3 + NO2 concentrations were
extremely low (at or below detection limit of 75 nmol L�1)
until north of ~ 38�N, where concentrations increased
to ~ 6.5 μmol L�1 at the highest latitudes. Concentrations of
PO4 began increasing above the detection limit (30 nmol L�1)
at a much lower latitude, just north of the transition zone
boundary, around 33–34�N. Importantly, iron was likely not
limiting at the time of our sampling based on a null response
to iron addition experiments (N. Hawco pers. comm.).

The subtropical gyre was marked by low biomass and
low production, with phytoplankton carbon biomass of
10–15 mg m�3 and net community production values of
6–7 mmol O2 m�2 d�1. In the southern portion of the
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transition zone below the chlorophyll front, phytoplankton
carbon obtained from the sum of measurements made by the
SeaFlow and the Imaging FlowCytobot (SF + IFCB CPHYTO)
increased to values of 15–25 mg m�3, while net community
production nearly doubled to values of 10–12 mmol O2 m�2

d�1. The highest biomass and production values were found
north of the chlorophyll front, with values of 75 mg m�3 and
40 mmol O2 m�2 d�1, respectively. An optical proxy for phy-
toplankton carbon (CPHYTO-BUCK), determined with a power
law relationship using chlorophyll concentrations (Buck
et al. 1996), was well correlated with discrete carbon estimates
(log–log fit: slope = 0.913, r2 = 0.83, n = 373), and showed
nearly identical trends in biomass as flow cytometry (SF
+ IFCB CPHYTO, Fig. 2). The increase of net community pro-
duction and biomass south of detectable surface nitrate con-
centrations (within a zone of residual phosphate,
~ 0.25 μmol L�1) suggests prior delivery of nutrients and sub-
sequent utilization.

Temporal variability of phytoplankton biomass and
incoming PAR

Bio-optical proxies for biomass and light harvesting pig-
ments in the surface mixed layer were collected across the
entire transect to provide insight into the latitudinal variabil-
ity in photophysiological characteristics of phytoplankton
communities (Fig. 3). As expected, incoming solar radiation
varied with cloud-cover, particle concentration, and latitude:
instantaneous PAR values estimated at a 7 m water depth
south of the transition zone chlorophyll front reached up
to ~ 1300 μmol photons m�2 s�1 (Fig. 3A) declining to max-
ima of ~ 1000 μmol photons m�2 s�1 to the north. After 3 d at
the northern station, a storm forced a temporary transect

southward to ~ 33�N from 19 to 23 April, after which the ship
returned to the northernmost station before undertaking the
southern transit back to Honolulu, Hawaii. Cloudy days were
more prevalent in this portion of the cruise, with PAR(7 m)
values at solar noon as low as 500–600 μmol photons m�2 s�1.
The estimates of phytoplankton carbon biomass (Fig. 3B) and
chlorophyll derived from AC-S line-height measurements
(Fig. 3C) show an increase in biomass beginning at the chloro-
phyll front.

Photophysiology
At high irradiances, phytoplankton exhibit non-

photochemical quenching of chlorophyll fluorescence, where
excess light energy is dissipated as heat loss (Morrison 2003).
This is shown clearly in Fig. 3D,E across all regions, where
chlorophyll fluorescence and its ratio with absorption-based
chlorophyll concentration sharply decreases at midday by up
to ~ 50% of the night-time values. Previous studies have shown
that the light level at which in vivo chlorophyll fluorescence
diverges from absorption-based estimates of chlorophyll is
strongly correlated to the saturation irradiance of photosynthe-
sis, Ek (Comeau 2010; Roesler and Barnard 2013). The degree of
nonphotochemical quenching has also shown strong correla-
tions with important primary production parameters such as
the functional absorption cross section and efficiency of charge
separation of photosystem II as well as the electron require-
ment of carbon fixation (Schuback and Tortell 2019), and is
subsequently a powerful diagnostic for the photophysiological
state of in situ phytoplankton communities.

