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In the Equatorial Atlantic nitrogen availability is assumed to control phytoplankton
dynamics. However, in situ measurements of phytoplankton physiology and productivity
are surprisingly sparse in comparison with the North Atlantic. In addition to the formation
of the Equatorial cold tongue in the boreal summer, tropical instability waves (TIWSs)
and related short-term processes may locally cause episodic events of enhanced
nutrient supply to the euphotic layer. Here, we assess changes in phytoplankton
photophysiology in response to such episodic events as well as short-term nutrient
addition experiments using a pair of custom-built fluorometers that measure chlorophyll
a (Chl a) variable fluorescence and fluorescence lifetimes. The fluorometers were
deployed during a transatlantic cruise along the Equator in the fall of 2019. We
hypothesized that the Equatorial Atlantic is nitrogen-limited, with an increasing degree of
limitation to the west where the cold tongue is not prominent, and that infrequent nitrate
injection by TIW related processes are the primary source alleviating this limitation. We
further hypothesized phytoplankton are well acclimated to the low levels of nitrogen,
and once nitrogen is supplied, they can rapidly utilize it to stimulate growth and
productivity. Across three TIW events encountered, we observed increased productivity
and chlorophyll a concentration concurrent with a decreased photochemical conversion
efficiency and overall photophysiological competency. Moreover, the observed decrease
in photosynthetic turnover rates toward the western section suggested a 70% decrease
in growth rates compared to their maximum values under nutrient-replete conditions.
This decrease aligned with the increased growth rates observed following 24 h
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incubation with added nitrate in the western section. These results support our
hypotheses that nitrogen is the limiting factor in the region and that phytoplankton are in
a state of balanced growth, waiting to “body surf” waves of nutrients which fuel growth

and productivity.

Keywords: phytoplankton, photophysiology, variable fluorescence, fluorescence lifetimes, Equatorial Atlantic,

tropical instability waves (TIWs)

INTRODUCTION

The Atlantic Ocean is the best studied ocean basin. However,
the vast majority of research on phytoplankton dynamics have
been focused on the North Atlantic. On the other hand, the
Equatorial Atlantic (EA) is greatly under-sampled, specifically
with regard to phytoplankton productivity and community
structure. Moreover, in situ data in the EA is sporadic, and is
based mostly on data collected during Equatorial crossings of
European ships of opportunity such as the Atlantic Meridional
Transect (AMT) program transiting to and from the Southern
Ocean (Rees et al,, 2015). These cruises mostly occur between
April-June and September-November, and as such, generally
miss the most productive boreal summer months when, based
on satellite observations, phytoplankton bloom (Longhurst,
1993; Pérez et al, 2005; Grodsky et al, 2008). As a result,
phytoplankton dynamics in this region are poorly understood.
This sampling disparity is interesting, since satellite primary
productivity assessments estimate that the EA (between 10°N
and 10°S) contributes more to global carbon fixation than the
entire spring bloom region of the North Atlantic (Longhurst,
1993). Nonetheless, studies have shown that most of the tropical
Atlantic, including the EA where equatorial upwelling occurs, can
be considered at times as a low-nutrient low-chlorophyll (LNLC)
region in which nitrogen is hypothesized to be the limiting factor
for phytoplankton growth and photosynthetic yields (Mills et al.,
2004; Davey et al., 2008; Moore et al., 2008, 2013).
Phytoplankton in the EA rely on the supply of nutrient-
rich waters from below the thermocline into the surface
waters. Such a supply occurs particularly during the cold
tongue development in the boreal summer in the central
and eastern EA due to seasonally enhanced wind-driven
upwelling and associated vertical advection and mixing of
nutrients (Radenac et al, 2020). Otherwise along the whole
equator, including the western EA, infrequent localized events
of upward nutrient supply may occur that seems to be tied
to energetic intraseasonal variability (Menkes et al, 2002).
Such upward nitrate transport promotes new production, i.e.,
primary production fueled by nitrate, rather than regenerated
ammonium (Dugdale and Goering, 1967). Under steady-state
conditions, new production is balanced by export production
(in order to maintain a mass balance) (Laws et al.,, 2011). In
order to successfully utilize these nutrient pulses, phytoplankton
need to rapidly adjust and synthesize key photosynthetic
components that will allow bursts of growth and productivity
(Falkowski et al., 2017). In layman’s terms, phytoplankton
in LNLC regions need to optimize their physiological state
in a manner that will allow them to rapidly “body surf”

upwelling waves contributing to new production and as result,
export production.

The intraseasonal variability in the EA is dominated by
Tropical Instability Waves (TIWs) in the central and western
part and by mixed Rossby-gravity waves forced dominantly
by biweekly meridional winds in the eastern part (Athie and
Marin, 2008). TIWs are westward propagating, cusp-shaped,
oscillations along the Equator (Athie and Marin, 2008). They
are visible in satellite data of sea surface temperature or salinity
(Chelton et al., 2000; Menkes et al., 2002; Lee et al., 2014) or
in subsurface velocity data (Weisberg and Weingartner, 1988).
While TIWs in the EA can occur anytime in the year, they
happen more frequently and with greater intensity during the
boreal summer months (Emery et al., 2006; Tuchen et al., 2018).
TIWs form due to barotropic and baroclinic instabilities of the
energetic upper ocean wind-driven current system (Philander,
1978; von Schuckmann et al., 2008). The waves have wavelength
of ~1,000 km and a westward phase velocity of 30-50 cm/s,
resulting in periods of ~30 days (Cox, 1980; Emery et al., 2006).
The role of TTWs on the nutrient budget of the equatorial oceans
is still quite uncertain. Studies in the Equatorial Pacific suggest
that TIWs may reduce the availability of nutrients at the equator
due to subduction of nutrient-poor waters north of the equator
that is advected equatorward (Evans et al., 2009). However, locally
TIWs may be associated with strong mixing events (Moum et al.,
2009) or the generation of fronts (Warner et al., 2018) that
both can drive upward nutrient supply. It is thus apparent that
the role TTWs and related processes play in nutrient supply for
phytoplankton is of great interest, however, direct measurements
linking the physical processes and phytoplankton dynamics have
lacked so far (Menkes et al., 2002).

