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Abstract

The Southern Ocean (SO), in spite of its major contribution to global primary productivity (PP), remains underexplored
in this aspect. Light being the most limiting parameter affecting primary production, it is crucial to study the ambient light
field to understand PP and associated processes. The current study makes a dual effort to present PP estimates as well as
understand the bio-optical variability in the Indian sector of the Southern Ocean (ISSO). Results suggest that PP was highest
at Sub-Tropical Front (STF) and lowest at Polar Front-2 (PF2). Most PP profiles were characterized by subsurface maxima,
indicating probable photoinhibition or micronutrient limitation at surface layer. Strong correlation between measured and
satellite-based integrated PP (R*>=0.94, RMSE=77.48, p <0.01) indicated the efficacy of global models in their original
formulation in bio-optically complex SO waters. The maximum photochemical efficiency of phytoplankton (F,/F,,) meas-
ured by fast repetition rate fluorometry varied from 0.1-0.4, implying reduced phytoplankton photosynthetic efficiency in
ISSO. The ratio between remote sensing reflectance (R,,)-derived phytoplankton absorption (ay,) at blue-red band (B/R
ratio) indicated dominance of smaller phytoplankton in surface and larger phytoplankton at subsurface. Higher Chl-a specific
phytoplankton absorption (a;h) than phytoplankton absorption (a,,,) suggested an adaptation of dominant phytoplankton
species to low light, yet a better light harvest efficiency. However, low contribution of a, suggested a strong influence of
non-phytoplankton materials to the total absorption budget. We therefore infer that, the surrounding physical environment
in terms of nutrients and bio-optical variability modulated phytoplankton size class and thereby productivity more critically
in the surface than in the deeper layers of ISSO.
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The Southern Ocean (SO) plays a central role in influencing
the global climate change scenario owing the uniqueness
of its frontal systems, the Antarctic Circumpolar Current
(ACC) (Orsi et al. 1995), absence of meridional boundary
and the inter-oceanic connections established between the
Atlantic, Pacific and Indian Oceans (Olbers et al. 2004). In
spite of its high-nutrient low-chlorophyll (HNLC) status
(Trull et al. 2001; Boyd et al. 2002), the SO contributes to
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almost 40% of the oceanic phytoplankton primary produc-
tion (PP) and acts as a carbon sink (Arrigo et al. 2008). Of
late, the physicochemical and biological characteristics of
the SO have been showing clear responses to climate change
(Graham 2014). Hence, an improved understanding of the
key biogeochemical processes like PP with respect to the
ambient physical forcings is a prerequisite to address the
response of the SO in Earth’s climatic variability.

@ Springer


http://orcid.org/0000-0002-2437-8660
http://crossmark.crossref.org/dialog/?doi=10.1007/s00300-020-02722-2&domain=pdf

Polar Biology

Oceanic PP plays a major role in global carbon cycle by
drawing down atmospheric CO, to the ocean interior through
the ‘biological pump’ (Sarmiento et al. 1998; Le Quere et al.
2007) and is strongly influenced by availability of light and
supply of nutrients (macro and micro). The low primary
production, regardless of the usual high-nutrient concentra-
tions in the most parts of the SO, is attributed to three basic
variables: chlorophyll-a (Chl-a), photosynthetically active
radiation (PAR), and phytoplankton light absorption capac-
ity (Behrenfeld and Falkowski 1997a). It is reported that
the SO ecosystem is highly sensitive to physical forcings
that influence fluctuations in light, nutrients, mixed layer
depth (MLD), deep chlorophyll maximum (DCM), sea ice,
upwelling, etc. (Rintoul et al. 2014), which are well-known
modulators of PP in the study region. Thus, it is impera-
tive to have a clear understanding of these factors to know
the spatiotemporal variability of PP in the SO. The carbon-
fixing potential of primary producers (phytoplankton) can
be used as an effective tool to study biogeochemical fluxes,
carbon and nutrient cycling. The dynamics in temperature,
MLD, wind strength, salinity, extent and duration of sea ice
are well-known modulators of the phytoplankton composi-
tion, abundance and productivity in the SO (Moline et al.
2004). In addition to these physical parameters, ocean colour
studies which involve use of the spectral absorption coef-
ficients of the dissolved and suspended particles throughout
the water column are extremely important to estimate PP
using remote platforms (Behrenfeld et al. 2006).

