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Sunlight-stimulated chlorophyll fluorescence offers potential for assessing phytoplankton
physiological status at broad scales detected by satellites, but controls on these signals are poorly
constrained. In this study, we present a comprehensive, high-resolution dataset of passive chlorophyll
fluorescence alongside potential physical and biogeochemical drivers collected across the Benguela
upwelling system and South Atlantic Subtropical Gyre. The nutrient limitation status of phytoplankton
was assessed through 27 onboard bioassay experiments. A consistent and significant difference in
light-saturated, passive chlorophyll fluorescence normalized to phytoplankton absorption

F /aphﬁf;f“’e) was observed between waters where phytoplankton were either iron or nitrogen limited,
with iron limited regions showing threefold higher F/aphgff"’e compared to nitrogen limited regions.
When interpreted alongside the results of the bioassay experiments, we found that neither variability in

physical forcing (temperature, mixing, light climate) or phytoplankton community structure could
explain the major variability in F /aphﬁf;)f“’e. These results provide direct field-based evidence that
passive chlorophyll fluorescence is sensitive to phytoplankton nutrient limitation and demonstrates
potential for observation at high spatial and temporal resolution using satellite observations.

Chlorophyll (Chl) fluorescence refers to emission of red light from
chlorophyll-a (Chl a) molecules following light absorption at shorter
wavelengths and can be stimulated actively or passively (Table S1)". Here we
define active fluorometry as the stimulation of Chl fluorescence emission by
high photon irradiance light pulses (typically 100 to 200 ps duration at
>20,000 pmol photons m>s™") directed at (typically dark-acclimated)
phytoplankton. In contrast, we define passive fluorescence as the stimula-
tion of Chl fluorescence by sunlight. Both active and passive Chl fluores-
cence show a first order correlation with Chl a concentration, whilst also
being strongly influenced by phytoplankton ecophysiology'. As a result,
active or passive fluorescence normalized to Chl a concentrations shows
large variability’”. Therefore, the utilization of Chl fluorescence as an index
of either Chl a concentrations or phytoplankton physiology requires an
understanding of physiological, ecological, and environmental drivers.

As a result of the large difference in excitation sources (i.e., intensity,
duration, spectral shape), active and passive Chl fluorescence signals are not
equivalent and therefore may respond differently to a range of

environmental and ecological drivers"*"°. Excitation intensity and duration
result in different forms of, and measurement positions along, fluorescence
induction curves'. For example, as a result of differences in excitation
intensity, diel cycles in active and passive chlorophyll fluorescence show a
general inverse correlation®, with no robust means to convert between
them. As almost all direct assessments of the drivers of Chl fluorescence have
come from active measurements e.g,”"’, this presents a problem for the
interpretation of passive fluorescence*”. A reliable interpretation of passive
fluorescence could provide invaluable information on phytoplankton
physiology at global scales, as it can be detected by satellite remote
Sensingl(),lz,lj.

Observations of passive Chl fluorescence by sensors on satellites rely on
the determination of the fluorescence line height from upwelled water-
leaving radiance via subtraction of a baseline constructed from adjacent
wavebands on either side of the peak'>'". Chl a concentrations can be
determined independently from the ratio of radiances in blue and green
portions of the spectrum and their empirical relationship with Chl a
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concentration'”. Both remote sensing of passive Chl fluorescence and Chl a
concentrations derived from blue: green radiance ratios can be undertaken
by field radiometric measurements, therefore offering a potential means to
thoroughly assess the controls on passive fluorescence™.

Aside from light limited growth at higher latitudes in winter, experi-
ments have demonstrated that phytoplankton growth across most of the
ocean surface is generally limited by two nutrients, nitrogen (N) and/or iron
(Fe)'®. The response of active Chl fluorescence signals to these nutrient
limitations has been investigated across a range of field and laboratory
experiments'“’. Despite important variability and exceptions, a general
observed trend is that under conditions of N limitation, active fluorescence
per unit Chlis low, whereas under Fe limitation it is elevated'"'*'**'. Elevated
Chl-normalized active fluorescence under Fe limitation is thought to be a
result of (i) higher ratios of highly fluorescent photosystem II (PSII) to
largely non-fluorescent photosystem I (PSI), due to the much higher Fe
requirements for PSI in comparison to PSII and (ii) less efficient energetic
coupling between some of the pigment-protein complexes present and
functional PSII reaction centers™ .

Recent observations have shown that the effects of N versus Fe lim-
itation on active Chl fluorescence may extend to observations of passive
fluorescence’. Specifically, in the tropical Pacific, Chl-normalized light-
saturated passive fluorescence was found to be elevated around threefold
under Fe limited conditions in comparison to N limited conditions’.
However, this study encountered minimal variability in upper ocean light
climates, temperatures, phytoplankton concentrations and community
structure’, which could all potentially co-regulate passive Chl fluorescence
signals alongside nutrient limitation at larger spatial-temporal scales in the
ocean'""". The widespread applicability of passive Chl-normalized fluores-
cence as an indicator of N versus Fe limitation therefore remains unexplored
with direct field observations.

