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ABSTRACT

A study of phytoplankton in a cyclonic eddy was undertaken in the Mozambique Basin between
Madagascar and southern Africa during austral winter. CHEMTAX analysis of pigment data indicated
that the community comprised mainly haptophytes and diatoms, with Prochlorococcus, prasinophytes
and pelagophytes also being prominent to the east and west of the eddy. There was little difference in
community structure, chlorophyll-specific absorption [a*pn(440)] and pigment:TChla ratios between the
surface and the sub-surface chlorophyll maximum (SCM), reflecting acclimation to fluctuating light
conditions in a well mixed upper layer. Values for a*,n(440) were low for diatom dominance, high where
prokaryote proportion was high, and intermediate for flagellate dominated communities. Chlorophyll ¢
and fucoxanthin:TChla ratios were elevated over most of the eddy, while 19’-hexanoyloxyfucoxanthin
ratios increased in the eastern and western sectors. In a community comprising mainly flagellates and
Prochlorococcus to the west of the eddy, there was high a*;,(440) at the surface and elevated ratios for
divinyl chlorophyll a, chlorophyll b and 19’-hexanoyloxyfucoxanthin at the SCM. An increase in
diadinoxanthin:TChla ratios and a decline in the quantum efficiency of photochemistry in PSII under high
light conditions, indicated some photoprotection and photoinhibition at the surface even in a well mixed
environment. Diadinoxanthin was the main photoprotective carotenoid within the eddy, while zeaxanthin
was the dominant photoprotective pigment outside the eddy. The results of this study will be useful inputs
into appropriate remote sensing models for estimating primary production and the size class distribution
of phytoplankton in eddies in the southwest Indian Ocean.
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1. Introduction

Early research in the southwest Indian Ocean indicated that there is a southern extension of the South East
Madagascar Current (SEMC) across the northern part of the Mozambique Basin (MB) (Duncan, 1970;
Whyrtki, 1971). Deep sea eddies also occur in the MB (Grundlingh, 1985) and both cyclonic and
anticyclonic eddies can originate in the Mozambique Channel (Schouten et al. 2002) and move in a
southerly or westerly direction (Grundlingh et al. 1991). De Ruijter et al., (2005) also noted an abundance
of eddies to the south and southwest of Madagascar, with the cyclones and anticyclones propagating
towards southern Africa. These eddies can appear as dipole pairs (De Ruijter et al., 2004; Ridderinkhof et
al., 2013) and the cyclonic eddies are usually formed as lee eddies on the inshore edge of the SEMC (De
Ruijter et al., 2004).

To the north, more recent investigations in the Mozambique Channel showed that anticyclonic eddies are

very prominent and cyclonic eddies are usually present in a dipole pair (Ternon et al., 2014). Independent

cyclonic eddies can occur and it appears that southward drifting anticyclonic eddies occur mainly on the

western side of the Channel, while the distribution of cyclonic eddies is more ubiquitous, with a slight

tendency toward greater occurrence to the east closer to Madagascar (Halo et al., 2014; Hanke et al.,
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2014). Phytoplankton studies revealed that chlorophyll a concentrations were low in surface waters, with
sub-surface levels being significantly greater (Lamont et al., 2014). Pigment indices indicated that
prokaryotes were the most significant phytoplankton group at the surface, with small flagellates being of
secondary importance, while flagellates dominated at the DCM, except for some diatom domination close
to the coast (Barlow et al., 2014). These prokaryote dominated communities displayed a large range in the
proportion of chlorophyll a within the total pigment pool and a high proportion of photoprotective
carotenoids, while diatoms had relatively high proportions of chlorophyll a, photosynthetic carotenoids
and chlorophyll c. Flagellate dominated communities had a lower proportion of chlorophyll a, increased
levels of photosynthetic carotenoids and intermediate proportion of chlorophyll ¢ (Barlow et al., 2014).
Similar adaptations have been observed in a shelf sea where picoeukaryote-Synechococcus communities
in the surface mixed layer had more photoprotective carotenoids, while flagellates and diatoms >5 um at
the deep chlorophyll maximum contained a high proportion of photosynthetic carotenoids (Hickman et
al., 2009).

Variability in the photosynthetic performance of phytoplankton depends on changes in both the
taxonomic composition of communities and prevailing environmental conditions. The functional
absorption cross-section of photosystem Il (ops);) can vary as a result of spatial taxonomic differences,
whereas electron transport rates usually decrease with depth from the surface to the subsurface
chlorophyll maximum in stratified waters (Moore et al., 2006). In contrast, communities within a mixed
water column that is characterised by low mean irradiance actually acclimate to relatively high irradiance
(Moore et al., 2006). Electron transport rates are closely linked to the diurnal cycle of light availability,
however, with peak rates occurring at about solar noon in surface communities (Schuback et al., 2016). In
populations where microphytoplankton usually dominate, it was noted that ops; and the maximum
photochemical efficiency generally increased with depth, while electron transport rates were greater near
the surface under elevated irradiance but decreased progressively as irradiance decreased deeper in the
water column (Zhu et al., 2016), complementing the observations of Moore et al. (2006).

No detailed studies of phytoplankton have been undertaken in eddies in the MB, and particularly not in
cyclonic eddies that are generated near Madagascar. An opportunity arose to undertake an investigation in
such an eddy during an austral winter research cruise between South Africa and Madagascar (Fig. 1). The
objective of the study was to use pigment, absorption and active fluorescence data to understand some
aspects of the acclimation of phytoplankton communities to environmental conditions in the eddy. The
following scientific questions were posed: (1) What is the community structure within and outside the
eddy? (2) Are there significant differences in the absorption and pigment characteristics between the
surface and the sub-surface chlorophyll maximum? (3) How variable is photosynthetic activity across the
eddy?

2. Methods
2.1. Hydrography and sampling

Hydrographic measurements were conducted at 25 stations spaced at 18.52 km intervals on a transect
through the eddy during 17-23 July 2013 (Figs. 1 & 2) with water column profiling of temperature,
salinity, photosynthetically available radiation (PAR) and fluorescence during CTD deployments.
Fluorescence data was converted to chlorophyll equivalents by scaling to the chlorophyll a concentrations
measured by HPLC. Conservative temperature (°C) and absolute salinity (Sa (g kg™)) were calculated
from in situ temperature and salinity profiles, according to the new thermodynamic equation of seawater
(10C et al., 2010). Nutrient samples were taken at selected depths and stored frozen at -80°C for later
analysis ashore using standard auto-analyser techniques (Mostert, 1983). Seawater samples were collected
at the surface and at a sub-surface chlorophyll maximum (SCM) only for pigment, absorption and active
fluorescence analysis. CTD fluorescence profiles did not display a distinct deep chlorophyll maximum at
most of the stations but only a broad vertical band of sub-surface chlorophyll. A depth at approximately
the middle of this broad band was therefore selected for samples to represent phytoplankton deeper in the
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water column. Active fluorescence measurements were conducted on board, while pigment and
absorption samples were stored frozen at -80°C for analysis ashore.

The depth of the upper mixed layer (Z,) was determined as the depth where the local change in density
was >0.03 kg m™ using potential density profiles and a threshold gradient criterion (Thomson and Fine,
2003). CTD profiling was undertaken both during the day and night and so for consistency the depth of
the euphotic zone (Z¢), defined where irradiance is 1% of the surface value, was estimated from the
vertical chlorophyll a profiles, according to Morel and Berthon (1989). This relationship was
approximated by two successive linear segments, using the modified coefficients of Morel and
Maritorena (2001), and Z. was derived for each vertical profile.