Despite its well-known global significance, a large
expanse of SO still remains poorly explored due to its
extremely harsh conditions and remote location. Though PP
and factors controlling it in different sectors of SO have been
illustrated by several studies, the reports from the Indian
sector of the SO (ISSO) are scant (Tripathy et al. 2017).
Some of the previous studies in the ISSO have reported
productivity potential of different frontal regions using sat-
ellite-derived parameters (Jasmine et al. 2009), prevalence
of regenerated PP at all the fronts except STF, seasonal
and spatial variations in new PP (fratios) (Mengesha et al.
1998; Thomalla et al. 2011; Gandhi et al. 2012; Prakash
et al. 2015; Tripathy et al. 2018), role of DCM in PP vari-
ability (Gomi et al. 2010; Tripathy et al. 2015), influence
of phytoplankton pigment package effect on PP (Tripathy
et al. 2014), phytoplankton photochemical efficiency by Fast
Repetition Rate fluorometry (FRRf) (Westwood et al. 2011)
and effect of Island mass effect on PP variability (Blain et al.
2001).

Light is the most important determinant of PP and is
attenuated in the water column by the different suspended
and dissolved bio-optical constituents. Spectral Absorp-
tion coefficients of these constituents help in understand-
ing the underwater light variability and its availability for
C-fixation (Sathyendranath and Platt 2007). These in situ
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bio-optical measurements are extremely useful for validation
of ocean colour observation from satellite sensors, predict-
ing the amount of light used for photosynthesis (Bricaud
et al. 2004) and spatiotemporal variations in phytoplank-
ton absorption coefficients in global oceans (Lohrenz et al.
2003; Babin et al. 2003). The optical properties of SO are
expected to be complex due to the dynamic hydrographic
conditions (e.g. freshwater intrusion, upwelling and mixing).
Studies in the SO and elsewhere have shown that freshwa-
ter intrusion could significantly change the light absorption
efficiency among phytoplankton, detritus, and coloured dis-
solved organic matter (Babin et al. 2003; Wang et al. 2014;
Tripathy et al. 2014), thus modulating the underwater light
available for PP.

Though several studies have been carried out in the ISSO
to explain variability of PP, rarely any (Hirawake et al. 2011)
of them has explained the link between bio-optical prop-
erties and PP. Taking into account this lack of bio-optical
observations in ISSO, we attempt to study the variability in
14C-based PP and bio-optical properties in relation to ambi-
ent environmental parameters at different frontal zones of
the ISSO. Moreover, we aim to (1) identify the dominant
factors for PP variability and compare the in situ PP with the
vertically generalized production model (VGPM) output, (2)
use bio-optical technique like FRRf to explain the fluctua-
tions in phytoplankton physiological parameters with respect
to ambient physicochemical parameters, and (3) obtain an
overall picture of light absorption budget in the study region
and find its inter-linkages with photo-physiological prop-
erties (such as pigment packaging effect, photoinhibition,
absorption efficiency) and PP. The present study would not
only generate baseline bio-optical datasets but also would
contribute towards bio-optical oceanography in relation to
phytoplankton productivity in this under sampled region.

Materials and methods
Study area, sampling and hydrography

Study area (Fig. 1) comprises PF (Polar Front), SAF (Sub-
Antarctic Front) and the STF (Sub-Tropical Front). In the
ISSO, the PF is divided into two branches between 49° S
and 52° S (PF1) and 53° S and 55° S (PF2). The branches
show distinct, characteristic sea surface temperatures
(SST); 4-5 °C at the Northern branch (PF1) and 2-3 °C
at the southern branch (PF2) (Sokolov and Rintoul 2002).
The PF also possesses unique physicochemical (Trull et al.
2001) and biological characteristics (Pavithran et al. 2012)
at its two different branches and has significant contribu-
tion to biological production and biogeochemical cycling
(Kemp et al. 2010). The SAF is recognized as the North-
ern boundary of the PF (Kostianoy et al. 2004). It bears
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Fig.1 Study area map showing station locations (closed circles)
at STF, SAF, PF1 and PF2 in the Indian sector of Southern Ocean.
Background colours indicate the bathymetry (ETOPO data). The dot-
ted lines are sea surface temperature contours indicative of different
frontal boundaries. The inset figure shows a larger perspective of the
study area

an isotherm of SST at 8.1 °C and possesses a bimodal
path (Moore et al. 1999). The STF is known as the most
dynamic front of the SO and acts as a boundary between
the saline, warm sub-tropical waters and fresh, cool sub-
Antarctic waters with isohalines of 35.0 psu (Belkin and
Gordon 1996). The salinity and temperature ranges from
34.6-35.0 psu and 10 and 12 °C at 100 m depth, respec-
tively (Orsi et al. 1995).