The Benguela upwelling region is among the most productive coastal
upwelling zones globally and transitions into the low productivity waters of
the South Atlantic Subtropical Gyre®. Collectively the region hosts major
gradients in environmental conditions (including seawater temperatures,
mixing of the upper water column, light climate, nutrient supply) and
phytoplankton (Chl a concentrations, community structure), making it an
ideal site for investigating the multiple potential drivers of passive Chl
fluorescence™. Reduced sea surface temperatures alongside elevated nutri-
ent concentrations as well as phytoplankton biomass in the Benguela are
driven by coastal upwelling, which transitions offshore into the warmer,
highly stratified and low nutrient waters of the South Atlantic Gyre™.
Coastal upwelled waters in the Benguela system are transferred to the gyre in
eddies and filaments (distinct, elongated features flowing offshore), trans-
porting nutrients, phytoplankton, and other properties of the upwelled
waters with them™”. In this study, we tracked two filaments extending
>400 km off the coast of Namibia before they dissipated, as well as under-
taking a transect from the upwelling zone into the South Atlantic Sub-
tropical Gyre. High spatial and temporal resolution passive fluorescence
measurements were paired with a range of ancillary measurements of ocean
physics and biogeochemistry made at the same sites. We find that the
phytoplankton nutrient limitation regime controls most of the variability in
absorption-normalized light-saturated passive fluorescence, supporting its
widespread application to satellite remote sensing.

Methods

Study location and sampling

Sample collection, experiments, and radiometric measurements were con-
ducted aboard RV Meteor during cruise M187 from 25th January to 4th
March 2023. The cruise track covered the area in the Benguela upwelling
region and South Atlantic Gyre (Fig. 1). Station sampling was conducted
during the day from ca. 08:30-17:00 local time, with transits between sta-
tions in the evening/night time. Further underway samples were collected
during transit between stations. Water column profiles of salinity and
temperature as well as discrete water samples were collected for each station
daily using a Sea-Bird conductivity-temperature-depth probe (CTD, SBE

911Plus, Sea-Bird Scientific) with water carousel. Surface water samples
were collected whilst the ship was steaming using a customized towed water
sampling device (so called ‘tow-fish’), outfitted with acid-washed tubing and
Teflon bellows pump (Dellmeco A15) and was deployed alongside the ship
at 2-3 m depth. Tow-fish samples were pumped into a specialized trace-
metal-clean air bubble, where positive air pressure was maintained by
directing inward airflow through a high-efficiency particle air filter.

Mixed Layer Depth (MLD)

Mixed layer depth (MLD) was calculated using CTD profiles at each station.
The MLD was defined using a temperature threshold criterion adapted from
de Boyer Montégut, et al.”. Specifically, the reference depth was fixed at
12 m, and the MLD was identified as the shallowest depth where the tem-
perature had decreased by more than 0.2°C relative to the reference
temperature.

Vertical Diffuse Attenuation Coefficient (Kg)

K ; was determined from downwelling irradiance measurements using the
Sea-Bird Scientific free-falling HyperPro II profiling system. The profiling
system is designed for slow vertical descent in-water optical
measurements”. It has two hyperspectral HyperOCR radiometers
(A =350-800 nm) integrated to measuring downwelling E,(1) and
upwelling L, (1) irradiance. A third radiometer installed on the ship stern,
measured above-water downwelling irradiance Ej, (1) for normalization and
cloud correction. Deployment of the profiler system was from the stern of
the ship followed by monitored drift to at least 30 m away to avoid ship
shadowing. At each station, 1-3 profile casts were recorded, extending to at
least 1% light level assumed to be the euphotic zone depth. Profiles were
recorded using SatView software (v2.9.5_7). During processing, data with
instrument tilt >5° were discarded to ensure optimal vertical orientation. For
each profile, a linear regression was applied to the natural logarithm of
spectrally integrated downwelling irradiance versus depth:

In(Ep(z)) = In(Ey) — K, - z 1)

K, was derived as the negative slope of the regression. Photo-
synthetically active radiation (PAR) was calculated as spectrally-integrated
values of Ej,(A = 400 — 700nm), and depth vs. In (PAR) plots were gen-
erated with fitted regression lines for quality assurance. Where multiple
profiles were available per station, K; values were averaged.

Mixed layer irradiance (l:fg) _
The median mixed layer irradiance (E,) was estimated by integrating the
exponential decay of light from the surface to the MLD:

Eg = By (%) 2

Where E,, is the daily-mean surface irradiance (mol photons m? h),
K is the diffuse attenuation coefficient (m™), and MLD is the mixed layer
depth (m). This equation assumes a homogeneous water column within the
mixed layer and negligible internal sources of irradiance. E, values were

=g
calculated for each station with available MLD, K ;, and E,, data.