2.2. Pigment analysis and CHEMTAX

Pigments were extracted in 90 % acetone, aided by the use of ultrasonication, clarified by centrifugation
and filtration, and analysed by HPLC (ThermoScientific Accela) using a Waters Symmetry C8 column
(150 x 2.1 mm, 3.5 um particle size, thermostated at 25°C) according to Zapata et al. (2000). Pigments
were detected at 440 and 660 nm and identified by retention time and on-line diode array spectra.
Monovinyl chlorophyll a standard was obtained from Sigma-Aldrich Ltd and other pigment standards
were purchased from the DHI Institute for Water and Environment, Denmark. Quality assurance
protocols followed Van Heukelem and Hooker (2011). The method separates divinyl and monovinyl
chlorophyll a, zeaxanthin and lutein, but does not resolve divinyl and monovinyl chlorophyll b. Therefore
the chlorophyll b data is monovinyl plus divinyl chlorophyll b. Limits of detection were of the order of
0.001 mg m>,

To determine community composition, pigment data was analysed by CHEMTAX (Mackey et al., 1996)
following Higgins et al. (2011), with chemotaxonomic groups being identified according to Jeffrey et al.
(2011). An assumption made using CHEMTAX is that the pigment:chlorophyll a ratios are constant
across all the samples within each analysis. Samples were therefore separated by depth such that all
surface and all SCM samples were each run together. Pigment starting ratios were obtained from Higgins
et al. (2011) and Table 1 indicates the identified functional groups and the various starting and output
ratios for each group. Although Prochlorococcus is also a cyanobacterium, the distinct divinyl
chlorophyll a signature allows Prochlorococcus to be distinguished from Synechococcus in the
CHEMTAX analysis. To ease the presentation of the chemotaxonomic data, diatoms-1 and -2 were
combined into a collective diatom group, and prasinophytes-1 and -3 were combined into a collective
prasinophyte group. Data for chlorophytes is not presented as CHEMTAX indicated that the contribution
of this group was very low.

CHEMTAX outputs are the fraction of chlorophyll a attributed to each functional group specified in the
matrix. The HPLC method separated monovinyl chlorophyll a allomer, monovinyl chlorophyll a,
monovinyl chlorophyll a epimer and chlorophyllide a, and in CHEMTAX the sum of all 4 was used as
the chlorophyll a concentration. Divinyl chlorophyll a was allocated entirely to Prochlorococcus spp.
TChla was used as an index of phytoplankton biomass and is the sum of chlorophyll a plus divinyl
chlorophyll a. The software may not discover the best global solution if it encounters local minima in the
process. To circumvent this possibility, multiple starting points were used. Sixty-nine further pigment
ratio tables were generated by multiplying each cell of the initial table by a randomly determined factor F,
calculated as:
F=1+Sx(R-0.5)

where S is a scaling factor of 0.7, and R is a random number between 0 and 1 generated using the
Microsoft Excel RAND function (Wright et al., 2009). Each of the 60 ratio tables was used as the starting
point for a CHEMTAX optimization. The solution with the smallest residual was used for the estimated
taxonomic abundance.
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2.3. Absorption and active fluorescence

Particulate absorption [ay(A)] spectra (400-750 nm) were determined by the quantitative filter technique
(QFT) of Tassan and Ferrari (1995) using a spectrophotometer (GBC Cintra 404) equipped with an
integrating sphere. Pigments were removed by bleaching with sodium hypochlorite and rescanned to
measure the detrital absorption. All spectra were corrected by subtracting blank GF/F spectra and 750 nm
values from all wavelengths according to Roesler (1998). The path length amplification factor (B)
recommended by Roesler (1998) was used to correct for scattering by the glass fibre filters.
Phytoplankton absorption coefficients [a,n(A)] were estimated by subtracting detrital absorption [ag(A)]
from the ay()) spectra. Chlorophyll-specific absorption [a*pn())] was calculated by normalising agn(X) to
TChla.

A number of empirically derived B factors have been reported in the literature (Bricaud and Stramski,
1990; Cleveland and Weidemann, 1993; Mitchell and Kiefer, 1988; Moore et al., 1995) but these
published results are inconsistent and [ is probably the largest source of error in estimating absorption
coefficients. Empirical derivations are based on the relationship between the optical density of cells in
suspension in a cuvette and those collected on glass-fibre filters, but corrections need to be derived for
scattering losses and path-length amplification in the cuvette and these are not straightforward to
determine and can lead to significant errors. In contrast, particles on a filter do little to change the optical
path length of the filter pad as scattering by the pad dominates the path-length amplification (Roesler,
1998). Therefore, a single B factor for filter pads can be determined that would apply to all samples,
independent of specific particles. Roesler (1998) used a theoretical approach to estimate path-length
amplification from the average cosine of diffusely travelling photons in the filter pad and deduced a value
of 2. This new value was tested by estimating apn() for a range of cultures and field samples (1-20 pm
size) using the modified QFT and comparing apn(A) determined with an ac-9 meter of 25 cm pathlength
(WETLabs). Linear regressions were highly significant (r* >0.99) and the estimated slope and intercept
were not significantly different from 1 and O respectively (P <0.001) (Roesler, 1998). This author stated
that the use of the QFT with the new value for B yields accurate estimates of asn()) irrespective of the
concentration and composition of the particulate material. Using an empirical approach, Bricaud and
Stramski (1990) also reported that a  factor of around 2 was suitable for correction of path length
amplification for various population sizes.

Reconstructed absorption spectra for 13 individual pigments [apig(A)] were estimated according to

apig(A) = a*(1) Ci,
where ai*(1) (m* mg™) is the in vivo, weight-specific, absorption coefficient of the individual pigments as
reported by Bricaud et al. (2004) and C;i (mg m™) are the pigment concentrations. Specific absorption
[a*pig(A)] was calculated by normalising apig(A) to TChla.

Active fluorescence measurements were made with a bench-top FIRe fluorometer (Gorbunov and
Falkowski, 2004) on discrete samples that were dark-adapted for >30 min prior to measurement. The
FIRe protocol involves a strong flash of saturating blue light (452 +/- 30 nm) that causes a rise in
fluorescence in vivo from an initial (Fo) to a maximum (Fm) level on the time-scale of a single
photosynthetic turnover, <100 ps. This change in fluorescence (Fv = Fm-Fo) is associated with
absorption and utilization of light energy in photosynthesis and is normalized to Fm (Fv/Fm) to deduce
the maximum quantum efficiency of photochemistry in PSII (Kolber et al., 1998). Functional absorption
cross-sections of PSII (opsiis2 102° m? quanta™) are derived from the rate at which fluorescence increases
from Fo to Fm. Following the termination of the saturating flash, the fluorescence yield relaxation is
recorded, which reflects the time constant of electron transport on the acceptor side of PSII (tqa), i.e. the
reoxidation of the primary PSII electron acceptor Q, (Kolber et al., 1998). Blanks were prepared by
filtering seawater through GF/F filters and treated exactly as the other samples for dark adaptation and
gain settings. Excitation profiles were established for all gain settings using chlorophyll a standards. Raw
data, including blanks, were processed with the FIRe software such that the averaged signals from 25
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unique iterations from the same sample were produced to yield Fv/Fm, ops; and tga. The rate of Q,
reoxidation was estimated as 1/1g, (ms™).