The 8th Indian Expedition to the SO (2015) included
sampling at six stations at different frontal regions. Sam-
pling was carried out onboard ORV-Sagar Nidhi along
the 57.5° E meridian transect (regular track of the Indian
Expedition to the SO) in the ISSO during austral sum-
mer including each of the front (i.e. STF, SAF, PF1 and
PF2). Water samples were collected from surface and dis-
crete sampling depths by Niskin bottle of 10L capacity
mounted on a Conductivity-Temperature-Depth (CTD,
SBE 911+, USA) carousel (General Oceanics Inc., USA)
and sub-sampled for further analyses. The vertical profiles
of temperature, salinity, dissolved oxygen (DO), photosyn-
thetically active radiation (PAR) were obtained from the
CTD carousel. The CTD profiles were used to estimate
the Brunt—Vaisala frequency (&), a measure of stability
of the water column (Pond and Pickard 1978), using the
expression,

N=q -89
po 02

where g is the acceleration due to gravity, p, is the refer-
ence seawater density (1025 kg m~>) and g is the vertical
potential density gradient. Positive, zero and negative N
values indicate stable, neutral and unstable water column,
respectively.

Macronutrients, chlorophyll-a and PAR

100 ml of water samples were collected onboard for the
analysis of nitrate (NO;), phosphate (PO,) and silicate
(Si0,). These water samples were stored at —40 °C until
further analysis. The water samples were analysed in the
NCPOR laboratory for the concentration of respective nutri-
ents using a segmented flow analyzer (SKALAR) following
the standard methodology for seawater analysis (UNESCO
1994). The precision of detection (limits) for NO;, PO, and
SiO were +0.06 (+0.07),+0.003 (+0.004), and +0.06
(£0.04) pM, respectively. The water samples filtered on
47 mm Whatman GF/F filters were extracted in 90% ace-
tone in cold, dark conditions overnight and analysed fluoro-
metrically (10-AU, Turner Designs with a detection limit
of 0.02 mg m~) following Strickland and Parsons (1972)
to determine the chlorophyll-a (Chl-a) concentration. The
Chl-a (mg m~>) values at different depths were trapezoidally
integrated to obtain water column Chl-a (mg m~2). Continu-
ous measurement of incident PAR (pmol photons m=2 s
from dawn to dusk was carried out onboard using a 4t PAR
sensor (QSL-2100, Biospherical Instruments Inc., USA)
fitted in a well-lit (shadow-free) area on the monkey deck.

14C-based productivity measurements

Water samples were collected from 5 discrete depths cover-
ing the euphotic zone and filtered through a 200-pm mesh to
eliminate the grazers (zooplankton). Each sample was then
enriched with 1 ml of "“C[Na( 14H)CO3] corresponding to
5 pCi per 250 ml of seawater in Nalgene bottles followed by
incubation of the samples in a deck incubation tank continu-
ously supplied with circulating surface seawater to maintain
the ambient temperature (Knap et al. 1996). The samples (in
duplicates) were incubated for 24 h (mostly from dawn to
dusk) following standard simulated-in situ incubation tech-
nique (1994). Appropriate density filter packets were used to
wrap the incubation bottles so as to simulate the light inten-
sity at specific sampling depths (UNESCO-JGOFS 1994).
At the end of the incubation, the samples were filtered onto
25 mm GF/F filters (®Whatman). Daily PP rates (mg C m™>
d~!) were obtained following Strickland and Parsons (1972),
which included quantification of disintegration activity in a
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liquid scintillation counter (Wallac 1409 DSA). These daily
PP rates (mg C m~> day™') at each depth were trapezoi-
dally integrated to estimate the euphotic zone-integrated
PP (IPP, mg C m~2 day™!). The PP values were normalized
with corresponding Chl-a to calculate the Chl-a specific PP
(PB) (mg C (mgChl-a)’1 day’l), which is an index for phyto-
plankton physiological adaptation to the ambient environ-
ment (Behrenfeld and Falkowski 1997a, b).

Relationship between PP at discrete depths and cor-
responding underwater PAR (PAR-P® relationship) was
deduced using curve fitting method. Here, the PAR-P®
relationship does not represent the true photosynthesis-irra-
diance (P-E) response of the phytoplankton assemblages but
represents the relation between P® and corresponding PAR
at discrete depths within the water column (Sakshaug et al.
1997; Tripathy et al. 2010) For the stations where photoin-
hibition was evident, the P-E model developed by Steele
et al. (1962) was used, which can be expressed as hereunder:

PP = ngt(E/EmaX) —exp [1 = (E/Epy )] (1)

where, P2, PB_and E
opt

max are rates of Chl-a normalized car-

bon fixation (mgC (mg Chl-a)~! h™!), Chl-a normalized opti-
mal carbon fixation in the water column (mgC (mg Chl-
a)~' h™!) and irradiance value at inflection point between
light-saturated and light-limited phases (uE m~2 s71),
respectively.