Variable fluorescence measurements of the maximum
quantum yield of photochemistry (F,/Fy) in photosystem II
(PSII) are widely used to rapidly assess the extent of nutrient
limitation in situ (Falkowski, 1994; Greene et al., 1994; Parkhill
et al.,, 2001; Bonnet et al., 2008; Kerkar et al., 2020; Ko et al.,
2020). Rapid (<48 h) increases in Fy/Fy, following the addition
of the limiting nutrient have been used to further support the
existence of limitation (Falkowski et al., 1992; Suggett et al., 2009;
Ko et al.,, 2020). Variable fluorescence techniques, such as fast
repetition rate (FRR) or fluorescence induction and relaxation
(FIRe), provide additional parameters and information regarding
the photophysiological state of PSII, which can be used to assess
and quantify the extent of nutrient limitation. These parameters
include the effective absorption cross section of PSII (opsi),
kinetics of electron transport on the acceptor side of PSII, and
the maximum electron transfer rate through PSII (ETRJ{)
(Gorbunov et al., 2000, 2001).
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Variable fluorescence measurements can be combined with
simultaneous picosecond fluorescence lifetime measurements in
order to resolve the three pathways in which phytoplankton can
utilize or dissipate the absorbed solar energy; photochemistry,
fluorescence emission, and non-radiative thermal dissipation
(Butler and Strasser, 1977; Butler, 1978; Lin et al., 2016; Gorbunov
and Falkowski, 2021). Chlorophyll a (Chl a) fluorescence
lifetimes measure the time it takes for an excited state Chl
a molecule to return to the ground state, which is directly
proportional to the quantum yield of the fluorescence emission
in the photosynthetic unit (®r) (Brody and Rabinowitch, 1957;
Brody, 2002; Lakowicz, 2006). The simultaneous measurements
of variable fluorescence and fluorescence lifetime provide further
insight into the photophysiological response of phytoplankton to
nutrient limitation and relief.

Even though F,/Fy is commonly used to assess nutrient
limitation this parameter alone is insufficient to indicate nitrogen
limitation, as its relationship with growth rate is highly non-
linear (Parkhill et al., 2001; Gorbunov and Falkowski, 2020).
Several ship-board nutrient addition experiments conducted
in the oligotrophic sub-tropical Atlantic and tropical Pacific
showed that while alleviation from nitrogen limitation results
in increased chlorophyll synthesis, a lack of response, or
even a slight decline, was observed in F,/F, (Behrenfeld
et al, 2006; Moore et al, 2008). A key contributor to such
response was the predominance of cyanobacteria across the
LNLC regions. In cyanobacteria the primary light harvesting
complex (LHC) for PSII (and PSI) is the phycobilisome. The
phycobilisome is a large, water-soluble, peripheral structure on
the thylakoid membrane, which consists of phycobilins, a group
of photosynthetic pigments. The phycobilins transfer excited
state energy to the reaction center (RC) via an energy gradient
between the three main pigments, phycoerythrin, phycocyanin
and allophycocyanin (Sidler, 1994). The energy transfer is not
100% and the two latter pigments overlap spectrally with the
fluorescence bands of Chl g, resulting in an increased background
fluorescence when measuring F,/F,, (Campbell et al., 1998).
This further complicates the use of F,/Fy, alone to assess the
extent of nitrogen limitation in LNLC tropical regions. On the
other hand, the maximum electron transport rate (ETRpg;
at saturating irradiances, conventionally derived from kinetic-
based variable fluorescence (Gorbunov et al., 2000) provides a
better quantitative indicator for nitrogen limitation. Recently,
Gorbunov and Falkowski (2020) developed a method to calculate
electron transport rates from the photosynthetic turnover rate
measured at saturating irradiances, referred to as ETRt, using
a kinetic fluorescence analysis. Using this method improves the
accuracy of ETR measurements substantially, in addition to
being very sensitive to nitrogen limitation. Moreover, Gorbunov
and Falkowski showed that the photosynthetic turnover rate at
saturating irradiances can be used to quantify the reduction
in growth rates and electron yield of carbon fixation (i.e.,
the number of electrons required to accumulate one carbon
molecule) due to nitrogen limitation. This allows to potentially
model net primary production from variable fluorescence, and
in the case of new production fueled by upwelled nutrients, even
export production.

In this study, we examined the response of phytoplankton
photophysiology across the EA to events of upward nutrient
injection occurring locally along the equator during a period
of strong TIWs. A pair of custom-built fluorometers were
deployed on-board the R/V Meteor during a trans-Equatorial
cruise (Figure 1). The first, a FIRe instrument measured Fy/Fp,,
opsit and ETRt. The second instrument, the Picosecond Lifetime
Fluorescence (PicoLiF) measured fluorescence lifetimes.

