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Spatial and temporal variability
of phytoplankton
photophysiology in the Atlantic
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Active chlorophyll-a fluorescence was measured during five summer research
cruises (2008 — 2016), spanning the Atlantic sector of the Southern Ocean. This
unique data set provides information for assessing zonal, inter-annual and
intra-seasonal variability (early versus late summer) of photosynthetic
efficiency (F,/Fn). The zonal variability of F,/F,, showed a typical latitudinal
decline from a maximum in the Polar Frontal Zone (PFZ) (0.24+0.03) to a
minimum in the Southern Antarctic Circumpolar Current Zone (SACCZ) (0.18
+0.07). The inter-annual variability in F,/F,, (between each cruise) was the
highest in the SACCZ, while the Antarctic Zone (AZ) exhibited low inter-annual
variability. Intra-seasonal variability between the zones was limited to a
significantly higher mean F,/F, in the PFZ and AZ in early summer compared
to late summer. Intra-seasonal variability between the cruises was, however,
inconsistent as higher mean F,/F,, in early summer were seen during some
years as opposed to others. Ancillary physical and biogeochemical parameters
were also assessed to investigate potential direct and indirect drivers of co-
variability with F,/F,, through a series of statistical t-tests, where significant
differences in F,/F,, were used as focus points to interrogate the plausibility of
co-variance. Inter-zonal variability of surface seawater temperature (SST) and
Silicate:Phosphate (Si:P) ratios were highlighted as co-varying with F,/F., in all
zones, whilst community structure played an indirect role in some instances.
Similarly, inter-annual variability in F,/F, co-varied with SST, Nitrate:Phosphate
(N:P) and Si:P ratios in the PFZ, AZ and SACCZ, while community structure
influenced inter-annual variability in the PFZ and SACCZ. Intra-seasonal
variability in F,/F,, was linked to all the ancillary parameters, except
community structure in the AZ, whilst different ancillary parameters
dominated differences during each of the cruises. These results were further
scrutinized with a Principal Component Analysis for a subset of co-located data
points, where N:P and Si:P ratios emerged as the principal indirect drivers of F,/
Fm variability. This study highlights the scope for using F,/F,, to reflect the net
response of phytoplankton photophysiology to environmental adjustments
and accentuates the complex interplay of different physical and
biogeochemical parameters that act simultaneously and oftentimes
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antagonistically, influencing inter-zonal, inter-annual and intra-seasonal
variability of F,/F .
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1 Introduction

The Southern Ocean (SO) hosts a diverse, unique and
complex ecosystem (Harris, 2006), which is vital to the global
uptake, sequestration and export of carbon from the atmosphere
to the ocean’s interior through the biological carbon pump
(BCP) (Arrigo et al, 2008; Nunn et al, 2013; DeVries and
Weber, 2017). The functioning of the SO BCP assists in the
regulation of global atmospheric carbon dioxide (CO,) levels
(Takahashi et al., 2002), and thus in the modulation of Earth’s
climate (Hauck et al., 2015). Phytoplankton are essential to the
SO BCP and, therefore, an understanding of the temporal and
spatial distribution of photophysiology and the drivers of
varijability is important (Petrou et al., 2016; Deppeler and
Davidson, 2017). Measurements of photosynthetic efficiency
(Fy/F,,) provide information on the effects of physiological
stress on the photosynthetic apparatus of phytoplankton cells
and hence, are indicative of the potential for primary
production. Factors that directly and indirectly impact
phytoplankton photophysiology and primary productivity
include physical conditions (e.g., seawater temperature and
solar irradiation; Arrigo et al, 2010; Heiden et al., 2019),
ambient nutrients (e.g., Boyer et al, 2013), and community
structure (e.g., Suggett et al, 2009). These conditions vary
regionally and under seasonal extremes in the SO, driving
large fluctuations in phytoplankton physiology and primary
production that impact the efficiency of the BCP (Moore et al.,
2013; Deppeler and Davidson, 2017).

The frontal features of the Antarctic Circumpolar Current
(ACC) define zones in the SO (Orsi et al., 1995; Pollard et al.,
2002) that are distinguished by unique physical and chemical
characteristics (Deppeler and Davidson, 2017), which in turn
influence the spatial distribution of phytoplankton community
structure, metabolic rates, F,/F,, (Suggett et al., 2009) and
primary production (Boyer et al., 2013). For example, warmer
surface seawater temperature (SST) with decreasing latitude
directly impact phytoplankton metabolic rates (Maranion et al.,
2018), which may indirectly impact photosynthetic responses.
Although F,/F,, is not directly related to adjustments in SST,
relationships may arise as a secondary response that reflects an
imbalance in cellular metabolism. The very cold SSTs of the high
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latitude SO can also indirectly affect F,/F,, by inducing changes
in phytoplankton community structure (Feng et al., 2009; Finkel
et al., 2010). Nutrient stress also directly impacts F,/F,,
(Spackeen et al., 2018) by curtailing photosynthesis when
insufficient, resulting in lower F,/Fy, and indirectly by
impacting the temperature dependence of phytoplankton
metabolic rates (Finkel et al., 2010; Maranon et al.,, 2018) and
community structure. Concomitant with this is light availability,
which also impacts nutrient demand (Sunda and Huntsman,
1995; Strzepek et al., 2012) further impacting F,/F,,.

Since the seasonal cycle alters heat flux, water temperatures,
stratification, mixed layer depth (MLD), nutrient supply and
light availability, it is expected that there will be some seasonal
influence on the variability of photophysiology, both directly and
indirectly (Suggett et al., 2006). Under low light conditions (i.e.,
in winter or when MLD’s are deep in early spring),
phytoplankton effectively maximise photosynthesis by
increasing the size of their light-harvesting antenna or the
number of photosynthetic units to increase light absorption
(Sunda and Huntsman, 1997; Sunda and Huntsman, 2012;
Strzepek et al., 2019). This photophysiological strategy to low
light increases intracellular iron requirements, thereby
decreasing F,/F,, despite the availability of nutrients implied
by deep MLD’s (Boyd, 2002). In late spring and early summer,
high F,/F,, values have been observed in the Sub-Antarctic Zone
(SAZ) (Ryan-Keogh et al., 2018), supposedly driven by a
shoaling of the MLD’s (or depths of active mixing), that
provided the required light environment to support positive
net community production and bloom formation (Mahadevan
et al,, 2012; Brody and Lozier, 2014), while nutrients were still
plentiful from winter resupply (Tagliabue et al., 2014). On the
contrary, in late summer and autumn, nutrient depletion from
phytoplankton utilization has been proposed as the likely driver
of low F,/F,, (Ryan-Keogh et al,, 2018). An important seasonal
aspect that adds to the F,/F,, variability is the occurrence of iron
limitation, despite high macronutrient availability. High rates of
biological activity in the SO are typically supported by high
concentrations of the macronutrients nitrate and phosphate but
are often seasonally constrained by low concentrations of the
micronutrient iron (de Baar et al., 1990; Morel and Price, 2003),
which likely causes a temporary lowering in F,/F,,. Strong
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seasonal variability is also typical of the Marginal Ice Zone
(MIZ), where higher summer SST melts the sea ice (increasing
micronutrient supply) and contributes to the formation of a
shallow stratified freshwater lens that improves the light
environment, which together yields higher F,/F,, and
increased rates of phytoplankton production (Arrigo et al,
2008; Demidov et al., 2012).