In case of absence of photoinhibition, the curve fit-
ting was carried out using the Webb et al. (1974) equation
described hereunder

PP [1 = exp (-E/Ep)] v

The photosynthetic parameters for Eq. (2) are same as
those defined for Eq. (1). Acronyms and abbreviations used
in this study are listed in the Table 1.

Fast repetition rate fluorometry-based
measurements

Profiling of a Fast Repetition Rate fluorometer (FRRf; Fas-
tOcean APD, CTG Ltd., UK) was carried out at a vertical
rate <0.5 m s~ to provide adequate interrogation of the phy-
toplankton within the water column to obtain high resolution
data on phytoplankton physiological properties like maxi-
mum photochemical efficiency of photosystem II at dark (F,/

F,) and light <F o/ F, ), functional absorption cross-section

of photosystem II at dark (opgyy) and light (Glgsn) condition,
reaction centre concentration (RCII), etc., at approximately
1 m interval in the water column. The Non-photochemical
Quenching (NPQygy) of fluorescence was measured follow-
ing Oxborough et al. (2012). The excitation and relaxation
protocols were set for 450, 530 and 624 nm as per the
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manual provided by CTG, UK. The vessel was re-orientated
to avoid ship shadow prior to each FRRf cast. All FRRf
parameters were obtained under ambient plus dark (APD)
conditions.

Absorption coefficients of phytoplankton
and non-phytoplankton particles

Water samples from different depths of the euphotic zone
were analysed to obtain phytoplankton absorption (a,,) fol-
lowing Mitchell et al. (1990). 1 I of water sample from each
depth was filtered separately onto a 25 mm GF/F (0.7 pm)
paper under a low suction pressure. The residues on filter
papers were measured within 400-700 nm wavelength at
1 nm interval using a UV-Vis 2600 spectrophotometer (Shi-
madzu, Japan) with an integrating sphere. The path-length
amplification effect of the glass fibre filter caused due to
multiple scattering was corrected using the equation pro-
posed by Cleveland and Weidemann (1993):

OD,(4) = 0.3780D(4) + 0.5230D;(4)> 3)

where OD((A) and OD4(}) are optical density (OD) of the
particulate matter in suspension and filter, respectively.
Absorption coefficient of the total particles present in sus-
pension (ap(X)) was calculated using the equation:

a,(4) = 2.3030D(4) x S/V 4)

where 2.303 = conversion factor for log, to log,, S=clear-
ance area measured for the filter paper (m?), V =filtered vol-
ume (ml), S/V =approximate geometrical light path-length.

After measuring OD for particulate matter, the filter
papers were soaked in absolute methanol for 24 h to extract
the phytoplankton pigments. After rinsing with Filtered Sea
Water (FSW), absorbance of the decolourized papers were
re-measured to obtain OD of the non-phytoplankton parti-
cles (anph(i)) following Kishino et al. (1985). Using Eq. (4)
Ayph (4) was calculated. The absorption coefficient of phyto-
plankton (aph(/i)) was obtained by substituting apph (1) from
ap(ﬂ) as follows:

aph(ﬁ) = ap(/l) - anph(’l) Q)]

The averages of duplicate spectra were used in this study.
The a,;, values were normalized by Chl-a to determine
chlorophyll-specific phytoplankton absorption coefficients

(@pp(A)).

Absorption coefficients of chromophoric dissolved
organic matter

The light absorption coefficient for Chromophoric Dis-
solved Organic Matter (acpoy) Was measured by filtering
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Table 1 List of acronyms and