Our main hypothesis was that the paucity of nitrogen is the
primary factor limiting productivity in the EA, and TIWs related
processes are among the most important mechanism supplying
nitrogen to the surface via upwelling and mixing. Moreover, we
hypothesized that since the Equatorial cold tongue is prevalent
East of about 18°W, the degree of nitrogen limitation increases to
the west in the boreal summer. Interestingly, a natural system like
this, where nitrogen limitation is hypothesized to be disrupted
infrequently by events of upward nutrient supply, allowed us to
test a third hypothesis. Here, we hypothesized phytoplankton in
the EA surface waters can rapidly “body surf” these nitrogen
“waves” uplifted to the surface by quickly fine-tuning their
photophysiology and optimizing energy harvesting and transfer
to fuel growth and primary productivity.

MATERIALS AND METHODS

Study Area and Sample Collection and
Analysis

Data were collected on board the R/V Meteor as part of
the Transatlantic Equatorial Cruise I (TRATLEQ I) between
5°E and 44°45'W during September-October 2019 (Figure 1).
Along the Equator Conductivity, Temperature, and Depth (CTD)
sampling stations were conducted at every degree of longitude.
At each station water samples were collected for Chl a and
dissolved macro inorganic nutrients (nitrate, nitrite, phosphate,
and silicate). The nutrient samples were collected in 15 mL falcon
tubes and immediately frozen. The frozen samples were analyzed
using an autoanalyzer at GEOMAR, Kiel. Depths sampled
included at the least the surface as well as above, in and below
the deep chlorophyll maximum (DCM). Variable fluorescence
and fluorescence lifetime data were collected continuously from
surface waters (~5 m depth) while underway with FIRe and
PicoLiF fluorometers, respectively, as described by Sherman et al.
(2020). The two instruments were connected to the ship’s surface
water intake pump. Prior to entering the instruments cuvette,
the water passed through two de-bubblers. To decrease the
potential impact of pressure-related stress on phytoplankton and
their photophysiology as they pass through the intake pump,
the underway system was connected to a membrane type pump
which results in less shear (Cetini¢ et al., 2016). Furthermore,
photophysiological data collected from the underway system was
compared with measurements conducted on water collected from
CTD casts during data quality control.

Photophysiology
A mini-FIRe instrument measured fluorescence before and after
a saturating single turnover flash (STF) from blue light-emitting
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FIGURE 1 | Black arrows denote stations along the Equator which included CTD casts with concurrent collection of samples for nutrient and FIRe analysis (not all
CTD casts are represented here). Insert at bottom left shows the full cruise track (black line). Three regions are marked as Upwelling 1, 2, and 3 that are associated

with events of upward nutrient supply.
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diodes (450 £ 30 nm half bandwidth), which cumulatively
reduces all PSIT RCs within ca. 80 s. This STF protocol results in
minimum and maximum fluorescence yields (Fy and Fp,). The
quantum yield of photochemistry in PSII was then calculated
as (Fm-Fo)/Fm = Fy/Fyn (Butler, 1978; Kolber et al., 1998). The
effective absorption cross section of PSII, opsyy (at 450 nm), is
calculated by fitting the fluorescence rise to a cumulative one-
hit Poisson function (Ley and Mauzerall, 1982). The rate of
fluorescence relaxation after the STF recorded under saturating
irradiance is then used to calculate the photosynthetic turnover
rate (Gorbunov and Falkowski, 2020).

Every ~30 min. the water flow into the mini-FIRe instrument
was automatically paused to conduct Slow Light Curves, i.e.,
fluorescence-versus-irradiance (FE) curves. These were used to
calculate ETR as a function of irradiance and to depict the
state of phytoplankton photoacclimation to their light history
(Falkowski, 1994; Ralph and Gademann, 2005). During FE
curves, water was trapped in the cuvette for ca. 10 min to
allow for low-light acclimation, and then exposed to increasing
photosynthetically active radiation (PAR) levels (0-900 pmol
photons m~2 s™!) with an actinic blue light source (450 nm).
From FE curves, we calculated ETRt per PSII RC (units of e~ s~ !
RC™!) achieved at saturation following Gorbunov and Falkowski

(2020).
AF AF
ETR; = 1/.E X Ef / Emaxf (1)
Fm Fm Emax

Here, E is irradiance and AF/F', is the quantum yield
of photochemistry at a given PAR level. Their multiplication
represents the relative ETR. The prime notation indicates that the
measurement was conducted under ambient light (AF' = F/,, -

F/, where F' is the steady state fluorescence at a given light
step). The relative ETR is then divided by the relative ETR under
saturating irradiance (Epmax) to normalize to unity and multiplied
by the photosynthetic turnover rate (1/t in Eq. 1) to calculate the
absolute ETR (ETRt) per PSII RC. Epyy is defined as ~3 times
Ek, the saturating light level (Falkowski and Raven, 2014).

The PicoLiF measured picosecond fluorescence decays which
were deconvoluted from the instrument response function and
then fitted to a sum of three exponentials with a custom TCSPFIT
Matlab package utilizing a Nelder-Mead simplex algorithm
(Enderlein and Erdmann, 1997). ®r was then calculated from,

Op = — (2)

Where t is the measured lifetime and 1 is the natural lifetime
of chlorophyll a (Brody and Rabinowitch, 1957; Brody, 2002).
The natural lifetime is the time that would be required for a
molecule to return to the ground state from an excited state if
fluorescence were the sole dissipation pathway. For Chl 4, 1o
is 15 ns and is constant, independent of solvent, organism or
environmental condition (Brody and Rabinowitch, 1957; Brody,
2002; Lakowicz, 2006). We then calculated the quantum yield for
thermal dissipation (@) as,

E T
®T=1—(fv+f) (3)
Fm To

All fluorescence measurements were corrected for the blank
signal measured routinely from filtered seawater (0.2 pm)
(Bibby et al., 2008).
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Nutrient Amendment Experiments