Satellite observations

Standard Level 3, 4 km resolution, Chl and sea surface temperature (SST)
products from Moderate Resolution Imaging Spectroradiometer (MODIS-
Aqua) were retrieved from NASA Earthdata repository https://oceandata.
sci.gsfc.nasa.gov/13/ (reprocessing 2022 for Chl data and reprocessing 2019
for SST data). The download data matched the field survey with the aim to
examine the spatial and temporal variability in the Benguela upwelling
region and to monitor the progression and movement of the filaments and
surrounding eddy systems. Additional 8-day average, 4 km resolution data
was downloaded for standard Level 3 MODIS and provisional Plankton,
Aerosol, Cloud, ocean Ecosystem (PACE) normalized fluorescence line
height (nFLH) and Chl products for the study region during the time period
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Fig. 1 | Study region and biogeochemical variability. Cruise track (line), sampling
stations (black dots for the full study area with a background of a SST and b Chl a.
Red dots in ‘b’ show the locations of bioassay experiments. ¢, d Cruise track (line) and
sampling stations (black dots) for the two encountered upwelling filaments with a
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background of SST. e, f Distribution of surface nitrate concentrations for the two
encountered upwelling filaments overlaid with cruise track (lines) and bioassay
experiment sites (red dots). Note that all nitrate concentrations outside of the
domain shown in panels e-f were <0.06 pmol L™.

marking the beginning of the PACE mission (ca. 1 year after the research
cruise (https://oceandata.sci.gsfc.nasa.gov/13/) in order to assess satellite-
derived nFLH. PACE nFLH data is currently distributed as a ‘provisional’
data product which has not been validated and may contain significant
errors.

Macronutrient concentrations

Macronutrient samples were collected in duplicate using 15 mL acid-
washed, pre-rinsed, polypropylene tubes. One aliquot was analysed onboard
with a SEAL Analytical QuAAtro segmented flow injection nutrient auto-
analyzer and validated against certified reference material (KANSO

Technos). The system setup included four channels for nitrate + nitrite
(TON), silicic acid, nitrate (NO3) and phosphate (PO,). The detection limits
for this standard method were 0.005 umol L™ for silicate, 0.033 pmol L™ for
NOs, and 0.005 pmol L for PO,. The other aliquots were immediately
frozen at —20 °C and analysed later in a land-based laboratory using a low-
level nanomolar method for NO; and PO, analyses™ with a modified ver-
sion of a SEAL Analytical QuAAtro39 auto-analyser equipped with liquid
waveguide capillary cells. Detection limits for this low-level method were
NO;=7nmolL" and PO,=3nmolL". The low-level method was
employed for those samples whose concentrations were initially identified as
being below 0.1 pmol L™ for either NO; or PO, via the standard method.
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Chlorophyll and diagnostic phytoplankton pigment
concentrations

Samples for Chl a were filtered (100-200 mL) onto 25 mm diameter glass
microfiber GF/F filters (Fisher MF300), then extracted in the dark for
12-24h in 10 mL of 90% acetone at —20 °C. The analysis was conducted
using a calibrated Turner Designs Trilogy laboratory fluorometer™.

For phytoplankton pigment analysis, 2-4 L of samples were filtered
onto 25 mm diameter GF/F filters (Fisher MF300) and immediately frozen
at —80 °C. Once returned to land, pigments were extracted in 90% acetone
within plastic vials by homogenizing the filters with glass beads in a cell mill.
The mixture was then centrifuged for 10 min at 5200 rpm at 4 °C. The
supernatant was filtered through 0.2 um polytetrafluoroethylene filters
(VMR International) and pigment concentrations were quantified using
reverse-phase high-performance liquid chromatography (HPLC, Dionex
UltiMate 3000 LC system, Thermo Scientific; Van Heukelem and
Thomas™). Pigment standards were sourced from Sigma-Aldrich and the
International Agency for 14 C Determination.

The analysed pigments included Chl g, divinyl Chl a, Chl b, Chl ¢2, Chl
¢3, peridinin, 19’-butanoyloxyfucoxanthin, fucoxanthin, violaxanthin, 19’
hexanoyloxyfucoxanthin, diatoxanthin, alloxanthin, zeaxanthin, neox-
anthin, and combined a-carotene and [-carotene. These pigments were
used to determine the relative abundance of 10 phytoplankton groups via
CHEMTAX, utilizing published field-derived starting pigment ratios™".
The distinguished classes of phytoplankton were diatoms, dinoflagellates,
Synechococcus, high-light (HL) and low-light (LL) Prochlorococcus, hapto-
phytes, pelagophytes, prasinophytes, cryptophytes, and chlorophytes. Of
these, seven classes (diatoms, dinoflagellates, Symechococcus, Pro-
chlorococcus, haptophytes, pelagophytes and prasinophytes) dominated
contributions and are presented here. There are likely uncertainties with
CHEMTAX derived phytoplankton groups™ ™, therefore subsequent data
analyses was conducted using both CHEMTAX-derived groups as well as
directly with diagnostic pigments (Fig. S4).