As temperature, light, and nutrients also affect community
structure the above temporal and regional changes are expected
to be indirectly reflected in F,/F,, variability through a change in
community structure. For example, when neither light nor
nutrients are limiting, such as conditions occurring south of
the Polar Front (PF) in early summer, diatoms thrive (Boyd
et al,, 2010), which typically display high values of F,/F,, (Ryan-
Keogh et al., 2017). Low concentrations of silicic acid toward the
end of the phytoplankton growing season, drive a shift in
community structure towards flagellates and haptophytes as
diatom production is constrained (Hutchins et al., 2001; Boyd
etal,, 2010). These smaller celled phytoplankton tend to thrive in
low nutrient conditions due to their high surface area to volume
ratio advantage, and typically have a lower F,/F,, than diatoms
(Suggett et al., 2009). A strong seasonal succession is also evident
in the MIZ where P. antarctica tends to dominate the MIZ (Sow
et al., 2020), along with large contributions of diatoms (Arrigo
et al,, 1999), which should result in higher F,/F,,. However, in
the MIZ, phytoplankton metabolism is primarily impacted by
low SSTs that result in an upper limit to growth and productivity
(Strzepek et al., 2019), which may indirectly drive lower F,/F,,.

The complex spatial and temporal interplay of factors
controlling phytoplankton photophysiology, production rates
and the BCP's efficiency are expected to vary with climate
change (Matebr and Hirst, 1999; Le Queére et al., 2010).
Warming and freshening of the SO due to global climate
change (e.g., Durack and Wijffels, 2010) will enhance the
degree of stratification (Hutchins and Boyd, 2016; Sallee et al.,
2021), while an intensification of the westerly winds will deepen
the MLD in summer (Sallée et al., 2021). These projected
conditions are expected to lead to significant alterations in F,/
F,, through changes in light and nutrient availability. In
addition, adjustments in phytoplankton community structure
and function are expected whereby species that can
physiologically adapt to outcompete under future physical and
chemical conditions would be favored (Deppeler and Davidson,
2017; Strzepek et al., 2019). Such changes in the phytoplankton
community are likely to impact F,/F,, making it a powerful tool
for assessing the individual and cumulative response of
phytoplankton to the multitude of expected environmental
adjustments associated with climate change.

Despite numerous incubation studies in the Atlantic SO that
have probed phytoplankton’s photophysiological response to the
manipulation of climatic stressors (e.g., Hutchins and Boyd,
2016; Ryan-Keogh et al,, 2018; Viljoen et al, 2018), in situ
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investigations of the photophysiological response of
phytoplankton to environmental changes over time and across
the polar ocean are sparse. This data gap highlights the need for
multi-year in situ monitoring programs with broad spatial
coverage that can bridge numerous space-time knowledge gaps
associated with a changing climate. Active chlorophyll-a (Chl-a)
fluorescence can serve such ambitious monitoring programmes,
as it is a powerful tool for deriving F,/F,, as a proxy for the
response of phytoplankton to physical, chemical or biological
stressors (Kolber and Falkowski, 1992; Kolber et al., 1998). F,/F,,
can provide high-resolution observations of in situ
phytoplankton photophysiology and subsequent primary
production, thus enhancing our ability to understand the
sensitivity of phytoplankton’s response to climate drivers. To
our knowledge, this is the first multi-year austral summer study
(5 cruises spanning 7 years) of in situ phytoplankton
photophysiology that provides a unique opportunity for
investigating the inter-zonal, inter-annual and intra-seasonal
(early versus late summer) variability and distribution of F,/
F.n, alongside ancillary physical and biogeochemical parameters
for the Atlantic SO.

2 Materials and methods

Photophysiological, environmental and biogeochemical data
were collected from the ship’s non-toxic underway scientific
seawater supply (~7 m water depth) during five South African
National Antarctic Expedition (SANAE) cruises on the RV SA
Agulhas and the RV SA Agulhas II to the Atlantic SO. The
cruises were: SANAE 48 (December 2008 - February 2009),
SANAE 49 (December 2009 - February 2010), SANAE 53
(November 2013 - February 2014), SANAE 54 (December
2014 - February 2015) and SANAE 55 (December 2015 -
February 2016); hereafter referred to as S48, S49, S53, S54 and
S55, respectively. An ongoing focus of the SANAE voyages is the
repeat occupation of the hydrographic GoodHope Line (GHL)
between South Africa and Antarctica, which has traversed the
extent of the ACC since 2004 (Swart et al., 2012). Only data
collected between 10°W and 10°E on the GHL were retained for
this analysis. All active Chl-a fluorescence measurements which
passed the quality control (QC) procedures below are displayed
in Figure 1, with the individual frontal positions for each cruise
indicated. The southbound transect typically takes place in
December while the northbound return transect typically
occurs in February. The cruise start and end dates appear in
Supplementary Table S1, along with the frontal positions of the
south- and northbound transects per cruise.

Measurements of phytoplankton photophysiology from
active Chl-a fluorescence were made continuously (every 30 -
90 seconds) and coupled with 4-hourly measurements of a suite
of underway physical and biogeochemical parameters. The
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Individual plots of the night-time active chlorophyll-a fluorescence measurement points which passed the quality control (QC) procedure for
each cruise independently (A) SANAE 48 (S48), (B) SANAE 49 (S49), (C) SANAE 53 (S53), (D) SANAE 54 (S54) and (E) SANAE 55 (S55), along with
the respective frontal positions indicated for each cruise from north to south - Sub-Tropical Front (STF), Sub-Antarctic Front (SAF), Antarctic
Polar Front (PF) and Southern Boundary (SBdy), delineating the corresponding zones between the fronts (Sub-Antarctic Zone (SAZ), Polar Frontal
Zone (PFZ), Antarctic Zone (AZ) and Southern Antarctic Circumpolar Current Zone (SACCZ)).

geographical frontal positions for each month of every cruise
were obtained from maps of absolute dynamic topography from
the CLS/AVISO product (Rio et al,, 2011) using the boundary
definitions from Swart et al. (2012). The positions of the Sub-
Tropical Front (STF), Sub-Antarctic Front (SAF), Antarctic
Polar Front (PF) and Southern Boundary (SBdy) for each
individual cruise can be found in Supplementary Table SI.
These fronts form zones, as defined in Pollard et al. (2002), as
the SAZ, the Polar Frontal Zone (PFZ), the Antarctic Zone (AZ),
and the Southern Antarctic Circumpolar Current Zone
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(SACCZ), respectively. Cruise-specific frontal positions were
used to separate the zones for the statistical analyses in this
paper, i.e., to compare zonal differences.

2.1 Active Chl-a fluorescence
Active Chl-a fluorescence data (F, = F,,, - F,, where F,, is the

maximum fluorescence and F, the initial fluorescence) were
collected with a benchtop Fast Induction and Relaxation (FIRe)

frontiersin.org


https://doi.org/10.3389/fmars.2022.912856
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Singh et al.

system (Formerly Satlantic, now Seabird, S/N: 030) in underway
flow-through mode (Gorbunov and Falkowski, 2004). The FIRe
protocol consisted of 80 — 100 x 1 s saturating flashlets with a 1
us interval. Samples were continually replaced within a
measurement interval of 30 - 90 seconds and 10 transients per
measurement. To improve the signal-to-noise ratio, a pre-
optimization transient averaging a 5-minute time window was
applied across all cruises (Supplementary Table S2).
Measurements were blank corrected on a daily basis using
seawater filtered through a 0.2 pm filter (Cullen and Davis,
2003). Raw data were processed using the custom code
Phytoplankton Photophysiology Utilities in Python 3.7 (Ryan-
Keogh and Robinson, 2021) fitting the biophysical model of
Kolber et al. (1998). The model fits the saturation phase of the
data where the connectivity coefficient, p, was held at a constant
value of 0.3 (Suggett et al., 2001) and the first flashlet was
skipped (Ryan-Keogh and Robinson, 2021) to derive F,, F,, and
F/Fp,.