Figure 4A,B shows examples of how the quenched chloro-
phyll fluorescence signal can be mapped to the relatively con-
stant chlorophyll absorption measurements as a function of

Fig. 2. Latitudinal measurements of sea surface temperature (SST, �C), AC-S derived Chl a concentrations (Chla676, mg m�3), nitrate + nitrite concentra-
tions (NO3 + NO2, μmol L�1), phosphate concentrations (PO4, μmol L�1), phytoplankton carbon derived from the AC-S (CPHYTO-BUCK, mg m�3) and from
SeaFlow + Imaging FlowCytobot measurements (SF + IFCB CPHYTO, mg m�3), and Net Community Production (NCP, mmol O2 m�2 d�1). The
location of the southern boundary of the transition zone as identified via the 34.8 isohaline and the transition zone chlorophyll front (TZCF) are shown as
dotted lines.
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the ambient light to approximate the inflection point at
which photosynthesis becomes saturated and excess energy is
dissipated as heat, leading to a quenching in the fraction of
absorbed light reemitted as fluorescence. Here, the calibrated
Chlfl : Chla676 ratio as a function of PAR(7 m) are shown for a low
latitude and a high latitude region. In Fig. 4C,D, the same signal
can be found for IFCB fluorescence normalized to biovolume,
measured for the main population of nanophytoplankton found
in a northern and southern region. In all cases, the normal-
ized fluorescence signal is the highest at low light levels
while remaining relatively constant, and then decreases when
light levels are high enough to induce nonphotochemical
quenching, caused by excess dissipation of absorbed energy as

heat. The bilinear fit to log-transformed data are shown here
for the high and low latitudes for both sets of instruments
in linear space (Eq. 4), and the irradiance value for the fluores-
cence threshold, EFT, the point where both lines meet, is
determined with confidence intervals. In addition to the
observed higher EFT threshold, low-latitude stations also
exhibit a significantly lower maximum Chlfl : Chla676 ratio
under light limiting conditions (PAR < EFT), suggesting
potential differences in light adaptation, photophysiology,
and/or taxonomy (Kiefer 1973; Cleveland and Perry 1987).
Though the temporal resolution for the IFCB measurements
is limited (~ 20 min resolution), the results here demon-
strate an avenue for future research.

Fig. 3. Time series observations of (A) derived scalar photosynthetically available radiation at 7 m depth (PAR(7 m), μmol photons m�2 s�1), (B) phytoplank-
ton carbon derived from the sum of SeaFlow and Imaging FlowCytobot (SF + IFCB CPHYTO, solid black points) measurements as well as the Buck et al. algo-
rithm (CPHYTO-BUCK, open circles) in units mg C m�3, (C) ACS-derived chlorophyll a concentrations (Chla676, mg m�3), (D) ECO chlorophyll fluorescence (Chlfl,
mg m�3), and (E) the ratio of ECO chlorophyll fluorescence and ACS-derived Chl a concentrations (Chlfl : Chla676, unitless). Shaded areas in (D) and (E) corre-
spond to nighttime measurements, while the black dashed line indicates the crossing of the southern boundary of the transition zone (STZ) and the green
dashed line shows the position of the transition zone chlorophyll front (TZCF). The ship’s heading (northward or southward) is noted above panel (A).
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Derived EFT values for the cruise transect (Fig. 5A) show simi-
lar patterns to the saturation parameter for photosynthesis, Ek,
reported for the North Pacific (Uitz et al. 2008; Behrenfeld
et al. 2016; Kulk et al. 2020). At the southernmost stations, cal-
culated EFT values range between 200 and 300 μmol photons
m�2 s�1, declining to 100–150 μmol photons m�2 s�1 near the
transition zone. North of the chlorophyll front, EFT values
range between 25 and 100 μmol photons m�2 s�1, indicative of
low-light adapted phytoplankton communities. Experimental
studies based on photosynthesis vs. irradiance curves have
found Ek values of 238 � 100 and 171 � 98 μmol photons
m�2 s�1 for waters with chlorophyll concentrations equivalent
to the southern stations and the northern stations, respec-
tively (Uitz et al. 2008) or regional values of 382 μmol pho-
tons m�2 s�1 in the NPSG and 70 μmol photons m�2 s�1 in
the Eastern Pacific Subarctic Gyres Province (Kulk et al.
2020). It is important to note that in this study, EFT was derived
from estimates of fluorescence yield vs. PAR and was not
spectrally corrected to photosynthetically usable radiation.