3. Results
3.1. Hydrography

At the time of the study, the eddy was located in the vicinity of 27°S, 40.5°E close to the SEMC that
flows in a southwesterly direction beyond the shelf edge to the south of Madagascar (Fig. 1a). Interaction
between the cyclonic eddy and the SEMC (Fig. 1a) resulted in water with elevated chlorophyll being
advected from the Madagascar shelf along the inshore edge of the Current, and entrained into the eddy
(Fig. 1b). The eddy was observed to drift in a southwesterly direction and therefore the position of the
sampling stations had to be slightly adjusted accordingly during the study period. Fig. 2a,b shows a close
up of station positions in relation to the sea-surface height and cyclonic flow in the eddy for 17 and 22
July 2013 respectively, while Fig. 2c,d shows the weekly averaged satellite chlorophyll a for 12-19 July
and 20-27 July 2013.

The conservative temperature across the eddy to 1000 m is presented in Fig. 3 and the upward doming of
the isotherms that is typical of cyclonic eddies may be noted. The 9°C isotherm is highlighted to illustrate
this doming. The doming did not penetrate to the surface but only reached to about 100 m, coinciding
approximately with the depth of Z,, as shown in the more detailed temperature pattern in Fig. 4a and
more clearly indicated by the uplift of elevated nitrates below 100m (Fig. 4b). The uniform temperature
within the upper 75-100 m is indicative of a well mixed water column and confirmed by the depth of Z,
being deeper than the depth of Z, (Fig. 4a). This mixing was induced by strong southeasterly winds that
prevailed in July 2013.

Satellite data indicated that the eddy boundaries over the study period were located at 41.9°E in the east
on 17 July 2013 (Fig. 2a) and at 38.9°E in the west on 22 July 2013 (Fig. 2b). This means that 4 stations
were sampled outside the eddy to the east (Fig. 2a, c) and 2 stations were sampled outside the eddy to the
west (Fig. 2b,d). Nutrient concentrations were generally low within the Z, particularly for nitrates that
were <0.1 mmol m™ in the upper 75-100 m (Fig. 4b). Nitrite levels were variable, however, but higher
than nitrate at various locations, reaching 0.25 mmol m™ at 25 m in the vicinity of 39.5°E (Fig. 4c). The
nutriclines below 75 m in Fig. 4b,c display a clear doming that demarcates the location of the eddy
between 38.9°E and 41.9°E.

The elevated but patchy chlorophyll a pattern as determined from the converted fluorescence profiles
indicated the distribution of the phytoplankton within the eddy, with the highest levels in the core at
~40°E (Fig 4d). No distinct deep chlorophyll maximum was observed, however, and chlorophyll a was
lower on the eastern side of the eddy with patchy distribution. A deep chlorophyll maximum was
observed to the west of the eddy at 38.73°E, with significantly low chlorophyll a in the upper water
column at this locality (Fig. 4d). It may be noted that the phytoplankton biomass was generally well
distributed within the upper mixed layer and that the euphotic zone was shallower than this mixed layer
(Fig. 4d).

3.2. Communities, absorption and photosynthesis

HPLC derived TChla concentrations were similar at the surface and the SCM for most of the stations,
with a maximum of 0.8 mg m™ at 40°E in the core of the eddy (Fig. 5a). Exceptions were noted at 38.7°E,
38.9°E, 40.8°E, and 41°E where TChla was higher at the SCM, and at 40.6°E where TChla was greater at
the surface, complementing the fluorescence profiles (Fig. 4d). CHEMTAX revealed that haptophytes
were a major component of the biomass across the transect at both the surface and SCM, with diatoms
being either dominant or significant contributors between 39.57°E and 41.18°E (Fig. 5b,c). Other groups
that were significant on the eastern side of the eddy (41.34°-42.51°E) included Prochlorococcus,
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pelagophytes and prasinophytes, while on the western boundary, prasinophytes and cryptophytes were
prominent (38.90°-39.07°E). To the west of the eddy (38.56°-38.73°E), Prochlorococcus was a significant
contributor to the pigment biomass, together with haptophytes, Synechococcus and prasinophytes (Fig.
5b,c).

There are limitations with CHEMTAX, however, as pigment ratios are influenced by prevailing
irradiance and nutrient conditions (Higgins et al., 2011). To minimise the effect of irradiance, surface and
SCM samples were analyzed separately. It was more difficult to separate the samples on the basis of
nutrients due to the “patchy” variability in the distribution of nitrites (Fig. 4c), and also the requirement to
have a sufficient number of samples in each subset to allow for statistical robustness. Variability in
nitrogen availability will have an affect on intracellular chlorophyll a and therefore on pigment ratios at
each station, leading to inaccuracies in estimating the composition of the phytoplankton community
(Higgins et al., 2011). An example of such an inaccuracy is the considerably lower chlorophyll b output
ratios for Prochlorococcus relative to the starting ratio (Table 1), most likely leading to an
underestimation of the contribution of this group to the community biomass across the eddy.

Phytoplankton specific absorption spectra for 3 localities on the transect are presented in Fig. 6,
illustrating the characteristic blue wavelength maximum at 440 nm and red wavelength maximum at 676
nm. The spectra for the surface and the SCM were similar at 40.08°E (eddy core) and at 41.50°E. There
were significant differences at 38.73°E, however, where a*,, at 440 nm was 1.6 times greater at the
surface relative to the SCM and this is attributable to the very low TChla (0.127 mg m™) at the surface at
this station ((Fig. 5a). It may also be noted that there was elevated a*,, around 470 nm and at 640-660 nm
compared to the other spectra (Fig. 6).

An example of reconstructed specific absorption spectra for phytoplankton pigments is illustrated in Fig.
7 for the station at 38.73°E to demonstrate the largest contrast between the surface and the SCM. In vivo,
weight-specific, absorption coefficients are only available for the 13 pigments presented in Fig. 7 and
divinyl chlorophyll b (Bricaud et al., 2004). Coefficients are not available for chlorophyll cs, but only for
chlorophyll c;c,, and the chlorophyll b coefficient was used for the collective chlorophyll b plus divinyl
chlorophyll b. Values of a*,jg for monovinyl chlorophyll a and chlorophyll cic, were similar at the
surface and SCM, slightly greater at the surface for divinyl chlorophyll a, but 3 times greater at the SCM
for chlorophyll b, particularly at 470 nm and 650 nm (Fig 7a,d). There was also higher a*pig for 19°-
hexanoyloxyfucoxanthin and 19’-butanoyloxyfucoxanthin at the SCM compared to the surface (Fig.
7b,e). In contrast, a*pg for photoprotective carotenoids was higher at the surface, particularly for
zeaxanthin that was the dominant photoprotective carotenoid at 38.73°E (Fig. 7c, f).