Nutrient addition bioassay experiments

A total of 27 nutrient amendment bioassay experiments were conducted
following protocols described in ref. 24. Surface seawater was collected via
the tow-fish 1-2 h after sunset. Samples were collected into either 0.5 L or
1L trace-metal-clean Nalgene polycarbonate bottles. An initial measure-
ment of Chl a concentration was taken, and then bottles were spiked in
triplicate with Fe, N and Fe + N. Fe was added as FeCl; to a final amended
concentration of 2nM and N was added as a combined addition of 1 uM
NO; and 1 pM ammonium. NO; and ammonium stocks were pre-cleaned
to remove contaminating trace metals by passing solutions through a col-
umn of a metal-chelating resin (Chelex, Bio-Rad). Initial conditions and
triplicate control bottles with no nutrients added were also collected
alongside all treatment experiments. Bottles were placed on the back deck of
RV Meteor in incubators connected to the ship ‘s underway flow-through
system to maintain temperatures in the incubators similar to sea surface
waters. We note that our cruise track crossing the filaments led to tem-
perature changes (maximum of ca. 3°C) in the incubators over the
experimental duration (i.e., cooling on crossing the filament, warming on
exiting the filament), but consider that overall chlorophyll and active
fluorescence changes between control and nutrient amended samples (both
incubated under identical conditions) will be robust to such variability.
Incubators were equipped with Blue Lagoon screening (Lee Filters), which
maintained irradiance ~30% compared to the sea surface. Samples were
incubated for ~48h and sampled for Chl a concentration and active
fluorescence measurements (see below). Sites were characterized as either Fe
or N limited based on statistically significant (ANOVA followed by Tukey
HSD test) increases in Chl a concentrations in nutrient-amended samples
relative to untreated controls.

Phytoplankton absorption
Hyperspectral —absorption coefficients in the visible spectrum
(A =400-700nm) were measured in triplicate using a point-source

integrating cavity absorption meter, PSICAM™”. The PSICAM uses a
halogen lamp (Illumination Technologies CF1000e) as the light sourceand a
spectrometer (Aventes AvaSpec ULS 2048XL-RS-EVO) as the detector. The
instrument was calibrated using a nigrosin solution with a maximum
absorption coefficient of ~0.5 m™". Milli-Q Ultrapure water was used as a
reference for both the calibration and sample measurements. Samples were
analysed for both total absorption (a,,,) and color dissolved organic material
absorption (a4, ). The a4, measurement was obtained after samples
were filtered through 0.2 pum pore size Whatman Nuclepore™ track-etched
membrane filters. Phytoplankton absorption coefficients (ay;,) were esti-
mated as the difference between the measured a ., and a,, with the
assumption of minimal absorption by other particles.

Active fluorescence measurements

A single-turnover active fluorometer (LabSTAF, Chelsea Technologies
Ltd, UK) was used for all measurements of variable active Chl a fluor-
escence. Samples were collected several hours after sunset and kept in the
dark at sea surface temperature before analysis. Fluorescence induction
transients were induced with a 100 ps light pulse at 452 nm. Excitation
pulse intensity was automatically adjusted to ensure optimal saturation of
the fluorescence transient. Measurements were conducted for 100 s and
average values from the last 30 s were used. No increase in maximum
fluorescence (F,,) was observed during the 100s of measurements,
indicating that relaxation of reversible non-photochemical quenching
did not affect the derived values. Blank measurements of 0.2 um filtrate
were conducted at a subset of samples. Blank values of Chl a fluorescence
were consistently <3% of the corresponding Fm and therefore no blank
correction was applied to the data. Values of F,, were normalized to the
corresponding Chl a concentration to generate a value of F/ChF“™. Chl a
was not converted to phytoplankton absorption using an empirical
relationship (see Section ‘Above-water Radiometry’ and Fig. S2), as such
relationships are generated with data originating from broad ecological
gradients that likely do not well reflect chlorophyll-absorption relation-
ships following short-term nutrient additions (dominated by increased
chlorophyll biomass with more restricted changes in phytoplankton size
structure).

Above-water radiometry
A system with two sets of TriOS RAMSES spectroradiometers on a
custom-built frame with an extending arm was installed at the bow of
RV Meteor at a height ~7.7 m above the sea surface. Each set consisted
of an ACC hyperspectral irradiance meter and two ARC hyperspectral
radiance meters with a 7° field-of-view. The RAMSES-ACC hyper-
spectral irradiance meter measured the total downwelling irradiance
E¢(\), with PAR calculated as the sum of E,(A =400 — 700 nm).
The two RAMSES-ARC radiometers were positioned at nadir angles
of 45° and 90° to obtain total upwelling sea surface radiance L; (6, ,
A) and sky leaving radiance Ly (B4, @, A), respectively. The two
sets of radiometers were positioned at relative azimuth angles of 45°
from the direction of the ship and 90° between them. This allowed for
the routine selection of the radiometer set with the best azimuth angle
from the sun and thus with the lowest impact from surface reflectance
glint”.