At five CTD stations along the Equator additional surface
water was collected to initiate short term nutrient amendment
experiments (NAE). The NAEs were conducted at 4°W, 12°W,
28°W, 35°W, and 40°W and consisted of an unamended control
and experimental groups in which nitrate (5 wM), phosphate
(I wM), nitrate and phosphate combined, or iron (2 nM)
were added. The collected water was distributed into 250 mL
polycarbonate bottles, spiked with nutrients, and placed in a
deck-board incubator with flowing water to maintain in situ
temperatures. Bottles were covered with neutral density screens
to approximate the light levels in the surface waters. Each
treatment included triplicates. At the time of collection, standard
FIRe measurements were conducted both in the dark and
at saturating light level. Following this, measurements were
conducted after 24 h. To minimize photophysiological changes
due to the diel cycle, we attempted to keep all measurements
around noon. Measurements included 5 technical replicates for
each biological replicate (i.e., each bottle). The saturation level
was chosen from an FE curve conducted on a control sample at to.
To account for photophysiological variability in the control group
due to changes in the light conditions and various other bottle
effects, all measurements were normalized to the control group.
We decided to focus on data collected after 24 h to characterize
the rapid response in phytoplankton physiology to nutrient
amendments. In the warm Equatorial waters this time frame is
sufficient. Longer term incubations would introduce changes that
can be due to a change in the community composition. Lastly, we
calculated the reduction in growth rates (jL/|Lreplete) and electron
yield of net primary production (®npc) under nutrient limitation
(particularly by nitrogen) following (Gorbunov and Falkowski,
2020) as,

T
u —1.85 % replete

—0.85 (4)
HMreplete

Treplete Treplete

Onpe = DI x (1.78 x - 0.78) / (5)

In Egs. 4, 5 @ represents the relative decrease in
photosynthetic turnover rate by nitrogen stress, where t is the
photosynthetic turnover time and Treplete is the photosynthetic
turnover time in nutrient replete conditions. We understand
that the double use of t here and for the average fluorescence
lifetime may be confusing. This stems from the fact that
both measurements are measuring relaxation kinetics commonly
denoted by t, however, the two measure different processes
operating at vastly different time scales. Aside from the Equations
above we refrain from using the term t alone in order to avoid
confusion. In Eq. 5 OYpF represents the maximum electron yield
of net carbon production for nutrient-replete conditions (0.076
e~ /C) (Gorbunov and Falkowski, 2020).

Note that at 12°W there was no nitrate and phosphate
combined group, and that iron additions were only done at 12°W,
28°W, and 35°W.

Statistical Analysis
In this study, we present the mean and standard deviation of each
parameter measured. Significant difference, at p < 0.05, between

the means of regions was determined with a two-sample, two-
tailed T-test. To test if the response in the nutrient amendment
experiments resulted in a statistically significant increase in mean
photophysiological parameter measured compared to the control
a two-sample, one-tailed T-test was used.

RESULTS
The Equatorial Atlantic System

Oceanographic conditions across the EA reflected the tropical
ocean’s stratified, oligotrophic mean state. The upper mixed
layer extended down to the 25°C isotherm, denoting the top of
the thermocline (dashed black line in all Figure 2 panels). As
expected, the thermocline was deep in the west (125-150 m)
and shoaled toward the east (~60 m) (Figure 2A). Similarly, the
pycnocline followed the shoaling trend (24 kg m~? isopycnal in
Figure 2B). Macronutrient (nitrate and phosphate) distributions
along the Equator were strongly controlled by the water
column structure. In the mixed layer nutrient concentrations
were vanishingly low. Below the thermocline they significantly
increased by ~2-3 orders of magnitude (Figure 2C, phosphate
not shown). The nitrate/phosphate ratio across the EA, calculated
from the first 120 m averaged ~7, a value below the canonical
16/1 Redfield ratio. In the stratified near-surface sections, the
nitrate/phosphate ratio was significantly lower, averaging 1.7.

Chlorophyll a concentration in the stratified near-surface layer
was remarkably low (Figure 2D). Generally, the DCM (white
dash-dot line in all Figure 2 panels) formed on top of the
thermocline and similarly sloped down to the west. Moreover, the
DCM was located below the nutricline (denoted by the 1 pmol
L~ ! isoline, Figure 2C). Lastly, Chl a concentration in the DCM
decreased significantly (by an order of magnitude) in the west
(Figure 2D). Below, we will refer to the warm, nutrient-poor,
stratified near- surface layer described here as the steady-state,
unperturbed, sections.

Across the EA we came across three distinct upwelling events
associated with TIWs that perturbed the steady-state. The first,
termed uwl, occurred between 6°W and 10°W and was the
most pronounced event encountered in which the thermocline
(25°C isotherm) upwelled to the surface resulting in a ~2°C
drop in SST (Figure 2A). In this event surface nitrate and
Chl a increased by an order of magnitude (Figures 2C,D). In
addition to the localized increase in Chl a associated with uwl,
we observed elevated Chl a as far west as 18°W related to the
seasonal presence of the cold tongue (Figure 2D). A second
event, uw2, occurred between 26°W and 30°W. While higher
nitrate concentrations were measured in the surface waters along
uw2, surface Chl a only slightly increased. This is highlighted
by a slight shoaling of the 0.5 mg m~3 Chl a isoline at 40 m
(which reached the surface in uwl). The third event, uw3,
occurred between 35°W and 40°W and represented a TIW
front we crossed twice, evident by a narrow double peak most
clearly seen in the density and Chl a data (Figures 2B,D).
In uw3, both nitrate and Chl a concentration increased. As
upwelled waters along uw2 and uw3 originated from above
the thermocline SST didn’t drop drastically, nonetheless these
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FIGURE 2 | Section plots along the Equator of physical and biophysiochemical parameters. (A) Temperature (from CTD), (B) potential density (from CTD), (C) nitrite
+ nitrate (sampled from Niskin bottles) and (D) chlorophyll a (measured by a CTD mounted fluorometer). Note that the color bar in (C) is non-uniform in order to
highlight changes across orders of magnitude. Gray dotted lines in plots (A,B,D) denote the CTD stations. Black X in plot (C), represent the Niskin bottle sampling
locations. Black dashed line and white dash-dot line in each panel represent the 25°C isotherm and the DCM, respectively.
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sections diverged from the steady-state, unperturbed conditions.
Overall, these upwelling events increased surface nitrate and Chl
a concentration by roughly 5- and 8-fold, as well as increasing the
average nitrate/phosphate ratio to 3.5.