There was considerable variability in the phytoplankton specific absorption at 440 nm across the transect
(Fig. 8a) that appeared to be related to changes in community composition. The haptophyte, pelagophyte,
prasinophyte and cryptophyte proportions in Fig. 5b,c were collectively summed as flagellates, while
Prochlorococcus and Synechococcus were grouped as prokaryotes (Fig 8b,c). The highest values of
a*pn(440) were observed to the west of the eddy and on the boundary (38.56°-38.90°E) where prokaryotes
contributed a substantial proportion to the phytoplankton biomass, particularly at the surface. Lowest
a*pn(440) values were estimated where diatoms tended to be dominant (39.57°-41.18°E), while
intermediate a*,n(440) was generally associated with the dominance of flagellates (Fig. 8).

Pigment/TChla ratios were calculated in order to examine phytoplankton acclimation related to accessory
chlorophylls, and photosynthetic and photoprotective carotenoids (Fig. 9). Only the most prominent
carotenoids were selected and TChlc (total chlorophyll ¢) included chlorophylls c3,c,,c3, MgDVP, Chlc,-
MGDG1 and Chlc,-MGDG2 (see Table 1 for pigment names). TChic was the dominant accessory
chlorophyll ratio across the eddy, with peak ratios (~0.5) in the core of the eddy in the vicinity of 40°E
(Fig. 9a). DVChla and TChlb ratios were much lower but increased substantially to the west of the eddy
as the TChlc ratios decreased. Fucoxanthin dominated the photosynthetic carotenoid ratios over the main
part of the eddy (39.40°-41.18°E) but declined on the eastern and western sectors where the 19°-
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hexanoylfucoxanthin ratios were mostly higher (Fig. 9b). 19’-Butanoylfucoxanthin ratios were low
overall but also increased to the west of the eddy. Ratios for photoprotective carotenoids were low, with
diadinoxanthin generally being the main photoprotecting pigment within the eddy and zeaxanthin on the
outside, both to the east and west (Fig. 9c). These pigment ratios was mostly similar at the surface and the
SCM, although ratios were greater at the surface relative to the SCM at some of the stations. Alloxanthin
and [ -carotene were minor photoprotective pigments, but 3p-carotene ratios were more prominent (Fig.
9d), except at the western boundary of the eddy (39.07°E) where alloxanthin yielded the highest ratios.

Photosynthetic characteristics assessed using active fluorescence indicated a limited range of variability
in the absorption cross-section of PSII (ops);), although there was more variation at the surface compared
to the SCM (Fig. 10a). There was greater variability in the quantum yield of photochemistry in PSII
(Fv/Fm) at the surface (0.3-0.53, Fig. 10b) and the pattern along the transect coincided with the surface
PAR cycle, where lower Fv/Fm was observed at stations where there was elevated PAR (Fig. 10c). The
rate of Q, reoxidation (1/tqa) Was highly variable with no distinct differences in the pattern between the
surface and the SCM. To the west of the eddy (38.6°-38.7°E), however, 1/1q, Was significantly greater at
the surface relative to the SCM (Fig. 10d).

4. Discussion

Cyclonic eddies have been shown to originate along the eastern boundary of the Mozambique Channel,
where they may be formed by turbulence associated with currents interacting with the continental shelf of
Madagascar and generally propagating in a southwesterly direction (Halo et al., 2014). Cyclonic eddies
can also be generated to the southwest of Madagascar by the friction at the inshore edge of the SEMC as
the current flows past the southern tip of Madagascar (de Ruijter et al., 2004; Siedler et al., 2009). The
cyclonic eddy in this study was tracked by satellite altimetry prior to the research cruise and appeared to
form around 26°S, 43°E and drifted southwest to its location in the northern MB by the time of sampling
in mid-July 2013. This cyclonic eddy was unique compared to eddies in the Mozambique Channel
(Ternon et al., 2014, Hanke et al., 2014) in that there was a dynamic interaction between the eddy and the
SEMC (Fig. 1).

Cyclonic eddies in the Channel were observed to have a distinct deep chlorophyll maximum (DCM), with
prokaryotes generally dominating at the surface and flagellates at the DCM (Barlow et al., 2014, Lamont
et al., 2014). In contrast, chlorophyll in the MB eddy was distributed throughout the upper 100 m due to
the well mixed nature of the upper water column (Fig. 4a,d). TChla was generally similar at the surface
and the SCM, except to the west of the eddy where TChla at the SCM was twice that at the surface (Fig
5a). Community structure overall was dominated by haptophytes and diatoms, with diatoms being more
prominent in the centre, but Prochlorococcus was significant together with haptophytes, pelagophytes,
prasinophytes and Synechococcus to the west of the eddy (Fig. 5b,c). It is not unusual for diatoms to be
prominent in deep sea eddies and Brown et al. (2008) and Rii et al. (2008) also observed diatom
prominence in the centre of a Hawaiian cyclonic eddy. These authors speculated that their investigation
coincided with an early life cycle stage of the eddy where the physical forces were actively driving
upwelling processes in the centre that were conducive to diatom growth. Although there was upward
doming of isotherms and nutriclines within the eddy (Figs 3 & 4), the diatoms in the MB eddy most likely
originated from the southeast shelf of Madagascar and were transported along the inshore boundary of the
SEMC to the eddy. The dynamic interaction between the eddy and the SEMC resulted in the elevated
biomass (Figs. 1b & 2c¢) most likely containing the diatoms being entrained into the cyclonic flow of the
eddy and concentrated towards the centre (Fig. 5b,c). It may be noted that the western boundary of the
eddy was dominated by haptophytes (Fig. 5b,c). There appeared to be sufficient nutrients to sustain the
populations due to the mixed layer reaching the nutriclines at 80-100 m (Fig. 4), presumably driven by
the wind regime over the eddy. Although they were low in the upper 100 m, silicate and phosphate levels
(data not shown) did not appear to be limiting, and while nitrates were generally below detection limit
(Fig. 4b), nitrite was available (Fig. 4c).



371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

Considering that Z, was shallower than Z, (Fig. 4), the question arises as to the acclimation of the
communities to changing irradiance across the eddy. The a*p, spectra in Fig. 6 suggests that there were
only small differences in a*p, between the surface and SCM at most of the stations, but outside the eddy
at 38.73°E there were significant differences, with surface a*y, at blue wavelengths being greater due to
very low TChla (Fig. 6). Absorption coefficients determined by QFT yields the ‘packaged’ absorption of
the phytoplankton community, whereas the reconstructed spectra of pigments is the ‘unpackaged’
absorption that does not account for the ‘packaging’ of pigments within the protein-pigment complexes in
phytoplankton cells (Johnsen et al., 2011). Nevertheless, spectral reconstruction can convey information
concerning the role of accessory pigments in light absorption. In the Sargasso Sea, Bidigare et al. (1992)
noted that accessory pigments accounted for 60% of the light absorbed at the surface and 90% at the base
of the euphotic zone. Barlow et al. (2013) observed that the proportion of irradiance absorbed by
photosynthetic carotenoids and chlorophyll ¢ increased as light decreased in mixed diatom-flagellate
communities on the east coast of South Africa, while there was a high proportion of photoprotective
carotenoid absorption at the surface.