2.1.1 Quiality control

A series of quality control (QC) tests were implemented on
the active Chl-a fluorescence data (Supplementary Table S2). (1)
Measured values greater or less than the mean + the standard
deviation (SD), for each 5-minute averaged measurement, were
excluded as outliers. (2) Data that fell outside the following
photophysiological ranges were rejected: 200 < absorption cross-
section (Opgr, A?)< 2000 (as outlined in Ryan-Keogh and
Robinson, 2021) and 0 < F,/F,, < 0.65. The latter cut-off was
applied as the maximum observed F,/F, values for
phytoplankton under optimum growth conditions were found
in the literature to be ca. 0.65 and 0.70, dependent on the
taxonomy (Juneau and Harrison, 2005; Suggett et al., 2009).
(3) Furthermore, data were excluded if the Root Mean Square
Error (RMSE) value was greater than the mean RMSE for
each cruise.

2.1.2 Diurnal variability

To test whether Non-Photochemical Quenching (NPQ;
Owens et al., 1980; Falkowski, 1997) significantly impacted
daytime F,/F,, day (local sunrise to local sunset) and night
(local sunset to local sunrise) F,/F,, values were compared to
each other for all cruises (S48, S49, S53, S54 and S55) combined,
across each geographic zone (SAZ, PFZ, AZ and SACCZ)
(Supplementary Table S3). Please refer to section 2.3.1. for
how the statistical t-tests were performed.

2.1.3 Chl-a concentrations

Seawater samples (250-500 mL) were collected from the ship's
continuous underway supply for Chl-a and filtered through a
Whatman Glass Fiber Filter (GF/F) filter (nominal pore size 0.7
pm). The filter was extracted in 90% acetone for 12-24 hours in
the dark at -20°C and measured on a Turner Designs 10AUTM
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fluorometer (during the S48 cruise) and Turner Trilogy (all other
cruises), calibrated with a Chl-a standard (Sigma Aldrich)
following the non-acidification method (Welschmeyer, 1994).

2.2 Ancillary data

2.2.1 Surface seawater temperature (SST)

SST was continuously measured every minute during each
cruise by a Seabird thermo-salinograph installed at the intake of
the ship's underway scientific water supply.

2.2.2 Macronutrients

Samples for macronutrients nitrate (NO3), silicate (Si(OH),)
and phosphate (PO;~) on S48 were manually analyzed on-board,
following the methods described by Grasshoff et al. (1983) and
Parsons et al. (1984). S49 macronutrient samples were analyzed
similarly as above, with the exception of silicate, which was
stored frozen at -20°C and later analyzed on a Lachat QuikChem
8500 series 2 Flow Injection Autoanalyzer (FIA) (Wolters, 2002;
Egan, 2008). On S53, S54 and S55, nitrate and silicate were run
on the Lachat QuikChem 8500 FIA while phosphate was run
manually following the methods described by Grasshoft et al.
(1983) and Parsons et al. (1984). The nitrate:phosphate and
silicate:phosphate molar ratios, hereafter referred to as N:P and
Si:P, were computed for each station per cruise with phosphate
as the common denominator due to its long ocean residence
time compared to other biologically limiting macronutrients and
it being a traditional tracer (Bigg and Killworth, 1988).

2.2.3 Community structure

Samples were collected for High-Performance Liquid
Chromatography (HPLC) to determine the photosynthetic
pigment composition by filtering between 1000 mL and 2000
mL of seawater onto 25 mm diameter Whatman GF/F filters that
were stored in liquid nitrogen (S48 and S49) or in a -80°C freezer
(all other cruises) until further analysis on land. For S48 and $49,
pigments were extracted in 90% acetone, aided by ultra-
sonification for a few seconds, the extract was centrifuged and
analyzed by HPLC as described by Barlow et al. (1997). Samples
from S48 were analyzed at the Department of Environmental
Affairs (DEA), South Africa, while samples from S49 were
analyzed at the National Oceanography Centre, Southampton
(NOCS), UK. For S53, S54 and S55, pigments were extracted in
100% methanol, aided by the use of ultra-sonification for a few
seconds. The extract was filtered and analysed at Laboratoire
d’Océanographie de Villefranche-sur-Mer, France, according to
Ras et al. (2008). Root square transformations were applied to
the pigment composition data for standardization prior to
cluster analysis utilizing multi-dimensional scaling to group
samples as outlined by Gibberd et al. (2013). The community
structure of phytoplankton was then determined from the
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pigment ratios using Gibberd et al. (2013), and the CHEMTAX
software (Mackey et al., 1996; Wright et al., 2010).

2.2.4 Diagnostic pigment ratios and the
effective cell diameter (Do¢) index

The diagnostic pigment ratios described by Vidussi et al. (2001)
were used to determine micro-, nano- and picophytoplankton
contributions at each station. A representative particle size-
structure index for each sample was then calculated by assuming
a representative size for microphytoplankton (20 pm),
nanophytoplankton (10 wm) and picophytoplankton (1 pm)
(Thomalla et al.,, 2017). The contribution of each size class was
multiplied by the representative cell diameter at each station and
summed to calculate an effective cell diameter (D ) per station
(Thomalla et al., 2017).

2.3 Statistical tests

2.3.1 t-tests

Data were grouped into daytime versus night-time (defined
by local sunrise and sunset), season (early summer (December)
and late summer (February)) and per zone (SAZ, PFZ, AZ,
SACCZ) for each cruise (S48, S49, S53, S54 and S55) to
determine: (a) day and night means of F,/F,, for assessing
diurnal variability, and (b) to assess the statistical significance
between zones, years and seasons. The statistical significance was
evaluated by making use of a Levene test to check for equal
variances, where a standard student’s t-test was used for data of
equal variance or a Welch's t-test for when data was of unequal
variances. The t-tests were performed to compare the mean F,/
F., values as follows: (1) inter-zonal variability (differences
between zones) (2) inter-annual variability (differences
between years) and (3) intra-seasonal variability as a
comparison of early (December) versus late (February)
summer. Results of the t-tests are reported as statistically
significant when p<0.05, p<0.01 or p<0.001.

2.3.2 Principal Component Analysis

The F,/F,, data were co-located with the 4-hourly ancillary
data for each cruise, where a 15-minute mean interval was taken
for F,/F,, before and after each matching station in date, time,
latitude and longitude to create a combined dataset of F,/F,, and
the ancillary data for all cruises. Worth noting is that since the
F,/F,, data were collected in 5-min averages and the ancillary
data collected every 4 hours this co-located data set represents
only a small subset of the total F,/F,, data set (n = 68). After
removing all missing values, a Principal Component Analysis
(PCA) was performed using the Python package MLxtend
(Raschka, 2018) for each co-located F,/F,, and ancillary data
parameter, i.e., SST, N:P, Si:P, the chosen dominant community
structure (diatom:haptophyte ratio) and D.g, as well as the bulk
concentrations of nitrate, phosphate and silicate.
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3 Results
3.1 Diurnal variability

In vivo fluorescence can vary over a diel cycle with suppressed
Chl-a fluorescence values expected during the day compared to
night. This is due to NPQ being a photoprotective process during
daytime, whereby excess energy is dissipated as heat at the cost of
fluorescence to avoid photo-oxidative damage under high
irradiance (Owens et al., 1980; Falkowski, 1997). F,/F,,
measurements during the night reflect dark-adapted states and
can be used to establish the effect of non-light-induced stress on the
photosynthetic apparatus. Differences between day and night data
were found to be significant (p<0.05) for all zones (Figure 2), and as
such, only the night data were used for further analysis for all zones.