Hyperspectral (A = 320-900 nm) radiometric quantities were recorded
underway at 5-min intervals. Water leaving radiance (L,) and remote-
sensing reflectance (R,,) were calculated using

R — Lw _ Lt - <pair—seu * LSky) (3)
s E, = E,

multiple surface reflected glint corrections were applied and visually com-
pared for every timepoint following proposed guidelines™"' with the best
approximations derived using Gould et al.”’. Fluorescence line height (FLH)
was then calculated from L,, using the approximate central wavelengths of
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the corresponding MODIS-Aqua wavebands as shown below.

Mg — A Aug — A
FIH=1.. — (248 _Z68 )y _ (1278 ~678 ) 4
o (’1748 — Aesr o Azag — Aes7 e ()

where A, Agg7> A7ag Tepresent the wavelengths of the fluorescence band and
two baseline bands respectively, and Lgys, Lgs7» L746 are the corresponding
water leaving radiances.

Radiometric Chl a was derived from R, using the NASA OC3 blue-green
band ratio algorithm®™*. These values were then compared with discrete
samples taken during the research cruise. These comparisons showed strong
agreement between the methods, with radiometric Chl a correlating well with
both HPLC-derived Chl a concentrations (R =0.698, p <0.001, n=68) and
acetone-extracted fluorometric measurements (R*>=0.691, p <0.001, n=68),
albeit with slight offsets for the two methods of chlorophyll-a concentration
determination (Fig. S1). When the dataset was restricted to samples with Chl a
concentrations <1 mgm?, the relationships slightly improved (HPLC:
R*=0.710, p<0.001, n=62; acetone-extracted fluorometry: R*>=0.715,
Pp <0001, n=62), suggesting especially strong consistency at lower con-
centrations common throughout most of the open ocean.

Values of FLH derived from the field radiometry were normalized to
phytoplankton absorption (a,,) to generate a shipboard estimate of
absorption-normalized, sunlight stimulated (passive) Chl a fluorescence
(F/ aPhPaSSi"e). To estimate a,, at the required resolution, we used an
empirical relationship between in situ TChl a (Chl a + divinyl Chl a) and
spectrally integrated phytoplankton absorption based on data from this
study and a much larger dataset (the BENCAL dataset from Bricaud etal.”),
which was collected in the Benguela-South Atlantic region (Fig. S2). Spec-
trally integrated a,, was weighted to a measured clear-sky E;, (ie.,

2(400_700)aph(A)*ED(A)/ 2(400_700)ED(A)) to reflect light absorbed by

phytoplankton under ambient surface sunlight conditions. This region-
specific relationship was then applied to convert radiometer-derived TChl a
to a,,. Although the relationship between Chl a and a,,, is typically indis-
tinguishable from linear correlation at very low Chl a concentrations, this
does not hold for the full range of Chl a concentrations encountered in our
study region. to Chl a concentrations, normalizing FLH to a,,, derived from
a region-specific algorithm, rather than to TChl g alone, provides a more
physiologically relevant metric of passive fluorescence yield, as it accounts
for variability in pigment packaging (i.e., specifically accounting for the
absorbed energy that could go on to stimulate fluorescence rather than the
concentration of total Chl a pigment; Bricaud et al.*’). We note that a
potential improvement in our method could be to estimate phytoplankton
absorption directly using the shipboard radiometric signals and other
underway shipboard measurements alongside satellite algorithms for
derivation of a,y, (e.g, McKinna and Werdell”).

To analyse F/ aphpa“ive as a function of irradiance, daily F/a,y, pa”i.ve vs.
PAR curves were created based on PAR binned averages of F/a,,P****. A
non-linear regression model was fit to the data*"” using the nls package from
R®.

passive
Phmax

F/a, P = F/ aphf::iive * tan h <af * PAR ) (5)
where F/ aphrp::fve is the maximum light-saturated absorption-normalized
passive fluorescence and & corresponds to the initial, light-limited slope of
the curve. The PAR intensity where F/a,;,**""* approaches saturation was
defined as E;; and is described as F /a,,, " /. Values of F/ay, P, a,
and E;; were extracted for each day (with each day corresponding to one
F/a P versus PAR curve) and used for comparison with ancillary data.
Iterative confidence intervals for both the model fits and extracted
parameters were also generated.

Only radiometric data collected when the ship was on station (i.e.,
not moving) were used in this study, which corresponded to the location

of discrete collected samples and characterization of the physical struc-
ture of the upper water column. To address outlying data for F/ aphpass“’e
versus irradiance curves, each daily set of observations was fitted with a
second-order polynomial using a robust regression method proposed by
Schallenberg et al*. The fitted values represent the model-predicted
F/a,,P**" generated from this regression. Deviations between observed
and fitted values were expressed as residuals, which were standardized on
a daily basis by calculating Z-scores (residual minus daily mean, divided
by the daily standard deviation). Observations with standardized resi-
duals exceeding a threshold (Zc) were identified as outliers. A threshold
of Z =2 provided the closest agreement with visual inspection of the
daily curves and was therefore applied consistently throughout the
dataset. This procedure resulted in 2.62% of observations being classified
as outliers.