Relative PAR calculated with respect to spectral phytoplankton
pigment absorption at similar depths in open ocean conditions
underestimates relative photosynthetically usable radiation by
a factor of two (Laws et al. 1990), and would therefore lead to
an underestimate of photosynthetically absorbed radiation at
Ek values. This is apparent in Fig. 5A, where the Kulk et al. (2020)
and Uitz et al. (2008) Ek values are between 1.5 and 2.5 times
higher than the derived EFT values from this study, whereas
the Behrenfeld et al. (2016) measurements made with the
daylength (DL) correction, which does not have this spectral
correction, aligns much more closely with this study.

In addition, other caveats affect the EFT estimates measured
from underway systems. The clear-sky assumption for both
the air–sea transmission and the derived PAR attenuation
would lead to an underestimation of final PAR(7 m) values by
up to 11% in entirely diffuse sky lighting conditions (see Sup-
plemental Material), especially in the northern latitudes where
cloudy conditions were more prevalent. There was also an
implied assumption of no significant contribution to

Fig. 4. Observations of the ratio of Chl a fluorescence (Chlfl) at 7 m from the ECO Triplet to the AC-S line height chlorophyll concentration (Chla676) as
a function of PAR calculated at 7 m depth (PAR(7 m)) with the nonlinear function fit and 95% confidence intervals at (A) a high latitude location
(41.7�N) and (B) a low latitude location (23.0�N). Observations of the ratio of red fluorescence to biovolume for nanophytoplankton at 7 m from the
Imaging FlowCytobot (IFCB) as a function of PAR calculated at 7 m depth (PAR(7 m)) with the nonlinear function fit and 95% confidence intervals at (C)
a high latitude location (41.7�N) and (D) a low latitude location (32.2�N).
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backscattering by particles less than 0.2 μm as the AC-S and
ECO Triplet were relatively calibrated by subtracting 0.2 μm-
filtered seawater throughout the cruise. This would lead to an
underestimation of PAR attenuation and an overestimation of
PAR(7 m). The time for phytoplankton to reach the underway
system (nominally about 10 s, given ship pipe layout and flow
rate) and the duration of acquisition (up to 20 min for the
IFCB) could allow for rapid and substantial relaxation of non-
photochemical quenching. However, over the course of each
IFCB analysis, the fluorescence of nanophytoplankton did not
significantly change for both a southern and northern station
(see Supplemental Material). These uncertainties and resolutive
limitations can be mitigated through the use of high through-
put sensors (Swalwell et al. 2011; Olson et al. 2017) or autono-
mous profiling platforms such as BGC-Argo, which can

monitor PAR at depth as well as measure fluorescence without
the relaxation of nonphotochemical quenching. If the mixed
layer depths are sufficiently deep, derivations of EFT can be
made as a function of depth in addition to time over the
course of a day, yielding even higher spatial and temporal res-
olution observations.

Nevertheless, the consistency in the EFT values observed
under different cloud-cover conditions in the subtropical gyre
and with varying PAR attenuation north of the transition zone
chlorophyll front suggests that both the latitudinal trend and
magnitude of EFT in our present study are robust. Furthermore,
using a similar approach to detect an irradiance-dependent
depression of chlorophyll fluorescence from vertical profiles
from the tropical Pacific, Cullen and Lewis (1995) found
essentially the same pattern as in Fig. 4, but for the ratio of
fluorescence to extracted chlorophyll, with an estimated
threshold irradiance of 199 μmol photons m�2 s�1 PAR. This
fluorescence light-dependence was comparable to that pres-
ented by Marra (1992) based on the diurnal variability of fluo-
rescence. Finally, derived values of Ek as approximated from
the Carbon : Chl ratio in Behrenfeld et al. (2016) with the
additional incorporation of DL from the Silsbe et al. (2016)
model (Fig. 5A) display latitudinal trends in their magnitude
that are similar to the EFT values of this study. Latitudinal
matchups of the Behrenfeld et al. (2016) + DL Ek and the EFT
values from this study show a 1 : 1 relationship across most of
the transect, with EFT values increasing to 3 � Ek values in
low-light adapted regions with cloudy conditions to the
north (Fig. 6).