At 38.73°E, the phytoplankton comprised Prochlorococcus and various flagellates (Fig. 5) and the
reconstructed pigment spectra revealed particularly high a*,ig by chlorophyll b at 470 nm and 650 nm at
the SCM relative to the surface (Fig. 7), explaining the elevated a*,, around 470 nm and at 640-660 nm in
Fig. 6. The HPLC method does not separate monovinyl and divinyl chlorophyll b and so the chlorophyll b
absorption can be attributed to absorption by both divinyl chlorophyll b in Prochlorococcus and
monovinyl chlorophyll b in prasinophytes. Haptophytes and pelagophytes were also present at 38.73°E,
particularly at the SCM (Fig. 5), and consequently there was elevated a*y;q at blue-green wavelengths by
19’-hexanoyloxyfucoxanthin and 19’-butanoyloxyfucoxanthin at the SCM (Fig. 7). In contrast, a*pig by
zeaxanthin was greater at the surface (Fig. 7) and this may be attributed to an increase in this pigment to
perform photoprotection by Prochlorococcus, and Synechococcus (Fig. 5b). There are two distinct
ecotypes of Prochlorococcus, one adapted to high light conditions and the other to low light (Bouman et
al., 2011). The low-light strains are well adapted to low irradiance conditions and the spectral quality of
the subsurface light field, and a high proportion of divinyl chlorophyll b in some strains allows these cells
to absorb more low intensity blue light near the base of the euphotic zone (Moore et al., 1995), thus
conferring an advantage for growth deep in the water column. A low-light strain was therefore probably
present at the SCM at 38.73°E in July 2013 since a*py indicated such absorption characteristics.
Prochlorococcus has a very high efficiency for absorption as its minute size results in a lowered light
scattering efficiency and high pigment content per cell (Morel et al., 1993). Thus Prochlorococcus is
rather unique in that the probability for photons to be absorbed is greater than that of being scattered.

Specific absorption at 440 nm indicated small differences in a*,, between the surface and SCM (Fig. 8a),
confirming that strong mixing was prevalent in the Z, over most of the transect. At 38.56°-39.07°E,
a*pn(440) was greater at the surface than the SCM (Fig. 8a), suggesting that mixing was perhaps Weaker
on the western side of the eddy where Z, tended to be deeper (Fig. 4). Values of a*p,(440) were ~0. 05 m?
mg™ where diatoms were dominant, 0.06-0.11 m? mg® for the flagellates and >0.11 m? mg* for
prokaryote dominance (Fig 8). These values are comparable with studies in the Mozambique Channel that
indicated a*pn(440) of 0.03- 005 m mg™ for diatom dominated communities, 0.05-0.14 m? mg™ for
flagellates, and 0.13-0.2 m? mg™' for prokaryote domination (Barlow et al., 2008, 2014). Other
investigations showed a greater variability of 0.05-0.1 m? mg™ for diatom a*ph(440) in an inshore shelf
ecosystem influenced by the Agulhas Current (Barlow et al., 2013) that may be a reflection of varying
sizes of coastal diatoms. Studies in the northwest Indian Ocean demonstrated that a*ph(440) was 0.03-
0.05 m?*mg™ in the Red Sea where large diatoms were prominent, 0.06-0.12 m? mg™ in the Gulf of Aden
and the Somali Current where Synechococcus and Prochlorococcus were numerically dominant
(Sathyendranath et al., 1996). For the Arabian Sea, Sathyendranath et al. (1999) reported a*,n(440) for
communities domlnated by diatoms to be 0.048-0.071 m? mg™®, while in small-celled prokaryote
communities a*pn(440) was 0.124. The variability in specific absorptlon in these collective studies reflects
differences in pigment packaging and pigment content (Kirk, 1994) between components of the
phytoplankton communities in the southwestern and northwestern Indian Ocean. Microphytoplankton
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such as diatoms usually have a high pigment content per cell and greater packaging, leading to low
a*pn(440) values (Bricaud et al., 2004). Picophytoplankton such as prokaryotes, on the other hand, have
considerably less pigment per cell but no or minimal packaging yielding high a*,n(440) values, while
flagellate cells (nanophytoplankton) have intermediate pigment content and packaging and specific
absorption (Bricaud et al., 2004).

Photosynthetic pigment:TChla ratios were very similar at the surface and SCM across the eddy (Fig.
9a,b), providing further evidence for strong mixing in the upper water column, with TChic, fucoxanthin
and 19’-hexanoyloxyfucoxanthin ratios generally varying according to the change in phytoplankton
biomass and community composition (Fig. 5). It may be noted that TChlc ratios were of a similar
magnitude to those of fucoxanthin, suggesting that the various chlorophyll ¢’s played an important role in
the absorption of light for community photosynthesis under the fluctuating light regime induced by
mixing, particularly at blue wavelengths (Fig 7a,d). The higher 19’-hexanoyloxyfucoxanthin ratios in the
eastern and western sectors coincided with greater proportions of haptophytes in the community (Fig 5)
and, together with fucoxanthin and 19’-butanoyloxyfucoxanthin, these carotenoids optimised absorption
of light in the blue-green wavelength range of 480-520 nm (Fig, 7b,e). Experiments simulating
fluctuating light regimes between low and high irradiances with various algal cultures showed that
pigment:TChla ratios varied only slightly compared to ratios for species grown under constant low light
(Nicklisch and Woitke, 1999; Fietz and Nicklisch, 2002). It may be speculated therefore that exposure to
fluctuating light by the communities in the MB eddy induced an overall acclimation strategy to relatively
low light conditions. To the west of the eddy, the ratios for the divinyl chlorophylls were greater than
those for the photosynthetic carotenoids, particularly for TChlb at the SCM at 38.73°E (Fig. 9a,b), and
this may have reflected a high content of divinyl chlorophyll pigments in Prochlorococcus cells. It was
suggested above that there was reduced mixing to the west of the eddy, leading to a deeper SCM, and the
high TChlb ratio at the SCM therefore indicated photoacclimation by the low-light ecotype of
Prochlorococcus (divinyl chlorophyll b), but also by prasinophytes (chlorophyll b) that were prominent at
the SCM at 38.73°E (Fig. 5c).

Although photoprotective pigment:TChla ratios were low, an interesting observation is that
diadinoxanthin was the main photoprotective carotenoid within the eddy, while zeaxanthin was dominant
outside the eddy and at the boundaries (Fig. 9c,d). Diadinoxanthin is a protecting pigment in diatoms and
haptophytes and zeaxanthin performs this role in prokaryotes (Brunet et al., 2011). Prochlorococcus was
prominent in the community to the east and west of the eddy (Fig. 5), and it seems that these small cells
were more efficient in synthesizing elevated levels of zeaxanthin compared to diadinoxanthin synthesis in
the eukaryotes. Diadinoxanthin seemed to exhibit a diel response as the ratio was higher under elevated
PAR during daylight hours (grey shaded areas in Fig. 9¢) and lower at night. There appeared to be no
similar diel changes in the ratios for alloxanthin and f,B-carotene, except at 39.07°E, where alloxanthin
ratios were high at midday (Fig 9d) due to the higher proportion of cryptophytes in the community at this
locality (Fig. 5b,c).