3.2 Inter-zonal distribution and inter-
annual variability

In this paper “inter-annual” refers to the comparison between
the summer cruises. Overall, mean F,/F,, values comprising all
cruises were highest for the PFZ (0.24+0.03; p<0.001), followed by
the AZ (0.23%0.04), SAZ (0.22+0.04) and the lowest for the SACCZ
(0.18+0.07; p<0.001) (Figure 3; Table 1 and Supplementary Table
S4). An investigation of inter-annual variability in F,/F,, between
each of the cruises for each zone showed that both the PFZ and
SACCZ had particularly high inter-annual variability with most
years being significantly different from each other (Tables 2B, D).
The SACCZ was also characterized by higher SD’s (+0.04 - £0.10)

0.40

[ Day
0.35 | I Night
dkk Kkk k% dkk
030 | t t t
0.25 |
E
L 0201
>
w
0.15 |
0.10
0.05 -
0.00
SACCZ
Zone
FIGURE 2

Diurnal variability of daytime and night-time means of F,/F,, for
all cruises grouped by zone. Error bars represent standard
deviations. Significant differences are represented as *p<0.05,
**p<0.01 and ***p<0.001, while t represents unequal variance
where a Welch's t-test was used.
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FIGURE 3

Inter-zonal distribution and inter-annual variability of the mean F,/F,. Error bars represent standard deviations. Note that S49 in the PFZ had too

few data points to create a standard deviation (n=1).

TABLE 1 Inter-zonal variability: p-values from the t-tests conducted
on the F,/F,, for all cruises combined and compared per zone.

SAZ PFZ AZ SACCZ
SAZ 0.18¢
PFZ
AZ
SACCZ

Statistically significant results (p<0.05) are highlighted in grey, with { representing
unequal variance where a Welch’s t-test was used.

(Supplementary Table S5) compared to other zones (+0.003 -
+0.05), indicative of a higher range of inter-annual variability. In
the AZ, inter-annual variability was particularly low with the

majority of the cruises being similar, except $53 (Table 2C),
which showed a higher mean F,/F,, (0.25£0.04, p<0.001)
compared to all other cruises (0.21 - 0.22) (Supplementary Table
S5). The SAZ was also characterized by relatively high inter-annual
variability in F,/F,,, most notably during S49 which was typically
higher than all other years, except S54 (Table 2A).

3.3 Intra-seasonal variability

As the cruises extended over the entire summer season,
intra-seasonal differences were investigated between early
(December) and late (February) summer (ie., excluding all
data from January). Averaged across all zones and all cruises

TABLE 2 Inter-annual variability per zone: p-values from the t-tests conducted on the F,/F,, per cruise in each zone (Figure 3).

(a) SAZ

S48 $49 §53 S$54 S55

S48 0.17 0.95
$49 0.22
S53 0.55 0.651
S54 0.18F
S55

(c) AZ
S48 $49

S48 0.42

$49

$53

S54

$55

(b) PFZ

S48 $49 §$53 S54 S55

S48 n/a
S$49 n/a n/a n/a

S53
S54

S55

(d) SACCZ
S48 $49

Statistically significant results (p<0.05) are highlighted in grey, with T representing unequal variance where a Welch’s t-test was used. The term n/a refers to where there is a lack of data to

perform a test, i.e., the PFZ during $49.
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(“All” in Figure 4A), the seasonal comparison of F/F, was
higher (p<0.05) during early summer (December, 0.22+0.04)
than in late summer (February, 0.20+0.07) (Supplementary
Table S6). However, this was not reflected consistently in all
the individual zones. Although the same tendency was observed
in the SACCZ (i.e., higher F,/F,, in December 0.18+0.07), the
opposite was observed in the PFZ and AZ, where higher F,/F,,
values were observed in February (p<0.001, Supplementary
Table S7). The SAZ, in contrast, showed no significant
difference between December and February (Supplementary
Table S7). Similarly, when scrutinized on a cruise-by-cruise
basis (Figure 4B), intra-seasonal differences in F,/F,, were
inconsistent, with higher values (p<0.05) observed in
December during S49 and S53, whereas higher values were
observed in February during S48 (p<0.001) and S54, whilst no
intra-seasonal changes were seen for S55 (Supplementary
Table S6).

3.4 Investigating zonal, inter-annual and
intra-seasonal co-variability between F,/
F» and ancillary data

The ancillary data investigated here include SST, ambient
macronutrient concentrations and ratios (N:P and Si:P) as well
as indices of phytoplankton community structure (pigment
ratios and effective cell diameter (Deg)). A summary of the
mean values of these potential drivers per zone is available in
Supplementary Table S4. For each significant difference
observed in F,/F,, between zones (inter-zonal, Table 1), cruises
(inter-annual, Table 2) and December-February (intra-seasonal,
Supplementary Tables S6, S7), the corresponding significant
differences in ancillary data were similarly established. This
means that ancillary data were only tested for significant
differences if the F,/F,, showed a significant difference. If a

A EEE December
0.35 [ February
030 T . 1 T t
025
3
L 020
My
0.15
0.10
005
0.00
SAZ PFZ AZ SACCZ All

Zone

FIGURE 4

10.3389/fmars.2022.912856

significant difference in F,/F,, was also observed in an ancillary
parameter, it could be considered as co-varying. As such, a co-
varying parameter could be considered as a possible direct or
indirect driver of the observed variability in F,/F,,. Likewise, if
no difference was observed in the ancillary data, it was excluded
as a potential driver of the observed variability in F,/F,.

3.4.1 Surface seawater temperature (SST)

The mean SST averaged over all cruises decreased from
maximum values of ~12°C in the SAZ southward towards
minimum values of ~1°C in the SACCZ (Figure 5A and
Supplementary Table S4). SSTs were different (p<0.001) between
all the zones (Supplementary Table S8) and between some cruises
within each zone (Supplementary Table S9). For example, inter-
annual variability in SST was observed for S53 in the PFZ with lower
(p<0.001) SST (~6°C) compared to S54 and S55 (7.2°C - 7.4°C), and
in the AZ with lower (p<0.001) SST (~2°C) than S49, S54 and S55
(3.3°C - 3.8°C). SST was higher (p<0.001) in the SACCZ during S54
(~2°C) compared to all the other cruises (-0.1°C - 1.2°C) and during
S55 (~1°C) compared to S49, S53 and S54 (-0.1°C - 2.1°C)
(Supplementary Tables S5, S9). Intra-seasonal differences in SST
were inconsistent (i.e. late summer was not consistently warmer)
considering individual zones and individual cruises. For example,
lower (p<0.001, Supplementary Table S7) SSTs were observed in
early summer in the PFZ and AZ and during S49 (p<0.05), while
lower SSTs were seen during S48 in late summer (p<0.05,
Supplementary Table S6).

3.4.2 Macronutrient concentrations and
macronutrient ratios

The macronutrient concentrations varied from the SAZ to
the SACCZ (Figure 5B and Supplementary Table S4), where the
nitrate concentrations increased from 7.1+5.2 pmol L in the
SAZ to ~20 umol L in the PFZ and SACCZ. The phosphate
concentrations were the lowest in the SAZ (0.7+0.6 pmol L)

S48 853

Cruise

S54 S55

Intra-seasonal (early vs late summer) variability of F,/F., across (A) each zone and (B) per cruise in December and February. Error bars represent
standard deviations. The overall mean F,/F,,, across all zones per season is shown as “All" in (A). Significant differences are represented as
*p<0.05, **p<0.01 and ***p<0.001. Significant differences are represented as *p<0.05, **p<0.01 and ***p<0.001, while t represents unequal

variance where a Welch's t-test was used.
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Ancillary parameters grouped per zone across all cruises for (A) Surface seawater temperature (SST) (°

C), (B) Macronutrient concentrations

(umol L} plotted on a logarithmic scale, (C) Nitrate:Phosphate (N:P) (mol:mol) and (D) Silicate:Phosphate (Si:P) (mol:mol), (E) Diatom
Haptophyte ratio (% contribution to Chl-a) and (F) the phytoplankton effective diameter (Deg) index (um). Boxplots represented as 25th and 75th

percentile with median. Error bars represent standard deviations.

and increased to ~1.4 umol L' for the remaining three zones,
substantiating phosphate as a good reference point to study the
changes in nitrate and silicate as nutrient ratios, i.e. N:P and Si:P
ratios. The silicate concentrations, however, steadily increased
from 1.240.8 umol L' in the SAZ to 45.7+18.5 umol L in
the SACCZ.