Ecological patterns in photophysiology
Changes in phytoplankton cell size or community compo-

sition may explain some of the observed shifts in

Fig. 6. Scatter plot of the light saturation irradiance (Ek) values derived
using the Behrenfeld et al. (2016) method plus the DL correction from
Silsbe et al. (2016) compared to derived fluorescence-irradiance threshold
(EFT) values from this study, matched up by latitude. Units for both are in
μmol photons m�2 s�1. Also plotted are the 1 : 1, 2 : 1, and 3 : 1 lines.

Fig. 5. (A) Latitudinal range of the fluorescence-irradiance threshold EFT
values derived from the nonlinear fit function, with 95% confidence inter-
val error bars in the vertical as well as the range of latitudes the input
measurements were collected from as horizontal error bars (white circles),
as well as modeled values of the light saturation irradiance Ek calculated
from the Behrenfeld et al. (2016) model using calculations of DL as
described by Silsbe et al. (2016) with monthly MODIS data for the month
of April 2019 from the OSU Ocean Productivity website (www.sites.sci
ence.oregonstate.edu/ocean.productivity/index.php) (black circles) and
historical values of Ek and their standard deviations for the region from
Uitz et al., 2008 (purple circles) and Kulk et al., 2020 (yellow circles) (B)
latitudinal range in the phytoplankton carbon to chlorophyll ratio
(Cphyto : Chl, white circles) and bulk particulate carbon to nitrogen ratio
(PC : PN, black circles).
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photoacclimation. Particle sizes changed over the course of
the transect (Juranek et al. 2020), as measured by the pair of
flow cytometers used in this study: SeaFlow (~ 0.5–6 μm) and
the IFCB (~ 4–100 μm). The SeaFlow measured a shift in cell
size across latitudes, associated with the small cyanobacterium
Prochlrococcus (~ 0.5 μm) and Synechococcus (~ 1 μm), dominant
in the subtropics and transition zone respectively, and rela-
tively larger picoeukaryotes (~ 2–4 μm) at higher latitudes. In
comparison, the IFCB showed a small shift in the mode of the
size distribution (albeit this is based on equivalent spherical
diameter, and thus does not account for shifts in cell shape),
with values of 7.60, 7.45, and 6.48 μm in the subtropics,
southern and northern transition zone, but a broadening of
particle size northward (Juranek et al. 2020). The broadening
of particle size distributions, and expected package effect, with
latitude is inconsistent with the increase in Chlfl : Chla676
observed under low light, as larger cells tend to present lower
pigment concentration and fluorescence yield relative to their
size (�Alvarez et al. 2017). The package effect scales to cell size
for any given phytoplanktonic taxa (Nelson et al. 1993;
�Alvarez et al. 2017), hence the observed shifts in pho-
toacclimation could be linked to species composition, rather
than cell size. In fact, the changes in Chlfl : Chla676 ratios and
EFT are consistent with changes in taxonomy, as Juranek
et al. (2020) reported that gymnodinoid dinoflagellates, which
dominated both plankton biomass and abundance across the
transect, were progressively replaced by small diatoms
(Thalassiosira spp.) and coccolithophores (Emiliania huxleyi) in
the northern transition zone waters. These taxonomic classes
tend to be low-light adapted, with Ek values of 84 � 11 and
115 μmol photons m�2 s�1 respectively and reach higher pro-
ductivity at light saturation (Edwards et al. 2016), although
strong adaptations have been noted for species in the genus
Thalassiosira (Fisher et al. 2020).