The photosynthetic performance indicated that, physiologically, the community was not nutrient stressed
as Fv/Fm values were >0.3 along the transect (Fig 10). In nutrient stressed cells, Fv/Fm is usually <0.3 as
observed by Painter et al., (2010) in phytoplankton in the northeast Atlantic. While no particular pattern
could be discerned for the absorption cross-section of PSII (cps)i), Fv/Fm appeared to respond to the diel
irradiance cycle by decreasing during the day under elevated PAR, particularly at the surface (Fig. 10b,c).
Nutritional state and community composition strongly influence Fv/Fm values (Suggett et al., 2009), but
this is not likely to be the case in this study as there was a consistent phytoplankton community that was
not nutrient stressed. The reduced quantum efficiency of photochemistry in PSII (Fv/Fm) under high light
during the day in the MB eddy may be attributed to photoinhibition in PSII (Oquist et al., 1992), as also
observed by Schuback et al. (2016) in phytoplankton in the northeast subarctic Pacific. A diel cycle in the
rate of Q, reoxidation (1/1qs) Was noted by Schuback et al. (2016), with a light-dependent increase in
1/10a, While Moore et al. (2006) demonstrated an increase in the rate of whole-chain electron transfer
during the day. There was no similar discernable light-dark pattern in 1/1q, for the MB eddy community
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as 1/tqa Was highly variable (Fig. 10d). The observed pattern may be a reflection of the photosynthetic
response by the phytoplankton to rapidly fluctuating light conditions as they were mixed in the water
column. The flagellate-Prochlorococcus community to the west of the eddy (38.6°-38.7°E) had high
values of 1/1q, at the surface, however, suggesting faster flow of electrons downstream from Q.. This may
have served as a photoprotective mechanism through upregulation of alternative electron sinks (Mackey
et al., 2008), but sampling at 38.73°E was undertaken in the dark and not during maximum PAR at
midday. Prochlorococcus was a significant component of the community, though, and since these small
cells have a very high efficiency for light absorption (Morel et al., 1993) that drives photosynthesis and
electron transport, the elevated 1/tq, may have reflected the potential for fast electron flow downstream of
PSII even in the dark.

In summary, this study demonstrated that a diatom-flagellate community within a cyclonic eddy was well
acclimated to fluctuating light conditions due to strong mixing in the eddy, since there was generally little
difference in population structure, absorption characteristics and pigment:TChla ratios between the
surface and the SCM. There was an increase in diadinoxanthin:TChla ratios and a decline in the quantum
efficiency of photochemistry in PSIlI under high light conditions, however, indicating some
photoinhibition at the surface even in a well mixed environment. A flagellate-Prochlorococcus population
outside the eddy displayed different characteristics, with elevated specific absorption and divinyl
chlorophyll a, chlorophyll b and 19’-hexanoyloxyfucoxanthin ratios at the SCM, reflecting acclimation to
low irradiance blue light to maintain photosynthesis at depth. But elevated zeaxanthin ratios and a higher
rate of Q, reoxidation indicated that the surface community was well primed for photoprotection under
high irradiance conditions.
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Table 1

Pigment:chlorophyll a starting and output ratios in the CHEMTAX analysis of HPLC pigments. Starting ratios derived from Higgins et al. (2011). Chla-chlorophyll a; DVChla-divinyl chlorophyll a;
Chlb-chlorophyll b+ divinyl chlorophyll b; MgDVP-Mg-2,4-dininyl pheoporphyrin as monomethyl ester; Chlc1-chlorophyll c;; Chlc2-chlorophyll c,; Chlc3-chlorophyll c3; Per-peridinin; But-19°-
butanoyloxyfucoxanthin; Fuc-fucoxanthin; Neo-neoxanthin; Viol-violaxanthin; Pras-prasinoxanthin; Hex-19’-hexanoyloxyfucoxanthin; Allo-alloxanthin; Zea-zeaxanthin; Anth-antheraxanthin; Asta-
astaxanthin; Lut-lutein; Chlc2-MGDG1-chlorophyll c,-monogalactosyldiacylglyceride ester [18:4/14:0]; Chlc2-MGDG2- chlorophyll c,-monogalactosyldiacylglyceride ester [14:0/14:0].

Group Chla DV Chlb Mg Chlcl  Chlc2 Chlc3 Per But Fuc Neo Viol Pras Hex Allo Zea Anth Asta Lut Chlc2- Chlc2-
Chla DVP MG MG
DG1 DG2
Starting Ratios
Diatoms-1 1 0 0 0 0.087 0.18 0 0 0 0.775 0 0 0 0 0 0 0 0 0 0 0
Diatoms-2 1 0 0 0 0 0.284  0.083 0 0 0.998 0 0 0 0 0 0 0 0 0 0 0
Dinoflagellates 1 0 0 0.006 0 0.22 0 0.56 0 0 0 0 0 0 0 0 0 0 0 0 0
Cryptophytes 1 0 0 0 0 0.2 0 0 0 0 0 0 0 0 0.38 0 0 0 0 0 0
Pelagophytes 1 0 0 0 0.01 0.275 0.23 0 0.66 0.78 0 0 0 0 0 0 0 0 0 0 0
Haptophytes 1 0 0 0.009 0 0.21 0.18 0 0.04 0.31 0 0 0 0.47 0 0 0 0 0 0.09 0.103
Prasinophytes-1 1 0 0.631  0.008 0 0 0 0 0 0 0.072  0.138 0 0 0 0.026  0.023 0 0.057 0 0
Prasinophytes-3 1 0 0.73 0.062 0 0 0 0 0 0 0.063  0.054 0.25 0 0 0.058  0.021 0 0.021 0 0
Chlorophytes 1 0 0.32 0 0 0 0 0 0 0 0.066  0.049 0 0 0 0.032 0.014 0.012 0.17 0 0
Cyanobacteria 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.64 0 0 0 0 0
(Synechococcus)
Prochlorococcus 0 1 0.99 0 0 0 0 0 0 0 0 0 0 0 0 0.39 0 0 0 0 0
Surface
Diatoms-1 1 0 0 0 0.108 0.168 0 0 0 0.669 0 0 0 0 0 0 0 0 0 0 0
Diatoms-2 1 0 0 0 0 0.253  0.183 0 0 0.681 0 0 0 0 0 0 0 0 0 0 0
Dinoflagellates 1 0 0 0.004 0 0.172 0 .685 0 0 0 0 0 0 0 0 0 0 0 0 0
Cryptophytes 1 0 0 0 0 0.208 0 0 0 0 0 0 0 0 0.347 0 0 0 0 0 0
Pelagophytes 1 0 0 0 0.008 0.329 0.278 0 0.706  0.561 0 0 0 0 0 0 0 0 0 0 0
Haptophytes 1 0 0 0.010 0 0.087  0.155 0 0.046  0.207 0 0 0 0.476 0 0 0 0 0 0.063  0.061
Prasinophytes-1 1 0 0.727  0.007 0 0 0 0 0 0 0.056 0.121 0 0 0 0.018  0.023 0 0.060 0 0
Prasinophytes-3 1 0 0.714  0.067 0 0 0 0 0 0 0.072 0.069 0.126 0 0 0.040  0.027 0 0.016 0 0
Chlorophytes 1 0 0.245 0 0 0 0 0 0 0 0.087  0.039 0 0 0 0.027 0.017 0.015 0.183 0 0
Cyanobacteria 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.696 0 0 0 0 0
(Synechococcus)
Prochlorococcus 0 1 0.385 0 0 0 0 0 0 0 0 0 0 0 0 0.360 0 0 0 0 0
Sub-Surface
Diatoms-1 1 0 0 0 0.097 0.180 0 0 0 0.526 0 0 0 0 0 0 0 0 0 0 0
Diatoms-2 1 0 0 0 0 0.257  0.119 0 0 0.742 0 0 0 0 0 0 0 0 0 0 0
Dinoflagellates 1 0 0 0.004 0 0.286 0 .685 0 0 0 0 0 0 0 0 0 0 0 0 0
Cryptophytes 1 0 0 0 0 0.156 0 0 0 0 0 0 0 0 0.275 0 0 0 0 0 0
Pelagophytes 1 0 0 0 0.011 0.196 0.165 0 0.822  0.659 0 0 0 0 0 0 0 0 0 0 0
Haptophytes 1 0 0 0.008 0 0.131 0.242 0 0.028  0.220 0 0 0 0.492 0 0 0 0 0 0.073  0.058
Prasinophytes-1 1 0 0.805 0.010 0 0 0 0 0 0 0.084 0.127 0 0 0 0.022 0.018 0 0.072 0 0
Prasinophytes-3 1 0 0913 0.074 0 0 0 0 0 0 0.047 0.047 0.197 0 0 0.049  0.026 0 0.018 0 0
Chlorophytes 1 0 0.430 0 0 0 0 0 0 0 0.075  0.058 0 0 0 0.023 0.011 0.012 0.135 0 0
Cyanobacteria 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.557 0 0 0 0 0
(Synechococcus)
Prochlorococcus 0 1 0.619 0 0 0 0 0 0 0 0 0 0 0 0 0.257 0 0 0 0 0
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Figure legends