The mean molar N:P ratios (mol:mol) for all cruises
combined across all zones ranged from 10.7+6.7 in the SAZ to
13.6+6.8 in the SACCZ (Figure 5C and Supplementary Table
S4). Significant differences were observed for the N:P ratios
between all zones (p<0.05), except between the PFZ and SACCZ
(Supplementary Table S10). Inter-annual differences in N:P
ratios were observed between the cruises, notably in the PFZ,
AZ and SACCZ for S53 (Supplementary Table S11). S53 stood
out with mean N:P ratios that were significantly lower in the PFZ
(7.5+3.4, p<0.001), compared to S48, S54 and S55 (13.2 - 15.4),
and significantly lower in the AZ compared to all other cruises
(6.4+6.7, p<0.001). In the SACCZ, S53 was lower (9.5+9.3,
p<0.001) than S48, S54 and S55 (13.6 - 16.2) and higher
during S55 (16.2+6.5, p<0.01) compared to S49, S53 and S54
(9.5 - 14.1). Intra-seasonal differences of higher N:P ratios
during early summer (December) were only observed in the

Z (p<0.01) (Supplementary Table S7) and during S48
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(p<0.001), while a lower N:P ratio was seen in December
during S49 (p<0.01) (Supplementary Table S6).

The mean molar Si:P ratios (mol:mol) for all cruises
(Figure 5D) showed substantial latitudinal variability with
low ratios in the SAZ (4.1+7.4) and PFZ (3.8+10.7),
increasing to 11.6+13.3 in the AZ and as high as 33.9+24.6 in
the SACCZ (Supplementary Table S4). Inter-zonal differences
were significantly higher for Si:P ratios between the SACCZ
and all other zones (p<0.001) and between the PFZ and the AZ
(p<0.001) (Supplementary Table S12). Inter-annual differences
were again observed during S53 (p<0.05, Supplementary Tables
S5, S13), with lower ratios in the PFZ (0.6+0.3, p<0.05)
compared to cruises S48, S54 and S55 (1.5 - 7.0) and in the
AZ (7.5%12.1, p<0.001) compared to S48, S54 and S55 (11.7 -
14.7). Lower Si:P ratios were seen in the SACCZ for S53 (26.4
+23.3, p<0.001) compared to S54 and S55 (38.1 - 51.7), and for
S55 (51.7+33.4, p<0.01) compared to S49, S53 and S54 (18.7 -
38.1). In contrast, Si:P ratios for S54 were higher (38.1+17.7,
p<0.01) than for all the other cruises (18.7 - 26.4), but lower
(p<0.001) than during S55 (51.7). Intra-seasonal differences
with lower Si:P ratios in December compared to February were
only observed in the AZ (p<0.01) and on S49 (p<0.001)
(Supplementary Tables S7 and S6).
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3.4.3 Community structure: pigment ratios

The two dominant phytoplankton groups across all cruises
and all zones measured by their contribution to total Chl-a (in
%), were diatoms (3% - 67%) and haptophytes (22% - 46%)
(Supplementary Figure SI1A). All other groups typically
contributed less than 10%, e.g., dinoflagellates (4% - 7%),
Prasinophytes (1% - 9%) and Cryptophytes (<5%), or showed
higher contributions only in one particular zone, e.g.
Chlorophytes (27%) and Synechococcus (12%) in the SAZ. As
such, a focus was placed on the diatom to haptophyte ratio,
which provides a single value index of change in community
structure. The diatom:haptophyte ratio increased southwards
from 0.4+0.6 in the SAZ to 1.0+1.1 in the PFZ, 5.0+12.0 in the
AZ and then decreased to 2.7+2.6 in the SACCZ (Figure 5E and
Supplementary Table S4). Inter-zonal differences in diatom:
haptophyte ratios were significantly lower (p<0.05) in the SAZ
compared to both the PFZ and SACCZ, and lower (p<0.001) in
the PFZ compared to the SACCZ (Supplementary Table S14). In
addition, inter-annual differences in the diatom:haptophyte ratio
were evident in the PFZ and SACCZ, where for example, in the
PFZ S54 (3.3+0.9) was higher (p<0.01) than S48, S53 and S55
(0.5 - 0.9) (Supplementary Tables S5 and S15). In the SACCZ,
the diatom:haptophyte ratio was higher (p<0.001) during S53
(2.0+1.6) compared to S55 (3.3) (Supplementary Tables S5 and
S15). Both the SAZ and AZ showed no significant inter-annual
differences between cruises. Intra-seasonal comparisons of the
diatom:haptophyte ratio in each zone showed no significant
differences (Supplementary Table S7), whilst intra-seasonal
variability in an inter-annual context indicated significantly
higher ratios (p<0.01) during December on S53 compared to
February (Supplementary Table S6).

3.4.4 Effective cell diameter (Dog) index
Phytoplankton were grouped into the following size fractions:
microphytoplankton (f;cro > 20 pm), nanophytoplankton (2 um >
fhano< 20 um) and picophytoplankton (fyico< 2 um) (Supplementary
Figure S1B). The £, (0.3% — 6%) and {0 (29% — 67%) fractions
decreased southwards, dominating in the SAZ and PFZ, whereas
fimicro (26% — 70%) increased southward to dominate in the AZ and
SACCZ. In order to attain a single value index to represent
community size structure, an effective cell diameter (D.g) was
calculated for each station (see methods section 2.2.4). The D¢
index increased southwards from 12.1+2.3 um in the SAZ to 14.3
+1.9 um in the PFZ and then up to 17.0+1.6 pm in the AZ,
remaining similar in the SACCZ (16.6£1.7 um) (Figure 5F and
Supplementary Table 54). Dog was significantly lower (p<0.001) in
the SAZ compared to both the PFZ and SACCZ and was lower in
the PFZ compared to both the AZ and SACCZ (p<0.001)
(Supplementary Table S16). In the PFZ, Do values on S48 were
lower (13.0+1.2; p<0.05) than on S53 (14.7+1.9), while in the
SACCZ, the $49 Dy values were lower (15.2+1.5; p<0.05) than
during $48, S54 and S55 (16.3 - 17.1) (Supplementary Tables S5 and
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S17). No inter-annual differences were evident in D ¢ in the SAZ or
AZ. Intra-seasonal differences were evident with higher D.s in
December in the PFZ and AZ (Supplementary Table S7), and with
higher D¢ in December on S53 (Supplementary Table S6).

3.5 Co-variability between the ancillary
parameters and F,/F,

3.5.1 Inter-zonal co-variability

SST significantly differed between all zones and co-varied
inter-zonally, similar to F,/F,, (Supplementary Table 54). Zonal
differences in N:P and Si:P ratios also co-varied with changes in
F,/F,, for the majority of zones, except for similarities in the PFZ
and SACCZ for N:P ratios and in both the PFZ and the SAZ for
Si:P ratios (Supplementary Tables S10 and S12). Changes in
community structure, i.e., both the diatom:haptophyte ratio and
Degp; co-varied with changes in F,/F,, between zones, except
between the AZ and SACCZ for which they were similar
(Supplementary Tables S14 and S16).