Near-Surface Phytoplankton
Photophysiology

Figure 3 presents a general overview of the underway
measurements of sea surface temperature and the
photophysiological parameters measured by the FIRe and
PicoLiF instruments. Table 1 summarizes the dawn-time means
of the main photophysiological parameters across the steady-
state and the three upwelling events encountered. The means
of each upwelling section presented in Table 1 are statistically
different from the steady-state (p < 0.05). Under steady-state
conditions, photophysiology was characterized by extremely

low chlorophyll biomass (as evident from low F, and Fy),
relatively high F,/F, and photosynthetic turnover rates, average
fluorescence lifetimes of ~1 ns and small opgy; (Figure 3 and
Table 1). Across uwl significant increases in Fp, (and Fy, to
an even larger degree), fluorescence lifetimes and opgyp were
observed. Concurrently, Fy/F, and photosynthetic turnover
rates significantly decreased (Figure 3 and Table 1). Across
uw2 we observed similar trends, however, these were far more
moderate. Fy, and opsyy across uw3 were on par in magnitude
with uwl, while F,/Fy, photosynthetic turnover rates and
fluorescence lifetimes displayed a moderate response, as seen in
uw?2 (Figure 3 and Table 1).

Maximum ETRt under saturating irradiance, calculated from
the underway FE curves, revealed a ~40% decrease in dawn
ETRt from the east to west steady-state sections. Between 5°E
and 4°W dawn ETRt averaged 242 & 66 e~ s~ ! RC™!. Further
west, between 19°W-25°W and 30°W-34°W ETRrt decreased
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FIGURE 3 | Time series of near-surface temperature and photophysiology
derived along the Equator. Photophysiological data from underway FIRe and
PicoLliF, representing low-light acclimated phytoplankton. Temperature is
measured by the ship thermosalinograph. From top to bottom; sea surface
temperature (red), Fm (green), Fv/Fm (blue), fluorescence lifetime (cyan), opgy
(dark blue), and photosynthetic turnover rate (dark cyan). Note the top and
bottom x-axis ticks reflect the longitude in order to easily locate the
steady-state sections and the upwelling events. The black and white bars at
top and bottom denote night and day, highlighting the temporal variability of
the data. Each series was smoothed using a rolling mean (30-min window).

significantly to 151 +29e~ s RC~'and 149 £ 38~ s ! RC™ !,
respectively. This east-west gradient was statistically significant
(p < 0.05). Across uwl dawn ETRt averaged 223 + 81 e~ s71
RC~! and was not statistically different from the eastern steady-
state ETRT mean. On the other hand, ETR< values across uw2 and

uw3 were similar to the values seen in the western steady-state
sections surrounding them.

To better contrast the photophysiology of the steady-state
and the upwelling sections, we compared the mean trend in diel
cycles between the two. Since uwl had the most pronounced
response and it was the only event that we tracked for several
days, providing statistical significance, we will focus on this event.
Both in steady-state and uwl, the mean diel cycles of Fy and
Fm were characterized by a night-time maximum and a daytime
minimum (Figure 4A, Fy not shown). However, we did observe
a difference in the dusk to dawn dynamics. Across the steady-
state sections, after reaching the night-time maximum at dusk,
Fo and Fy, plateaued until dawn when they began to decrease.
On the other hand, across uwl, Fy and Fp, continually increased
from the midday minima until a midnight maximum followed
by an abrupt decrease into the next day (Figure 4A). In both
sections, the mean diel cycle in F,/Fy; was characterized by
double maxima, one at dusk, and a second, higher, dawn peak.
The two peaks were flanked with midday and midnight minima
(Figure 4B). While the mean diel trend in F,/Fy, was consistent
throughout the EA, the magnitude of the nighttime decrease was
~3 times higher along uw1 in comparison to the steady-state (35
vs. >10% decrease) (Figure 4B).

Fluorescence lifetimes were characterized by two distinct
patterns (Figure 4C). Along the steady-state sections
fluorescence lifetimes ranged between 0.8 and 1.2 ns. Despite
this range, fluorescence lifetimes in these sections lacked a diel
periodicity with similar day and night mean values (~1.1 ns).
On the other hand, while daytime fluorescence lifetimes across
uwl were comparable to the steady-state sections (~1 ns), we
observed dramatic increases in night-time values (as high as
2.2 ns) producing a distinct mean diel cycle. The mean diel
cycle in opgyp was relatively similar between the sections, with
dawn/dusk maxima and daytime minima. In uwl the daytime
minima were reached earlier in the day in comparison to
the steady-state section minima. Moreover, along uwl, opsy
exhibited a night-time decrease (~20%), not observed along the
steady-state sections (Figure 4D).