Results and discussion

Physical and biogeochemical setting of the study region

Major gradients in sea surface temperatures, nutrient concentrations, and
phytoplankton biomass and community structure were observed between
the Benguela upwelling region and the South Atlantic Subtropical Gyre, in
agreement with previous studies”**'. During the observation period
(28.01.2023-03.03.2023), active near-coastal upwelling was maintained, as
indicated by lower average SSTs near the coast (>13°E, SST =17.68 +2.13
°C), which increased progressively towards the subtropical gyre (<13°E,
SST =21.29 + 1.38 °C; Fig. 1a, ¢, d). Surface waters in the upwelling zone and
filaments were characterized by elevated concentrations of NO; and PO,
(up to 11 umol L'* and 1.40 pmol L, respectively), while offshore surface
waters of the subtropical gyre were depleted, with maximum concentrations
0f 0.14 umol L™ and 0.20 pmol L™ for NO; and PO, respectively (Fig. 1e, ).
In contrast, silicic acid exhibited a less consistent spatial decline and
remained relatively elevated offshore (1.15-1.95 umol L*). Surface Chl a
concentrations were 8-10 times higher in macronutrient-rich regions
nearer the coast (mean = 0.56 + 1.17 mg m™, max = 6.83 mg m™) compared
to oligotrophic subtropical gyre waters (mean = 0.03 + 0.02 mg m™, max =
0.10 mgm?; Fig. 1b), reflecting the transition from enhanced phyto-
plankton productivity associated with upwelled nutrient supply near the
coast to the highly stratified waters of the subtropical gyre.

Active fluorescence response to nutrient limitation

A total of 27 controlled nutrient-addition bioassay experiments were
conducted throughout the cruise to unambiguously diagnose the nutrient
limitation status of the extant phytoplankton community. The results
showed transitions from Fe limitation in waters with residual NO;
concentrations to N limitation in waters where NO; was depleted (as
shown by increases in chlorophyll-a in response to nutrient supply), in
agreement with a previous study™. Using this large experimental data set,
we found that an initial seawater threshold NOj concentration of
0.06 umol ! was effective in distinguishing N limited sites from Fe
limited sites in this region (Fig. 2a). Subsequently, surface NO; con-
centration measurements, which had a much higher spatial-temporal
resolution than the bioassay experiments, were used to classify surface
waters as either Fe or N limited.

In experiments where N was diagnosed as the limiting nutrient, Chl
a-normalized maximum active fluorescence was relatively low and the
supply of Fe led to no significant changes, whereas N addition on average led
to small increases (Fig. 2b). The small increases in response to N addition
resulted from occasionally switching the initially N limited phytoplankton
into Fe limitation, as has been previously shown for nutrient addition
bioassay experiments (Behrenfeld et al.,”’; Browning et al.,”*). In contrast, in
experiments where Fe limitation was identified, Chl a-normalized max-
imum active fluorescence was elevated in non-nutrient amended controls
and N-amended treatments and declined on average >2-fold following Fe
supply (Fig. 2b; note that maximum active fluorescence was not normalized
to phytoplankton absorption, as this was not determined in the experi-
mental samples and in situ absorption versus Chl a datasets (e.g., Fig. S2)
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Fig. 2 | Response of Chl a-normalized maximum active fluorescence to N or Fe
limited conditions. a NO; concentrations measured at experimental start points
that were classified as either Fe (elevated NO3) or N (depleted NO;) limited. The
dashed line shows the regionally-defined NO; concentration division between N and
Fe limited sites (0.06 pmol L™). Sample sizes (n) and p-values are based on non-
parametric Wilcoxon rank-sum tests comparing the two groups. b Box and whisker
plot showing Fm/ChI*™* results for experimental treatments with Fe added (“+Fe”),

N added (“+N”) or without additions (“C”) for all N limited sites (left) and all Fe
limited sites (right). Dots show outlier data and error bars indicate the standard
deviation. Two-sided, unpaired t-test p values for significantly different means is
shown for addition experiments (either Fe or N addition) compared to the control
(for Fe limited sites, n =28 for C and n = 30 for 4+Fe and +N; for N limited sites,
n =39 for all; C, +Fe and +N).

reflect broad geographical shifts in phytoplankton ecophysiology that likely
poorly capture the short-term response of the incubated phytoplankton
community). The rapid (48 h) reductions in Chl-normalized maximum
active fluorescence following Fe addition are likely to be due to nutrient-
regulated changes in the relative abundance and energetic coupling of
photosynthetic electron transport chain components and light-harvesting
pigment-protein complexes. Specifically, under Fe limited conditions,
phytoplankton exhibit a reduction in photosystem I (PSI) abundance
relative to photosystem II (PSII), due to the elevated Fe requirement of PSI
over PSIT****. As fluorescence emission from PSI at 685 nm is extremely low,
relative to PSII, this enhanced PSII:PSI can result in enhanced Chl a -nor-
malized fluorescence. Additionally, Fe limitation has been demonstrated to
cause increased energetic uncoupling of some proportion of the pigment-
protein complexes from reaction centers in the membrane, which results in
elevated fluorescence yields™*>***. Following Fe supply, both rapid reduc-
tions in PSIL:PSI together with an increased energetic coupling of pigment-
protein complexes to reaction centers are then thought to drive the observed
Chl a-normalized active fluorescence reductions™' .