3.5.2 Inter-annual co-variability

Ancillary parameters that matched the inter-annual
significant differences in F,/F, are SST and both
macronutrient ratios, mainly in the PFZ, AZ and SACCZ
(Table 2 and Supplementary Tables S5, S11, S13). The diatom:
haptophyte ratios and D, on the other hand, matched the inter-
annual significant differences in F,/F,, in the PFZ and SACCZ
(Table 2 and Supplementary Tables S5, S15, S17). In the PFZ,
significant differences in SST, as well as macronutrient ratios co-
varied with a significantly higher mean F,/F,, most notably for
S53, which had the lowest SST and nutrient ratios when
compared to most of the other cruises. In the AZ, however,
the lowest SST and N:P ratios for S53 coincided with the highest
mean F,/F,,. In the SACCZ, the highest mean SST and a high
mean Si:P ratio co-varied with the high mean F,/F,, for S54
compared to all other cruises, and the lowest mean N:P ratio for
S53 compared to cruises S48, S54 and S55. The diatom:
haptophyte ratio showed only a few significant inter-annual
differences (p<0.05), such as in the PFZ and in the SACCZ
(Supplementary Table S15).

3.5.3 Intra-seasonal co-variability

Differences assessed between all early and all late summer
data, i.e., comparing December to February for all cruises across
all zones combined, showed that both the N:P and Si:P ratios did
not vary (Supplementary Table S6). Ancillary parameters which
matched intra-seasonal differences observed in F,/F,, included
SST and D.gindex in the PFZ and AZ, as well as the N:P and Si:P
ratio only in the AZ (Supplementary Table S7). Ancillary
parameters, which matched intra-seasonal differences observed
in F,/F,,, among the years were SST and N:P ratios during S48
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and S49; Si:P ratios only during S49; as well as the diatom:
haptophyte ratio and Dy index on S53 (Supplementary
Table S6).

3.6 Principal Component Analysis
between ancillary data and F,/F,,

Despite the limited number of F,/F,, data points that were
co-located with ancillary data, when combined across all zones
and seasons there was a sufficient sample size (n = 68) to perform
a PCA analysis to identify the ancillary data which showed the
strongest co-variance (Supplementary Figure S2). The sum of
the first two principal components in the PCA explained 68% of
the total variance in F,/F,,. The grouping of the variables within
each quadrant shows F,/F,, to be in the opposite quadrant to the
silicate concentration and the N:P and Si:P ratios, whilst SST was
in the neighboring quadrant opposite to the nitrate and
phosphate concentrations and the community structure indices.

4 Discussion

Active Chl-a fluorescence provides instantaneous, high-
resolution spatial and temporal information on the response of
phytoplankton to physiological stress caused by the local
environment (Hughes et al., 2018). Here, we focus on F,/F,, as
an indicator of phytoplankton photosynthetic efficiency and
examine the inter-zonal, inter-annual and intra-seasonal
variability in F,/F,, distribution across the Atlantic SO in
summer. In addition, we investigate zonal, inter-annual and
intra-seasonal co-variability in ancillary parameters to elucidate
the possible direct and indirect drivers of variability in F,/F,.
Finally, we use a PCA on a subset of co-located F,/F,, and
ancillary data to further assess the dominant drivers of overall
F,/F,, variability (i.e., across all years, zones and for all three
months of summer).

4.1 Zonal, inter-annual and intra-
seasonal variability in F,/F,

F,/F,, exhibited large-scale spatial variability between the
zones and was the highest in the PFZ (0.24+0.03). These values
are similar to those previously reported for other open ocean
regions such as those near the Kerguelen Plateau (0.2 - 0.4;
Timmermans et al., 2008), but much lower than those observed
downstream of sub-Antarctic islands (0.5 - 0.6; Moore et al.,
2007; Timmermans et al.,, 2008). High F,/F,, in the PFZ implies
efficient photosynthesis that was the least constrained by
environmental conditions. Optimal environmental summer
conditions such as these are likely to result in higher rates of
production for the PFZ and hence, possibly higher carbon
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drawdown in the region (Uitz et al., 2006). On the other hand,
F,/F,, in the SACCZ was the lowest (0.18+0.07), which
potentially implies inefficient photosynthesis that was most
likely limited by a combination of light and/or nutrients. In
instances such as this, primary production is typically curtailed,
leading to a potentially constrained biological carbon pump
(Hardman-Mountford et al., 2013). However, Chl-a
concentrations for this zone were the highest (Supplementary
Figure S3), which implies that despite sub-optimal efficiency in
photosynthesis (from possible light limitation or a combination
of other factors), rates of production and biomass accumulation
were substantial and unlikely to curtail export.

When averaged across all zones and cruises, F,/F,, was
typically higher in early summer when compared to late
summer (Figure 5, Supplementary Table S3). This is in line
with our understanding of seasonal nutrient limitation (in
particular with regards to iron) following biological utilization
and is in accordance with the literature (Deppeler and Davidson,
2017; Ryan-Keogh et al,, 2018; Mtshali et al., 2019). However,
when zones (and cruises) were interrogated on an individual
basis this tendency was not consistently reflected. For example,
no intra-seasonal difference was evident in the SAZ and SACCZ
when all cruises were combined (Supplementary Table S4) and a
higher F,/F,, was instead observed in late summer in the PFZ
and AZ. Similarly, when all zones were combined, although
higher F,/F,,, was observed in early summer on S49 and S53, the
opposite was true for S54 with no discernible difference on S54.
This inconsistency of an intra-seasonal decline in F,/F,, in late
summer highlights the likelihood of a dynamic interplay of sub-
seasonal variability in nutrient and light variability in addition to
the phytoplankton community response that together
determines the characteristics in F,/F,,.

Different zones displayed different degrees of inter-annual
variability in F,/F,. Using inter-annual variability as an
approach for zonal characterization provides a dynamic
understanding of phytoplankton regionalization that relies on
underlying physical drivers in addition to climatological means
(Thomalla et al., 2011). The SACCZ (and to a lesser extent the
PFZ) had particularly high inter-annual variability in F./F,
with most cruise occupations being significantly different from
each other, suggesting that changes in the local environment
between annual occupations were strongly impacting F,/Fy,. In
addition, the highest range of SD in the SACCZ is indicative of
the highest degree of inter-annual variability in F,/F,,. Regions
that are characterized by a high degree of inter-annual variability
(i.e., the SACCZ and PFZ) are more likely to be influenced by
sub-seasonal forcing of the nutrient and light supply e.g.,
through storm interactions that drive event scale variability in
the MLD (Thomalla et al., 2011). F,/F,, in the AZ on the other
hand showed much lower inter-annual variability with mean
values that were surprisingly similar for four of the five cruise
occupations. Zones with particularly low inter-annual variability
in F,/F,, such as the AZ are more likely to be phase locked with

frontiersin.org


https://doi.org/10.3389/fmars.2022.912856
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Singh et al.

the seasonal forcing of light and nutrients from a seasonal
shoaling of the MLD (Thomalla et al, 2011). This does not
mean that nutrients or light are not impacting F,/F,, but merely
that it is unlikely to vary sufficiently on intra-seasonal timescales

to strongly influence inter-annual variability in F,/F,,.