The unique diel cycle along uwl is further characterized
by a remarkable night to dawn transition in the fraction of
energetically uncoupled PSII LHC-RC complexes (Figure 5). In
uwl, we observed a very high fraction of uncoupled complexes
during the night (ranging from 25% to over 40% uncoupling),
however, at dawn, these complex recoupled and the fraction
of uncoupled complexes drastically reduced and resembled the
values along the steady-state (10-20%). This night to dawn shift
is absent in the steady state. Based on these results (Figures 3-
5), data collected during the dawn represented the optimal state
for PSII photophysiology [i.e., no evidence of non-photochemical
quenching (NPQ), photoinhibition or state transitions].

Nutrient Amendment Experiments

Within 24 h of nutrient amendment we observed significant
changes in the photophysiological parameters measured in the
stations further to the west (28°W, 35°W, and 40°W) (Figure 6).
The addition of nitrate alone, or in combination with phosphate,
resulted in a 100-200% significant increase in F, at these stations
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TABLE 1 | Mean values and standard deviation of photophysiology at dawn.

Section name Fo (a.u.) Fm (a.u.) Fy/Fm (a.u.) Fluorescence lifetime (ns) @7 (a.u.) opsil (Az) 1/t (s™Y)
Steady state 87 +15 162 £ 25 0.46 +£0.04 1.08 +£0.17 0.47 +£0.04 489 + 29 893 + 175
uw1 402 £ 75 597 + 96 0.33 + 0.03 127 £0.18 0.59 + 0.02 719 + 56 494 + 64
uw2 189 +8 308 + 18 0.39 4+ 0.01 1.13+0.05 0.54 + 0.01 639 + 12 621 + 83
uw3 316 + 96 511 +£ 145 0.39 +£0.04 1.18 £ 0.08 0.53 +£0.03 786 £ 72 580 + 69

Parameters include Fy, Fm, Fu/Fm, fluorescence lifetime, @1, opsy and photosynthetic turnover rate at dawn. Data binned by sampling section. Each upwelling section

means are statistically different from the steady state (p < 0.05).

FIGURE 4 | Mean diel cycles in photophysiology. (A) Fm, (B) Fv/Fm, (C) Fluorescence lifetime, and (D) ops). Red dots represent the mean diel cycle averaged across
the steady state section (n = 17 days) and blue dots represent the mean diel cycle averaged across uw1 (n = 5 days). Red and blue translucent lines denote the
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relative to the control (p < 0.05) (Figure 6A). On the other
hand, at 49°W and 12°W F,, did not change or only increased
mildly, as compared to the control. Similarly, the addition of
phosphate alone or iron caused no increase in Fy, relative to
control (Figure 6A). While not as pronounced as the changes

in Fp,, we observed similar trends in Fy/Fy, in response to the
nutrient amendments. In the three western NAEs the addition
of nitrate alone increased F,/F, relative to control by ~30-40%
(p < 0.05). Moreover, amendment with nitrate and phosphate
together further increased F,/Fy, relative to control (40-50%)
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FIGURE 5 | Relationship between F,/Fr, and fluorescence lifetime along the steady state and uw1. Left- data collected during the night, right- data collected at
dawn. In both cases NPQ is assumed to be nil, thereby removing the nonlinear effect of NPQ on the otherwise linear relationship between F,/Fr, and fluorescence
lifetime (Lin et al., 2016). Dashed lines indicate the fraction of uncoupled reaction centers. 0% dashed lines represents the modeled linear dependency of F,/Fr, and
fluorescence lifetime (Butler, 1978). 10-40% dashed lines represent the dependency of these parameters in detached antenna PSII reaction centers complexes.
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(p < 0.05) (Figure 6B). The eastern NAEs on the other hand
had either no response or only a very slight one in response
to the addition of nitrate alone or with phosphate (Figure 6B).
Opverall, changes in ETRt, measured under saturating irradiances,
aligned with the trends observed in F, and F,/F, (Figure 6C). At
4°W regardless of the treatment we observed no change relative
to control in ETRt. At 12°W the addition of nitrate or iron
resulted in a 20% increase in ETRT relative to control (p < 0.05),
while phosphate had no change. We observed the most significant
changes in ETRt at 28°W and 40°W. At 28°W ETRt increased by
40% relative to control in response to the addition of either nitrate
or phosphate (p < 0.05). In response to the combination of nitrate
and phosphate ETR< further increased by 60% relative to control
(p < 0.05). In contrast, the addition of iron here had no effect.
Similarly, at 40°W we observed increased ETRt when nitrate was
added alone, and a higher increase when added in combination
with phosphate (35 and 45% relative to control, respectively).
In contrast, at 40°W, the addition of phosphate alone had little
effect. Supplementary Figure 1 presents the mean and standard
deviation of each NAE.

DISCUSSION

Nitrogen Availability Modulates

Phytoplankton Dynamics

In this study we hypothesized that across the EA dissolved
fixed nitrogen is the primary factor limiting phytoplankton
productivity and that the degree of limitation intensifies to
the west. In the western EA the cold tongue is absent during
the boreal summer, and the sloping thermocline means that
an upward nutrient supply from larger depths is needed to
bring the cold, nutrient-rich water to the surface. We further
hypothesized that such events of upward nutrient supply are
associated with TIW related processes, i.e., frontal processes

and/or intense vertical mixing events, and that they are the
primary mechanism alleviating this limitation. In effect, we
propose that phytoplankton in the EA surface waters “body
surf” the infrequent events of upward supply of new nutrients
(“waves”), driven by TIWs. In this manner nutrient-limited
phytoplankton adjust their photophysiology, enabling them to
maintain some degree of steady state growth while waiting
for pulses of new nutrients to utilize rapidly, resulting in
increased new production.