Variability in passive fluorescence

Field observations of passive, sunlight-stimulated Chl fluorescence have
demonstrated increases at low irradiances followed by a general transition to
a fluorescence plateau at higher irradiances*”*. The light-saturated
fluorescence plateau is the result of increasing absorbed excitation energy
being balanced by an increase in absorbed energy dissipated as heat (referred
to as non-photochemical quenching, NPQ)>'’. This plateau corresponds to
the majority of satellite-retrieved passive Chl fluorescence data, as these are
acquired around midday under conditions of maximum sunlight™'*"*. Of
the 26 days of observations during the research cruise, 22 had sufficiently
high light levels (i.e., PAR > 500 umol photons m?s™), while on station, to
generate absorption-normalized passive fluorescence F/ aphPaSSi"e curves
(Fig. 3a, b and S1), and in all cases high light plateaus in F/ aphpasswe were
observed (Fig. S3).

The light-saturated maximum from F/ay, versus irradiance
curves, F/a,, passive a5 subsequently evaluated in the context of potential
enwronmental and ecological drivers (Figs. 3-5). Consistent with the
observations made by active fluorometry, F/a,, passive showed a substantial
and significant difference between Fe and N hmlted waters (Fig. 3), with Fe-
limited stations on average exhibiting 3.1-fold higher values
(mean+SD=5.03+145mWm 'sr 'nm™') compared to N-limited
waters (1.59+0.66mWm 'sr'nm™'; Kruskal-Wallis p<0.001). A

passive

strong positive correlation was also observed with surface NO; concentra-
tions that was previously identified as a reliable index of Fe versus N lim-
itation (Fig. 4a). The fold difference in F/ aphf::f"e between Fe and N limited
sites is consistent with previous findings in the tropical Pacific, where a ca.
3-fold difference in Chl-normalized passive fluorescence was observed’.
However, in strong contrast to the tropical Pacific study, we here encoun-
tered major variability in the physics (temperatures, mixing, and light cli-
mate) and biogeochemistry (phytoplankton abundance and community
structure) of the upper water column alongside the transitions between Fe
and N limitation.

To evaluate the impact of upper water column physical character-
istics on passive fluorescence, three key parameters were examined: SST,
MLD, and E,,. A significant negative correlation was found between SST
and F/ aphf::j"e (Fig. 4b). This correlation is most likely influenced by the
distribution of nutrient limitation conditions (Fe limitation in colder,
high NO;, upwelled waters and N limitation in warmer, low NO; sub-
tropical gyre waters; Fig. le, f). Impacts of SST on passive fluorescence
emission (e.g., direct temperature-driven regulation of photosynthetic
rates and thus phytoplankton ecophysiology) cannot be ruled out based
on the observations from this study. However, the results of the nutrient
addition bioassay experiments strongly suggest SST being correlative
with F/ aph:fasf"e and not a causative driver. Specifically, in the bioassay
experiments only nutrient availability was changed with temperature
remaining constant for all treatments; as previously discussed, in these
experiments, Chl-normalized maximum active fluorescence declined on
average >2-fold following Fe addition in Fe limited waters, similar to the
fold differences in F/a ;P* between Fe and N limited sites. A general
deepening of the MLD was observed offshore alongside no clear change
inE, with neither showing a statistically significant relationship with
Flay, passive (Big 4c, d). This suggested that neltherE nor light variability
(characterlzed by MLD) were dominant drivers of Flay, Pa““’e in this
region.

Phytoplankton community composition has been shown to be
important in influencing active fluorescence signals®” and could play a
strong role in modulating sunlight-stimulated passive fluorescence. This
is due to different phytoplankton taxa varying widely in composition and
arrangement of light harvesting pigments as well as photoprotective
strategies”’. Correlation analyses of F/a,,P**"¢ with phytoplankton
community structure derived from diagnostic pigment and CHEMTAX
analyses showed several significant trends (Figs. 5 and S2). The estimated
contribution of diatoms to TChl a correlated positively and significantly
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Fig. 3 | Nutrient regulation of light-saturated, absorption-normalized passive

fluorescence. F/a,; P*I¥ versus photosynthetically active radiation (PAR) response
curves derived from the shipboard radiometry for two example days (29.01.2023 and
16.02.2023) at a Fe limited and b N limited sites. Dots indicate PAR-binned averages
ofF/a,, passive yyith lines indicating model fits following Eq. 5. Corresponding values
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of F/ aph:‘:;“, Ejy» and ay from the model fits are shown. Solid lines are model fits
with 95% confidence bands shown as dashed lines. ¢ Box and whisker plot showing
F/ aphf::ii"e for Fe-limited (red) and N-limited (blue) sites. A non-parametric Wil-
coxon rank-sum test comparing the two limiting nutrient groups was performed
with corresponding p value shown.
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with F/ aphfnajj"e (R*=0.56, p <0.001, n=21; Fig. 5a) whilst correlations
with the estimated contributions of Prochlorococcus and Synechococcus
were significant and negative (R*=0.67, p<0.001, n=21 for Pro-
chlorococcus and R* = 0.74, p < 0.001, n = 21 for Synechococcus; Fig. 5¢, d).
Correlations with the contributions of dinoflagellates, haptophytes,
pelagophytes, and prasinophytes were not significant. Similar correla-
tions were also found with Chl-normalized pigments diagnostic of the
various phytoplankton groups (Fig. $4).