4.2 Investigating potential drivers of

spatial and temporal variability in

phytoplankton photophysiology

Iron plays a fundamental role in the photosynthetic process
(Raven et al,, 1999) and typically has a direct effect on F,/F,,,
which is why it is often referred to as the master variable. F,/F,,
variability in regions such as the SO that typically experience
iron limitation, with low dissolved iron (DFe) concentrations
drive low F,/F,,. Hence, some of the low F,/F,, results could be
linked to iron stress, for e.g., in the SAZ, where F,/F,, was lower
in late summer as would be expected from biological utilization
following the spring bloom (Deppeler and Davidson, 2017;
Ryan-Keogh et al,, 2018; Ryan-Keogh et al., ; Mtshali et al,
2019). However, without local DFe data, we are unable to
adequately investigate its influence on F,/F,, variability. A
zonal comparison of F,/F,, with DFe concentrations from the
GEOTRACES data set (GEOTRACES Intermediate Data
Product Group, 2021) did, however, show the SACCZ to be
characterized by the highest concentrations of DFe
(Supplementary Figure S4) but the lowest F,/F,, (Figure 3).
This implies that photosynthesis in this zone was unlikely to be
iron-limited. but that F,/F,,, was more likely to be constrained by
a combination of alternative drivers. Iron measurements were
conducted as part of incubation studies on S54 and S55 with
reported results suggesting that primary production was affected
by iron-limitation during summer (Ryan-Keogh et al., 2017;
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Ryan-Keogh et al., 2018; Viljoen et al., 2018), with some
potential iron-light co-limitation in the PFZ (Viljoen
et al., 2018).

In the following section, the characteristics of zonal, inter-
annual and intra-seasonal variability in F,/F,, are investigated in
the context of co-variability of the available ancillary data
(summarized in Figure 6) in order to determine whether or
not the ancillary parameter could be considered as a possible
direct or indirect driver of F,/F,,.

4.2.1 The dynamics between SST and
F./F variability

At a global level, SST does not directly drive F,/F,,, since
both high and low F,/F,, can be found in both tropical and polar
waters. At a local level, however, positive correlations have been
observed between SST and F,/F,,, e.g., for dinoflagellates in the
East China Sea (Shen et al., 2016). In our transects across the SO,
a southward decrease in SST coincided with a zonal decrease in
F/Fp (Supplementary Table S4), supporting the understanding
that SST impacts the metabolic balance of phytoplankton
(Maxwell and Johnson, 2000; Finkel et al., 2010; Marafion
et al,, 2018), which can indirectly impact the F,/F,, signature.
However, despite the general latitudinally co-varying trends,
warmer SO waters did not always host higher F,/F,, and colder
SO waters did not always host lower F,/F,,. For example,
significantly warmer SSTs were observed in the SAZ compared
to the AZ, but the F,/F,, was nonetheless similar. Also, colder
SSTs on S53 in the PFZ and AZ did not correspond to lower F,/
Fin. The response in F,/F,, following changes in SST between
early and late summer also varied. For example, on S48 higher
December than February SSTs was accompanied by lower F,/F,,,,
while on S54 lower December than February SSTs was
accompanied by higher F,/F,,. Nonetheless, when considering
all years combined in the PFZ and AZ, December SSTs was
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PFZ vs all zones

AZ vs (PFZ; SACCZ)
SACCZ vs all zones

PFZ: §53 vs (S54; §55)

AZ: §53 vs (349; §54; §55)
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49 vs (S48; 534; $53)
§54 vs all cruises

PFZ; AZ
§48; 549

N:P ratio ‘ ‘ SizP ratio | ‘ Hg;:;;‘]’::“ ‘ | D.gindex
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Schematic summary of the potential co-varying parameters (Surface seawater temperature, SST; Nitrate:Phosphate, N:P; Silicate:Phosphate, Si:
P; Diatom:Haptophyte ratio and phytoplankton effective diameter (Deg) index) of F,/F., (where F,/F, was different at p<0.05), showing inter-
zonal, inter-annual and intra-seasonal changes that matched changes in F,/F... The zones/cruises before "vs” were different to each of the
zones/cruises after "vs". Note all significant differences are shown where p<0.05.
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significantly lower than for February, which coincided with
significantly lower F,/F.. In summary, although changes in
SST and F,/F,, often co-vary, the response with SST was not
consistent at inter zonal, inter-annual or intra-seasonal scales.
This highlights the important understanding that other drivers
areat play and that any relationship with SST is not direct but rather
a secondary reflection of an imbalance in cellular metabolism.

4.2.2 The impact of macronutrients on
F./Fm variability

SO phytoplankton are known to respond to changes in their
chemical environment through an altered photosynthetic
response (i.e. F,/F,, response to nutrient stress) and/or a
community structure response that favors particular species
under those conditions, which in turn drives an indirect
secondary response in F,/F,, (e.g. Suggett et al., 2009).
Ambient nitrate or phosphate concentrations are generally not
considered to be limiting in the SO (Sedwick et al., 2002), which
is in agreement with our measured ambient nutrient data
(Supplementary Table S4). As such, and due to phosphate
remaining relatively constant, we instead emphasized the role
of variability in ambient macronutrient ratios in order to reflect
preferential or limited acquisition and drawdown, e.g., as a result
of community adjustments or iron limitation in the case of N:P
ratios (Schoffman et al., 2016). N:P ratios covaried with F,/F,, for
all zones except the PFZ and SACCZ, while on an inter-annual
basis mainly in the PFZ, AZ and SACCZ during S53 and intra-
seasonally in the AZ and during S48 and S$49 (Figure 6). The
PCA results similarly show that the N:P ratio was in the direct
opposite quadrant to F,/F,, suggesting that the observed
significant zonal, inter-annual and intra-seasonal co-variability
in F/F,, and N:P ratios could be the result of driver response.
However, based on the understanding that nitrate uptake is
curtailed under iron limiting conditions, due to the high iron
demand for nitrate reductase (Timmermans et al., 1994), it is
possible that these relationships observed in co-variability and
PCA regressions (between F,/F,, and N:P ratios) are instead a
secondary signature of iron limitation, i.e., high N:P ratios under
iron limiting conditions being reflected in low F,/F,, ratios.

Silicate, on the other hand, is considered to be limiting to
diatoms, particularly towards the end of the growing season,
most notably north of the PF (Hutchins et al., 2001; Boyd et al.,
2010). Our results supported this understanding with a zonal
distribution in both the ambient silicate and the Si:P ratios,
which increased significantly south in the AZ and SACCZ
(Figures 5B, D; Supplementary Table 4). A response in F/F,
to low Si:P ratios could reflect an indirect community response
to low silicate conditions limiting the production of diatoms who
typically express higher F,/F,, than flagellates (Suggett et al,
2009). However, were this the case, a characteristically lower F,/
F,, would be anticipated in low Si:P diatom-dominated waters
north of the PF, which was not the case. This lack of consistency
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in any directional change in F,/F,, being associated with
macronutrient ratios was similarly observed inter-annually as
well as intra-seasonally. This implies a more dominant role of
other factors (e.g cold temperatures / low light) in driving low
F,/F,, south of the PF.

4.2.3 The impact of community structure and
cell size on F,/F,, variability

As discussed previously, changes in phytoplankton
community structure impact the baseline F,/F,, (Suggett et al,
2009), with diatoms having a higher F,/F,, than other
phytoplankton groups. The increase in the diatom:haptophyte
ratio and D.g between the SAZ and PFZ indeed corresponded to
such a significant increase in F,/F,,, which is in line with
expected changes that reflect the characteristic of higher F,/F,,
associated with larger diatom cells when conditions are favorable
(i.e. not light or nutrient-limited) (Boyd et al., 2010; Koch et al.,
2019). However, the diatom:haptophyte ratio and D continued
to increase between the PFZ and SACCZ, but the F,/F,
decreased, while similar community structure indices were
observed between the AZ and SACCZ despite a significant
decrease in F,/F,. These results imply that on the whole,
zonal changes in F,/F,, are not strongly influenced by
community structure (as indexed by pigment ratios and Deg),
or that neither the diatom:haptophyte ratio nor D, is accurately
reflecting the main shifts driving F,/F,,,. Sosik and Olson (2002),
for example, found no significant differences in F,/F,, between
pico- and nanophytoplankton during late summer in the Pacific
SO, despite an observed change in community composition
toward nanophytoplankton cells south of the PF, thus favoring
instead the role of other drivers.