Overall, we observed significant increases in Chl a and nitrate
concentrations across the three upwelling events encountered
along the EA compared to the steady-state, non-upwelling,
regions (Figures 2, 3). The upwelling of the nutricline as well
as the doubling in the average nitrate/phosphate ratio from 1.7
to 3.5 across the upwelling sections may suggest that nitrate was
upwelled in a greater proportion in comparison to phosphate.
Likewise, across the upwelling sections primary production rates
increased significantly (manuscript in prep). The 40% decrease
in dawn ETRrt, recorded at saturating irradiances, observed from
East to West further supports our hypotheses that nitrogen
limits phytoplankton dynamics and that the degree of limitation
increases to the west.

Interestingly, however, in the LNLC steady-state sections, we
observed photophysiologically competent phytoplankton with
high F,/F;, and photosynthetic turnover rates, low opsy and
@, as well as relativity short fluorescence lifetimes (Figure 3
and Table 1). This apparent disconnection between PSII
photophysiology and environmental conditions may suggest that
phytoplankton along the Equator are well acclimated to low
nitrogen availability and have maintained a state of balanced
growth (Parkhill et al., 2001). Likewise, as suggested by Gorbunov
and Falkowski (2020) the high F,/F, across the steady-state
EA sections could reflect the non-linearity between F,/F,, and
growth rates. Moreover, Gorbunov and Falkowski (2020) showed
that ETRt at saturating irradiances is better suited to infer the
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treatment. An * denotes a statistically significant increase in the mean of the treatment compared to the control.

degree of nitrogen limitation and can be used to quantify the
reduction in growth rates and net primary production in nitrogen
limited phytoplankton. Following their methodology, we used
the average photosynthetic turnover time at dawn measured
under saturating irradiance in the eastern steady-state section
(~4,130 s) as our nutrient replete term and the corresponding
average value from the western steady-state section (~6,620 s)
as the nitrogen limited term in Eq. 4. From this, we calculated a
70% decrease in growth rates in the western steady-state section
as compared to the eastern section. Moreover, this decrease
equates to a ~50% decrease in ®npc (Eq. 5), indicating that,
as hypothesized, the degree of nitrogen limitation in the EA
intensifies to the west.

Additional evidence supporting our hypotheses was the
rapid (within 24 h) and significant changes in phytoplankton
physiology in response to nutrient amendment. The substantial

increases in F,, and modest increases of F,/F, and ETRt
following nitrate amendment (with or without phosphate)
corroborates the existence of nitrogen limitation and its
intensification to the west (Figure 6 and Supplementary
Figure 1). Furthermore, the 40-60% increase in maximum ETRt
values following the addition of nitrate (Figure 6C) reflected
a 60-70% reduction in growth rates in the control treatment,
which is in good agreement with the 70% reduction in growth
rates due to nitrogen stress estimated from the underway ETRt
measurements above. Likewise, the 100-200% increases in Fp,
in the western NAEs (Figure 6A) corresponds as well with this
postulation of a reduction in growth. The exception to this
general pattern is the NAE at 35°W in which the responses in
Fmn and ETRt were either small or lacking altogether (Figure 6
and Supplementary Figure 1). This NAE was conducted in uw3,
where nitrate levels were much higher than in the surrounding
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waters. In essence, this NAE further highlights the importance of
TIW related processes in relieving nitrogen limitation.

While nitrogen is the proximal limiting factor as we show,
in certain conditions a degree of co-limitation may develop
(Davey et al., 2008; Moore et al., 2008). At 28°W the addition
of phosphate resulted in a similar increase in ETRt as the
addition of nitrate and the combination of the two resulted
in an even greater increase (Figure 6C). However, this is not
reflected in the response of Fy, or in Fy/Fp, to phosphate addition
(Figures 6A,B). This NAE was initiated in uw2 where surface
nitrate concentrations increased slightly (Figure 2C). As such
we suggest that the relative relief from nitrogen limitation and
increased growth disrupted the balanced growth. Phosphate was
then needed to promote physiological adjustments to the rapid
growth and nutrient utilization, resulting in a co-limitation
in this section.

The changes we observed in response to nitrate amendment
align well with previous nutrient addition experiments conducted
in the North and South Atlantic subtropical gyres where nitrogen
was found to be the limiting factor as well (Moore et al., 2008,
2013).

Additional Environmental Factors That
May Affect Phytoplankton Dynamics

Counterintuitively, however, along the upwelling sections, where
Chl a and primary production increased (manuscript in prep.),
PSII photosynthetic competency was significantly reduced, i.e.,
very low Fy/Fp, high opsiy and @1 and long fluorescence
lifetimes (Figure 3 and Table 1). What then causes this
discrepancy between the photophysiological status and the Chl
a concentration and productivity in the upwelling sections? In
addressing this issue, we will focus on uw1 specifically.

At first, the photophysiological data alone would suggest that
phytoplankton are limited by iron. The effects of iron limitation
on phytoplankton photophysiology, growth and production are
well documented in the literature (Behrenfeld and Kolber, 1999;
Schuback et al., 2015; Strzepek et al., 2019; Sherman et al., 2020),
and align with our underway data along the upwelling sections.
In addition, the pillared dial cycle of F,/F, (Figure 4B), with
significant night-time decreases along uwl (35%), resembles the
diel cycle observed by Behrenfeld and Kolber (1999) in the
LNLC iron limited South Pacific subtropical gyre dominated by
cyanobacteria. In contrast, the diel cycle across the EA steady-
state sections, with minor nighttime F,/F,, decreases (<10%)
resembles Behrenfeld and Kolber’s data collected in the North and
South Atlantic subtropical gyres. Behrenfeld and Kolber (1999)
argued that the unique diel cycle seen in the Southern Pacific,
but not in the Atlantic Ocean, was the result of iron limitation
effecting the fluorescence signature of state transitions.