Overall, these trends resulted from the broadscale shifts from diatom-
dominated communities in colder, higher NO;, Fe limited waters in the
Benguela upwelling through to cyanobacteria-dominated communities in
warmer, lower NO;, N limited waters of the subtropical gyre. As for SST,
whilst we cannot unambiguously rule out the role of such taxonomic shifts
in (co-)driving the trends in F/ aphffij"e, the nutrient addition bioassay
experiments strongly suggested physiological changes were more important
than taxonomic shifts. Specifically, whilst strong shifts in phytoplankton
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Fig. 5 | Relationships between maximum, absorption-normalized passive
fluorescence, F/ aphpass've, and the estimated contribution of phytoplankton
classes to total Chl a. a-g Each point represents a daily F/ aPhI‘::f"e value with model

fit confidence intervals (error bars), derived from model fits of F/ aphp“”ive to PAR
(Eq. 5). As for Fig. 4, red and blue points represent locations determined as Fe- and
N-limited, respectively. Statistical results are shown in (h).

community structure have previously been observed in this region over
short experimental timescales (48 h)*, the observed community shifts fol-
lowing supply of the limiting nutrient (a ubiquitous increase in the con-
tribution of diatoms) were in the opposite direction to that observed here in
the correlation analyses between F/ ap, Pass“’e and community structure.
That is, we found experimental supply of Fe (1 e, reducing Fe stress) led to on
average >2-fold reductions of F/ChI*"* at Fe limited sites (Fig. 2a), despite
expected (community structure changes within bioassays were not eval-
uated) increases in the contribution of diatoms to the communi‘ry24 this is
opposite to the positive in situ correlation between F/a I{’;SS“’e and diatom
contribution (Fig. 5a). Therefore, whilst acknowledging that this inter-
pretation assumes that active and passive fluorescence signals would change
in the same direction to a given change in community structure, we con-
clude that the significant observed relationships between F/a,, passive 3
community structure were not causative, but correlative, a result of the

broad-scale covariation of shifts from Fe to N limitation and diatoms to
cyanobacteria in the study region.

Our results provide field-validated data for assessing whether patterns
in F/ aphia:iive detected remotely via satellite could serve as a tracer of
nutrient limitation at broad geographic and temporal scales. Inspection of
MODIS-derived nFLH and nFLH/a,, (with ay, derived from the same
regional relationship applied to the shipborne radiometry data; Fig. S2) for
the time of our research cruise displayed noisy (that is high pixel-to-pixel
variability) signals at the small time and spatial scales required for observing
dynamic filaments (Fig. S5), which is a known issue with MODIS fluores-
cence line height data®*. The recent launch of the higher performance
Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) sensor may allow for
signals to be detected at the required resolutions’'. PACE was launched ca. 1
year after our research cruise and therefore data corresponding to our field
occupation are not available; however, provisional PACE data captured
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shortly after launch in the same season show promise, with elevated nFLH/
a,, observable in low SST filament structures relative to background con-
ditions (Fig. S6), strongly resembling our shipboard observations (Fig. 3).

Conclusion

Combining shipborne above-water radiometry with physical-
biogeochemical characterization of the surface ocean in the southeast
Atlantic Ocean we found a ca. 3-fold variability in light saturated,
absorption-normalized passive Chl a fluorescence (F/ aphﬂfjf"e), which
could be explained by transitions between N and Fe limited conditions.
Alongside comparable, short-term changes in Chl a-normalized max-
imum active fluorescence measured in response to Fe or N supply in
bioassay experiments, our results suggested that surface ocean mixing
depths, light climate, and phytoplankton community structure were
secondary factors in regulating broadscale gradients in F/ay, Pa“‘ve In
line with previous observations in the tropical Pacific’, our study further
supports the potential for utilization of these signals to reveal nutrient
limitation regimes at global, high frequency scales™’. We suggest that
further studies in other oceanographic regions that directly link passive
fluorescence with a full range of potential drivers, as conducted here, will
be key in paving the way towards confident utilization of these
satellite data.

Data availability

Above water radiometric data are available at https://doi.org/10.1594/
PANGAEA.973430. Level 3 satellite MODIS and PACE products can be
accessed at https://oceandata.sci.gsfc.nasa.gov/13/. All analyses were per-
formed using R Statistical Software (v4.5.2; R Core Team 2025).
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