Fig. 1. (a) Sea Surface Height (colour contours) and geostrophic velocity (black arrows) on 17 July 2013,
and (b) MODIS Aqua chlorophyll a concentration for 12-19 July 2013 over the Mozambique Basin.
Black boxes highlight the location of the eddy and white and black dots indicate positions of the sampling
stations. White areas indicate missing data due to cloud cover.

Fig. 2. Sea Surface Height (colour contours) and geostrophic velocity (black arrows) within the black box
of Fig. 1a for (a) 17 July 2013 and (b) 22 July 2013, and MODIS chlorophyll a within the black box of
Fig. 1b for (c) 12-19 July 2013 and (d) 20-27 July 2013. White and black dots indicate positions of the
sampling stations. White areas indicate missing data due to cloud cover.

Fig. 3. Vertical section of conservative temperature through the cyclonic eddy transect. The black dashed
line highlights the 9°C isotherm and the solid black line indicates the depth of the upper mixed layer (Z,).

Fig. 4. Vertical sections of (a) conservative temperature, (b) nitrate concentration, (c) nitrite
concentration, and (d) chlorophyll a concentration estimated from the CTD fluorescence profiles. Black
dots indicate location of surface samples and white dots indicate depths of SCM samples. The black
dashed line indicates the depth of the euphotic zone (Z.) and the upper mixed layer (Zm by the solid black
line.

Fig. 5. Distribution pattern of (a) TChla at the surface (Surf) and the sub-surface chlorophyll maximum
(SCM) and the proportion of each phytoplankton group contributing to TChla at (b) the surface and (c)
the SCM. Vertical dashed lines indicate the boundaries of the eddy.

Fig. 6. Phytoplankton chlorophyll-specific absorption spectra (a*pn) at the surface and the SCM for 3
selected stations on the eddy transect.

Fig. 7. Reconstructed specific absorption spectra for 13 selected pigments (a*pig) for (a, b, c) the surface
and (d, e, f) the SCM at 38.73°E. Chlorophyll spectra are presented in (a) and (d), photosynthetic
carotenoids in (b) and (e) and photoprotective carotenoids in (c) and (f). MVVChla-monovinyl chlorophyll
a; DVChla-divinyl chlorophyll a; Chlb-chlorophyll b + divinyl chlorophyll b; Chlc-chlorophyll c;,c;; a-
Carotene-p,e-carotene; B-Carotene-f3,3-carotene.

Fig. 8. Distribution pattern of phytoplankton specific absorption at 440 nm [a*p, (440)] at (a) the surface
and the SCM, and the proportion of diatoms, dinoflagellates, flagellates and prokaryotes contributing to
TChla at (b) the surface and (c) the SCM. Vertical dashed lines indicate the boundaries of the eddy.

Fig. 9. Distribution pattern of selected pigment/TChla ratios at the surface and the SCM for (a) accessory
chlorophylls, (b) photosynthetic carotenoids and (c, d) photoprotective carotenoids. The maximum
zeaxanthin/TChla ratio at the surface is indicated as 0.35. Grey shaded areas in (c, d) indicate elevated
PAR during daylight hours. Vertical dashed lines designate the boundaries of the eddy. DVChla-divinyl
chlorophyll a; TChilb-chlorophyll b+divinyl chlorophyll b; TChic-chlorophylls c;,c2,c3+MgDVP+Chlc,-
MGDG1+Chlc,-MGDGZ2; But’fuco-19’-butanoyloxyfucoxanthin; Hex’fuco-19’-
hexanoyloxyfucoxanthin; Fuco-fucoxanthin; Diad-diadinoxanthin; Zea-zeaxanthin; Allo-alloxanthin; B-
Caro-f3,3-carotene.

Fig. 10. Distribution pattern of (a) cpsii,as2, (b) Fv/Fm, (c) PAR and (d) 1/1qa at the surface and SCM.
Vertical dashed lines indicate the boundaries of the eddy.

15



651
652

653
654

655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

Fig. 1

24°S

26°S

28°S

26°S

28°S |

30°s

30°E

40°E

16




676
677

678
679

680
681

682
683

684
685
686
687
688
689
690

Fig. 2

‘(a) 17 July 2013 .

N

- —= 05mis ||
39°E 40°E 41°E 42°E 39°E 40°E 41°E 42°E

') 12-19 July 2013 Y(d) 20-27 July 2013
25.5°S

26°S

(mg m™)
Nl e 2

s 1.9
. 1.8
. 1.7
B 1.6
Bl 15
{, 14
B 1.3
Bl 1.2
e 1.1
| K
B 09
0.8
0.7
0.6
0.5

. 04

0.3
0.2
0.1

[

39°E 40°E 41°E 42°E 39°E 40°E 41°E 42°E

Fig. 3
°C
0 °C)

200

g 40
=
v
&

a 600

800

1000

38.5°E 39°E 39.5°E 40°E 40.5°E 41°E 41.5°E 42°E 42.5°E

17



691
692

693
694

25

50

75

Depth (m)