This current study didn’t measure iron concentrations, nor
maintain trace metals clean methodology, preventing us from
fully ruling out iron-limitation across the upwelling sections.
Nonetheless, the argument for iron limitation in the EA is difficult
to defend. The Atlantic Ocean is not considered iron limited,
including in its lower latitudes (Moore et al., 2013). Aeolian
deposition of iron along the Equator ranges between 10 and

100 mg m~2 yr~!, an order of magnitude or two higher than
in the Pacific (Duce and Tindale, 1991). While in situ iron
concentration measurements are sparse at the Equator, data from
AMT cruises have shown that iron levels in the region are
~3-6 times higher than the global dissolved iron mean surface
concentration (Bowie et al.,, 2002). Moreover, values along the
Equator are 6-10 times higher than in situ iron concentrations
measured in the South Pacific subtropical gyre (Bonnet et al.,
2008). Here, we acknowledge the fact that during the 12°W
NAE, we observed a 20% increase in ETRt in response to iron
amendment, which was on par with the response to nitrate
amendment (Figure 6C). While ETRt did increase, Fy, and
Fy/Fp decreased (Figures 6A,B). This NAE was conducted at
the outskirts of the uwl core where Chl a was high, while
ambient nitrate levels were low and photophysiology was very
impaired (Figures 2, 3). These trends resemble the response to
the addition of phosphate in uw2 discussed above and could
indicate that although iron is considered replete in this region as
shown, a shift toward iron co-limiting phytoplankton could occur
following the utilization of upwelled nitrogen which disrupts the
balanced growth.

While iron co-limitation might occur when nitrogen is
upwelled and rapidly utilized, it still does not fully explain
the overall discrepancy between the impaired photophysiology
and growth/ production. We therefore hypothesize that the
seemingly impaired photophysiology reflects both an imprint
of the underlying dominant cyanobacterial community and
their light-history.

First, let us consider the decline in F,/Fy, across the upwelling
sections. For this, it is critical we highlight an inherent issue in
variable fluorescence measurements in cyanobacteria dominated
communities. Due to a spectral overlap between the fluorescence
bands of Chl a and phycobilins, in particular phycocyanin and
allophycocyanin, the contribution of phycobilisome fluorescence
to Fy is nontrivial. Campbell et al. (1996) showed that Fj increases
as the ratio of phycocyanin/Chl a increases. This overestimation
of Fy causes a significant underestimation of F,/Fy,, particularly
in healthy, nutrient-replete cells (Campbell et al., 1998). In our
current study, Fo along uwl increased disproportionately more
than Fy,, resulting in the apparent decline of F/Fy, (Table 1).

More critically, at uwl the stratified steady-state structure of
the water column broke down and the DCM reached the surface
(Figure 2D). This exposed low-light acclimated, nitrogen-replete
cells from the DCM to high surface irradiances. Across uwl at
dawn the light saturation parameter, Ey, averaged 159 + 71 pmol
photons m~2 s~ 1, 25% lower than the steady-state Ex average of
214 =+ 55 pmol photons m~2 s~! (p < 0.05). In addition, high
opsir and low photosynthetic turnover rates across the upwelling
sections (Figure 3 and Table 1) are typically associated with
low-light acclimated phytoplankton (Gorbunov and Falkowski,
2020). This low-light acclamation also aligns with the stronger
midday activation of photoprotective mechanisms (increased O,
decreased F,/Fy, and opsy) observed across uwl in comparison
to the steady-state (Figure 4 and Table 1). This activation also
occurred earlier in the day (~1-2 h) along uwl (Figure 4),
further supporting the notion that these low-light acclimated
communities need to respond rapidly to the high irradiance
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they are exposed to upon upwelling. Additionally, the 35%
decrease in Fy/Fy, during the night across uwl compared to
a minor decrease across the steady-state (<10%) (Figure 4B)
indicates a greater degree of state-transitions in uwl. State
transitions, which redistribute absorbed energy between PSII
and PSI (Van Thor et al,, 1998) have been suggested to play
an important role in cyanobacterial acclimation to low-light
(Mullineaux and Emlyn-Jones, 2005).

Summary

Combined, our results strongly suggest that dissolved nitrogen is
the primary limiting nutrient for phytoplankton across the EA in
the boreal summer and that TIW related processes are critical to
its supply and ensuing new production. The agreement between
underway measurements in and out of upwelling sections as
well as shipboard nutrient additions showed that limitation by
nitrate leads to a decrease of ~70% in growth rates that can be
recovered rapidly (<24 h), particularly in the western section.
Opverall, phytoplankton are able to acclimate to this limitation
by balancing their low growth rate and photophysiology while
they wait for events that uplift the nutricline and inject new
nitrogen to the surface that can be rapidly assimilated to fuel
increased growth and primary production (i.e., “body surf”).
Moreover, the apparent uncoupling of photophysiology and
growth/production across the upwelling sections highlights the
notion that as phytoplankton rapidly “body surf” the nitrogen
“waves,” they must also employ efficient mechanisms to cope
with the inherently more variable and saturating light levels
seen in turbulent water columns. This biological, “body surfing”
strategy is almost certainly ubiquitous across the low nutrient,
low chlorophyll regions of the tropical and sub-tropical oceans.
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