Physiological and elemental stoichiometry is strongly
related to factors governing primary production and growth
rate (Behrenfeld et al. 2016; Inomura et al. 2020). Phyto-
plankton also reallocate their macromolecular content
according to resource availability, growth rate, and environ-
mental conditions (Elrifi and Turpin 1985; Healey 1985)
which leads to significant variations in elemental composi-
tion. In the oligotrophic gyre, light-replete and nitrate-
limited phytoplankton have reduced quotas of chlorophyll
per cell, and subsequently a higher CPHYTO : Chl ratio
(Fig. 5A). In higher latitudes beyond the transition zone
chlorophyll front, we observe lower CPHYTO : Chl consistent
with lower irradiance, higher nutrient supply, and faster
growth rates (Geider 1987; Inomura et al. 2020). Figure 5B
shows the latitudinal variability of the phytoplankton
carbon-to-chlorophyll ratio, measured with the SeaFlow and
IFCB, and the bulk ratio of particulate carbon to nitrogen.
Ratios of phytoplankton carbon relative to total particulate
organic carbon showed no significant latitudinal trend
(values of 0.52 � 0.10), though variability tended to

increase at higher latitudes which could explain the small
changes in the C : N stoichiometry relative to the absolute
changes in CPHYTO and CPHYTO : Chl. We found that particu-
late C : N shows a very small decrease from the NPSG
(6.0 � 0.59) into the more productive zone north of the
chlorophyll front (5.8 � 0.36), t(79) = 2.3, p < 0.05 (Fig. 5)
consistent with the general subtropical-to-subpolar trend
observed in recent global data compilations (Martiny
et al. 2013a; Galbraith and Martiny 2015). It is important to
note, however, that for this transect we did not find evi-
dence of iron limitation, especially in the northern stations,
based on iron addition experiments. This latitudinal trend,
although weak, likely reflects enhanced growth rates and
increased protein : carbohydrate ratios of organic matter
indicative of faster-growing phytoplankton north of the
chlorophyll front (Martiny et al. 2013b; Inomura et al. 2020).
The factor of three to five decrease in EFT from the southern
portion of the transect to the north corresponds to observa-
tions of net community production, measured underway
using the O2/Ar approach, which showed a factor of three
increase over the transect (Juranek et al. 2020).

Conclusion
In this paper, continuous underway measurements of PAR,

in vivo chlorophyll fluorescence, and chlorophyll absorption
were used to follow a parameter characteristic of phytoplankton
photoacclimation, like that of the saturation irradiance for pho-
tosynthesis, Ek, across a latitudinal gradient of light, nutrients,
and temperature. This fluorescence-irradiance threshold, EFT,
developed by Comeau (2010) based on theory developed by
Morrison (2003) and highlighted by Roesler and Barnard (2013)
as a diagnostic, shows consistent latitudinal patterns with Ek
approximations from other studies. Latitudinal patterns of EFT
also covary with other metrics consistent with changes in nutri-
ent availability, growth rate, and the magnitude of primary pro-
ductivity across the North Pacific. Specifically, both the
particulate C : N ratio and the CPHYTO : Chl ratio declined from
south to north with the transition occurring just at the chloro-
phyll front where nutrient concentrations and production rates
are elevated. In concert, we observe changes in resource alloca-
tion and photophysiology consistent with a transition from the
nutrient poor, light-saturated NPSG to the more nutrient rich,
lower light subpolar gyre. The observed trend in EFT indicates
phytoplankton acclimation to lower light levels north of the
chlorophyll front, consistent with the presence of low-light
adapted species. If it can be related quantitatively to the satura-
tion irradiance for photosynthesis, this fluorescence threshold
irradiance could become a useful optical signal that can be
acquired in high resolution from a variety of moored and profil-
ing platforms, providing valuable information on photo-
physiological patterns in sea surface phytoplankton assemblages
and leading to improved models of marine primary productivity.
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