100

125

150
38.5°E 39°E 39.5°E 40°E 40.5°E 41°E 41.5°E 42°E 42.5°E
(mmol m3)
0 5 — 30

(b) ° . © o o o * * e e *° o o o e °* o o o o , o

25

a
o
L

Depth (m)
o

-

(=

o
-

125

. T i
38.5°E 39°E 39.5°E 40°E 40.5°E 41°E 41.5°E 42°E 42.5°E

¥

Depth (m)
a

100

125

150 -F T T T T .
38.5°E 39°E 39.5°E 40°E 40.5°E 41°E 41.5°E 42°E 42.5°E
(mg m~)
0 <
(@) 14
25
1.2
50 1

0.8

0.6

Depth (m)
a

100
0.4

125
0.2

150 g
38.5°E 39°E 39.5°E 40°E 40.5°E 41°E 41.5E 42°E 42.5°E

18



695 Fig.5

696
nje 2 Surf ©SCM

N[Q

0.0 — ' . r T T . T
38.5 39.0 39.5 40.0 40.5 41.0 41.5 42.0 425
o Diatoms mDinoflagellates  mHaptophytes O Pelagophytes
100 b surface mPrasinophytes 0 Cryptophytes m Synechococcus 0 Prochlorococcus
90 -
80 -
~ 70 -
=
= 60 -
o
£ 50
g-w 1
& 30 |
20
10 -
o 4
w o~ a Qo e T T T T T L T B I T T T T T T
L T - T T - T T =S~ T - T S~ T~ B B R B s I
S S I I I A B B TR R R TR
C SCM @ Diatoms ® Dinoflagellat m Haptophy o Pelagophytes
100 O Cryptophytes @ Prasinophytes B Synechococcus O Prochlorococcus
90 -
80
g 70 4
£
% 50 -
a
o 40
o
30
20 |
10
0 e e e e LA s S e S S I B e e e
© MO N T ONT T O YN DOE - 0Y = NO N M=
L T T T B T L B T I e A B I R I B T I B B
0 W W O O O 0 0 0O OO0 0O 0 0 0O @ - - - ™ ™ o N NN
[ IR I I R T TS 2 .
697 Longitude °E
699 Fig.6
0.14
—38.73E Surf
—38.73E SCM
0.12 1 —40.08E Surf
J 40.08E SCM
0.10 - © 41.50E Surf
—41.50E SCM
©0.08 -
E
E
=0.06 -
[
*
[}-]

0.02 -

0.00

400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
701 Wavelength (nm)

702
703

19



704
705

706
707

708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724

Fig. 7
0.022 .022
a 38.73°E —MVChla 0.0 38.73°E
0.020 - Surface ——DVChla 0.020 - SCMm
—Chlb
0.018 __Chlc 0.018 -
0.016 - 0.016
= 0.014 0.014 -
E p.012 | 0.012
‘;0.010 1 0.010 +
=4
© 0.008 - 0.008 -
0.006 - 0.006 +
0.004 - 0.004 +
0.002 - 0.002 -
0.000 L e e 0.000 T — = =
400 420 440 460 480 500 520 540 560 580 600 620 640 660 630 700 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
b ----Peridinin 0.022 e --~Peridinin
0.020 ——Butanoyloxyfucoxanthin 0.020 —Butanoyloxyfucoxanthin
——Fucoxanthin —~Fucoxanthin
0.018 - —Hexanoyloxyfucoxanthin 0.018 —Hexanoyloxyfucoxanthin
——a-Carotene ----a-Carotene
0.016 - 0.016 -
= 0.014 | 0.014 |
=]
E o012 | 0.012 |
£
~50.010 - 0.010 -
2
= 0,008 - 0.008 -
0.006 0.006 -
0.004 0.004 -
0.002 { 0.002
0.000 R B S ——— 0.000 F==5===5 — e R —r. T
400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
22 — - 0.022
c —Diadinoxanthin f ——Diadinoxanthin
0020 { | Alloxanthin 0.020 - ——Alloxanthin
—Zeaxanthin .
0.018 ----B-Carotene 0.018 - —Zeaxanthin
0.016 0.016 -
= 0.014 0.014 -
i=2
Eo0.012 | 0.012 -
£
0,010 0.010 -
™ 0,008 0.008 -
0.006 0.006 -
0.004 0.004
0.002 0.002
0.000 i T T T - T T - 0.000 T T T T T T T r T T T
400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700 400 420 440 460 480 500 520 540 560 580 600 620 640 660 630 700

Wavelength (nm)

Wavelength (nm)

20



Fig. 8

725
726

0.14

0.12

0.04 -

[=] w
S o
(=] o
(,-Bu ;w) (opp) “e

0.10 -

0.02 -

0.00

39.0 39.5 40.0 40.5 41.0 41.5 42.0 425

38.5

OProkaryotes

m Flagellates

m Dinoflagellates

@ Diatoms

I

Surface

b

o
=
-—

T T
o o
o @

o o o o o
© B ¥ & «
(%) uoiodoigd

70 +

T T
o o
-

344
egzy
FANA4
oozy
[4: 944
LYY
LSy
ve Ly
8L’y
L0y
s8'ov
89°0%
65°0%
444
veov
80°0¥
L6'6€
v.l'6t
LS°6E
ov'6e
vZ'6t
L0'6E
06°8¢
€L'8¢
95°8¢

o
4
8
o
-
]
=
<]
o
o
O
0
@
8
K}
®
o
K}
i
m
2
2
o
©
o
]
=
6
£
(=]
5]
o
E
S
8
Kl
(=]
=
Q
(7]
Q
—_—
o o o o o o o O o o o
S & ® ~ @ b ¥ ™ &N v
e
(%) uonodoud

15°ZY
A
LLZh
00z
z8'LY
L9°L
151y
YELY
8LLy
LOLY
s8°0F
g9°0p"
mm._#m
=
wor 2
vz or-
80°0F
16'6€
YL'6E
156
ov'6e
¥Z'6€
L0'6E
06°8¢
£L8¢g
96°8¢

727
728
729
730
731
732
733
734
735
736
737
738
739
740

21



741 Fig. 9

742
08 sDVChla Surf
a Accessory chlorophylls :DVChia SCM
+TChlb Surf
0.5 - <TChlb SCM
oTChlc Surf
. STChlc SCM
=04 - H
o
g
&
EU.3 E
o
2
0.2 -
0.1 -
0.0 — : ‘ ‘ ; . i :
38.5 39.0 39.5 40.0 40.5 41.0 M5 42.0 425
06 i sBut'fuco Surf
b Photosynthetic carotenoids But'fuce SCM
05 | : +Hex'fuco Surf
: «Hex'fuco SCM
eFuco Surf
cFuco SCM
©0.4 - -
L
(&)
5
£0.3
£
=
o
0.2 A
0.1 A
0.0 ey . . . . . . ‘
38.5 39.0 39.5 40.0 40.5 41.0 415 42.0 425
0.35
020 ' c - . [ eDiad Surf
0.8 1 - Photoprotective carotenoids | cDiad SCM
| =Zea Surf
| oZea SCM
0.00 - . ‘ ‘ . . . .
38.5 39.0 39.5 40.0 40.5 41.0 415 42.0 42,5
Longitude °E
0.08 i [aAllo Surf
d Photoprotective carotenoids | sAllo SCM
b || #B-Caro Surf
0.05 1 {| :B-Caro SCM
<0.04 -
o
[
=
&
20.03 1
2
o
0.02 -
0.01 -
0.00 ; ; . . ' ‘ ; .
38.5 39.0 39.5 40.0 40.5 41,0 4.5 42.0 42,5
743 Longitude °E
744

22



745
746

747
748

749
750

T

@
-
o

B
o
o

w «
(=] o
o o

Opsy 452 (102° m? quanta-t)
&
o

200 |

150 -

100 |

50 1 Surf
0 . ‘ 2SCM
385 39 395 40 405 4 M5 42 425

Fv/IFm

0.2

0.1 -

sSurf
oSCM

0.0

39 39.5 40 40.5 4

42 42.5

1400

1200

1)

in
£1000

2

800

600

PAR (pmol quanta m

eSurf

1tgy (ms)

0.2 1 «Surf

“SCM

0.0 P : ‘ . , : , :
38.5 39 39.5 40 405 41 415 42 425

Longitude °E

23