When investigating the data on an inter-annual basis, a
number of differences in the diatom:haptophyte ratio
corresponded to expected differences in F,/F,,. For example,
lower F,/F, on S48 than S53 in the PFZ corresponded to lower
diatom:haptophyte ratios. Similarly, in the SACCZ the highest
F,/F,, which was observed during S54, corresponded to a
significantly higher diatom:haptophyte ratio. The same was,
however, not true for D.g which was relatively consistent over
the years, with almost no influence evident on inter-annual F,/
F,, variability. On the other hand, intra-seasonal patterns were
observed in the community structure indices of both D.gand the
diatom:haptophyte ratio which decreased (in all instances) from
early to late summer, consistent with an expected phytoplankton
community response to seasonal declines in nutrients (Hutchins
etal, 2001). Changes in F,/F,,, however, varied per zone and per
year with only the SACCZ (all years) and S53 (all zones) showing
a coincident seasonal decline in F,/F,,. Similar to the role of
macronutrients, it appears that although we are seeing sensible
relationships between changes in F,/F,, in response to changes
in community structure, the lack of consistency suggests that
additional factors are concurrently at play.
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4.3 The particular case of S53 and S49

Examination of inter-annual variability within the zones
showed S53 to be the only year displaying significant differences
in F,/F,, along with SST, N:P and Si:P ratios mainly for the PFZ and
AZ compared to all the other cruises (Figure 6). As such, this year
provides a unique test case for investigating the possible inter-
annual co-variability in F,/F,,. To begin with, S53 stood out as
expressing the second-largest intra-seasonal variability in F,/F,,
(i.e., the second biggest decline in F,/F,, between December and
February), which coincided with a significant decline in both
community structure indices (diatom:haptophyte ratio and Deg
index). S53 was also notable in displaying the highest mean F,/F,, in
the AZ compared to all other cruises, but counterintuitively showed
the lowest SST and nutrient ratios. Finally, in the SACCZ, S53
showed a low mean F,/F,, coincident with the lowest SST and N:P
ratio. In summary, S53 was certainly a unique year, and although it
was not always possible to reconcile variability in F,/F,, with an
anticipated driver response, it nonetheless highlighted the
important role of community structure, SST and N:P influencing
inter-annual variability in F,/F,,.

$49 also stood out as a year with particularly high F,/F,, in
the SAZ and particularly low F,/F,, in the SACCZ, as well as the
largest intra-seasonal variability (i.e., the biggest decline in F,/F,,
between December and February). As such, we similarly focus
on this cruise to see if it can shed light from a co-varying
response perspective (Figure 6). In the SAZ, the highest F,/F,,
during S49 coincided with high SST, the lowest N:P ratio, the
highest diatom:haptophyte ratio and the largest phytoplankton
cell sizes (D.g), implying that despite the low Si:P ratios large
diatoms were primarily responsible for high F,/F,, observed in
the SAZ during S49. In the SACCZ, $49 exhibited low mean F,/
F., coincident with the lowest diatom:haptophyte ratio and D.g,
indicative of a possible role for small cells driving low F,/F,,.

Climate variability associated with an increase in the positive
phase of the Southern Annular Mode (Henson et al., 2010; Swart
etal.,, 2014; Marshall et al., 2018) is considered the clearest and most
persistent change in Southern Hemisphere climate in the last half
century (Polvani et al., 2011) eliciting a poleward shift and increase
in the intensity of the westerly winds. Interestingly, the Southern
Annular Mode index prior to S49 and S53 was lower compared to
all other years (Supplementary Figure S5) (Climate Data Sets,
2022). This could have impacted environmental conditions and
subsequently accounted for inter-annual variability in F,/F,,, during
those particular years, highlighting the important role that the
intensity of the westerly winds likely plays in influencing inter-
annual variability of environmental drivers.

4.4 Complex interactions rather than
single factors affect photophysiology

In many ways it is unsurprising that the ancillary
parameter analyses did not typically reveal a dominant
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candidate for influencing zonal, inter-annual or intra-
seasonal variability in F,/F,,. This is because there are a
multitude of physio-chemical and biological drivers
simultaneously impacting phytoplankton photosynthetic
efficiency. As such, it is possible that multiple drivers can
have an antagonistic impact on F,/F,, such that the net effect
may be zero. One example is the decrease in F,/F,, in the AZ
compared to the PFZ, despite higher Si:P and diatom:
haptophyte ratios and larger cell sizes (D.g), demonstrating a
possible indirect influence of cold SSTs that suppress any
positive response in F,/F,, to favorable nutrients and
community structure adjustments. This complexity is further
substantiated with similar F,/F,, in the SAZ and AZ despite
significant differences in all drivers, while no single driver
(from those studied here) could account for the significantly
higher F,/F,, observed in the PFZ compared to all other zones.
These examples (and the case of S53 in the AZ) in which
ancillary parameters cannot always justify the changes seen in
F,/F,, highlights the complex interplay between direct and
indirect drivers of phytoplankton physiology (including ones
not specifically addressed in this study e.g., iron) acting
simultaneously to impact (or not) F,/F,, variability.

5 Conclusion

Relatively little is known about the temporal and spatial
variability of F,/F,, and its biogeochemical controls in the higher
latitudes (Deppeler and Davidson, 2017). This in situ study
spans the full latitudinal extent of the Atlantic SO during five
summer voyages (2008 — 2016) to assess zonal, inter-annual and
intra-seasonal variability in phytoplankton photosynthetic
efficiency, F,/F,,. Zonal variability showed that the PFZ had
the highest F,/F,,,, whilst the SACCZ had the lowest. This implies
efficient photosynthesis in the PFZ that was the least constrained
by environmental conditions and the most likely to generate
higher rates of production positively impacting the BCP. Strong
inter-annual variability in F,/F,, was observed in the SACCZ and
PFZ, with most years being significantly different, while the AZ
exhibited very low inter-annual variability in F,/F,, with only
one year being different from the remaining four. This zonal
investigation of inter-annual variability provides a dynamic
understanding of phytoplankton regionalization in response to
the characteristics of the underlying drivers, which are either
strongly seasonal (expressed as low inter-annual variability) or
highly variable i.e., more likely influenced by sub-seasonal
forcing of the nutrient and light supply (expressed as high
inter-annual variability). Intra-seasonal differences in F,/F,,
between early and late summer reflected seasonal nutrient
limitation following biological utilization when averaged across
all zones and cruises. However, this response was not consistent
when considered per zone or per cruise highlighting the
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likelihood of a dynamic interplay of sub-seasonal variability of
environmental drivers. The characteristics of variability were
investigated in the context of five biogeochemical ancillary data
sets. Although variability appeared to be linked to SST, nutrient
ratios and community structure depending on whether the data
were grouped per zone or per cruise, no consistent patterns were
evident in any single driver-response relationship. These results
highlight the complex interplay between eco-physiological
drivers and their photophysiological responses, which act
simultaneously and oftentimes antagonistically making it
difficult to detect a single driver influence from the net effect.
This study alludes to how climate change may alter the
impact of various environmental factors on phytoplankton
photophysiology and, by extent, primary production and the
BCP. More in situ studies on the drivers of photophysiology,
including further potential key drivers such as iron, will provide
a broader understanding of the factors limiting phytoplankton
primary production in the SO, as well as assist in predicting how
phytoplankton will respond to future conditions that are
associated with climate change. Such information is vital for
accurately predicting the future role of the SO in the global
uptake and regulation of atmospheric CO,.
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