o Abbreviation Description Unit
abbreviations used
CDOM Chromophoric dissolved organic matter
Chl-a Concentration of chlorophyll-a mgm™>
Chl;,, Water column-integrated Chl-a mg m~2
DCM Deep chlorophyll maximum
MLD Mixed layer depth m
AOP Apparent optical properties
PP Integrated primary production in the euphotic zone mgC m~2 day™
PP Primary Productivity mgC m~3 day™!
PB Chl-a normalized primary productivity mgC mgChl-a~! day™!
Py Maximum P in the water column mgC mgChl-a~! day™!
Z., Depth of the euphotic zone m
PAR Photosynthetically active radiation pEinstein m™2 57!
K, Diffuse attenuation coefficient of PAR m!
SST Sea surface temperature °C
TSM Total suspended matter mg 17!
VGPM Vertically generalized production model
FRRF Fast rate repetition fluorometry
PS1I Photosystem II
FJF, Maximum photochemical efficiency of PS II Dimensionless
F ; /F, Effective photochemical efficiency of PS 11 Dimensionless
Opsit Functional absorption cross-section of PS II in dark nm~>
Ot Functional absorption cross-section of PS II in light nm™2
Ayt Total absorption coefficient, a,=day, +dyy,+4,, m™!
Acpom Absorption by CDOM m!
Gy, Absorption by non-phytoplankton particles m™!
a:h Chl-a specific absorption coefficient m~2 mg Chl-a™!
ayp Absorption by the phytoplankton m™!
ai Specific absorption coefficient of Chl-a ideally dispersed in m~> mg Chl-a~!
solution
a,, Absorption by pure water m™!
E, Spectral downwelling irradiance mW cm™ nm™!
L, Water-leaving radiance mW cm™2 nm™! sr 7!
s Remote sensing reflectance R (=L, /E, st!
A Wavelength nm
o a;h /& (indicator of the pigment packaging) Dimensionless

the subsamples through 47 mm GF/F (Whatman) to elimi-
nate the larger particles. The samples were once again fil-
tered through 47 mm Nucleopore filters (pore size: 0.2 pm)
to remove the smaller particles. Both the filters were rinsed
with Milli-Q water before filtration. The filtrates were
stored in dark condition for a few hours in order to attain
equilibrium to room temperature. The absorption meas-
urements were performed by spectrophotometer with an
integrating sphere (UV-Vis 2600, Shimadzu, Japan) using
a 10 cm path-length quartz cuvette and Milli-Q water as
reference. The normalization of absorbance was done to
zero at 600 nm to eradicate temperature-dependent inter-
ferences observed between 650 and 750 nm. Blank values
(Mill-Q water) were subtracted from every wavelength in

the spectrum (Mitchell et al. 2002). The following equa-
tion was used in order to determine the a-pgy at every
station:

acpom(4) = @ [{ODs(/l) - ODfsw(’l)} - ODnull] (6)

where ODy g, and ; are the optical densities of sample,
purified filtered sea water, and at null absorption wavelength.
The optical path-length, /=0.1 m=10 cm and acpgy 1S
expressed in m™'. The total absorption coefficient (a,,,) value
was then calculated by summing up the values obtained for
a,, acpom and a,, (absorption by pure water) at specific
wavelengths and sampling depths. The values for a,, were
obtained from Pope and Fry (1997).
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Estimation of total suspended matter

Water samples from two depths (surface and DCM) col-
lected at each station were processed to determine the con-
centration of total suspended matter (TSM). The samples
were filtered through prewashed and pre-weighed (w);)
47 mm Millipore filters (pore size 0.45 pm) under a low
vacuum pressure (approx. 120 mmHg). The filters were then
oven dried at 60°C for 4 h and re-weighed to obtain the final
weight (w,). The concentration of TSM for each station was
expressed in mg 17\,

TSM (mg17') = (w, —w;) /(V  0.001) )

where V =the volume of water filtered (L).

Hyperspectral radiometric measurements

A hyperspectral optical profiler (HyperProll, Satlantic,
Canada) was deployed in free-fall profiling mode to record
the apparent optical properties (AOP) in the euphotic zone.
This instrument provides information about the downwelling
irradiance (E,), upwelling radiance (L,), remote sensing
reflectance (R,), diffuse attenuation coefficient of PAR (K)
at 1 nm interval from 354 to 800 nm. Care was taken to
avoid shade and ship induced disturbances (vibrations) while
deploying the instrument. The optical profiler data were
processed by ProSoft software package and downward cast
data were considered for interpretation. Derivation of total
absorption (a,, + dy,, + dcpowm) by inversion of the spectral
R, was carried out following the quasi-analytical algorithm
(QAA, v4) with optimization technique (Lee et al. 2002).
Ocean chlorophyll (OC) algorithms version OC2, OC3 and
0OC4 were used to retrieve modelled Chl-a from the radio-
metric-based R, so as to compare the same with its in situ
counterpart.

Satellite-based primary productivity

The euphotic depth (Z,,, the depth where PAR reduces to 1%
of its value just beneath the surface) integrated PP (IPP) was
estimated from the satellite-derived variables using the ver-
tically generalized production model (VGPM) proposed by
Behrenfeld and Falkowski (1997b). The VGPM is expressed
as follows:

IPP = 0.66125 x P5 % [Eo/(Eg +4.1)] X Z, x Chly x DL
®)

where IPP, Pf , Ey, Z,,, Chl, and DL are euphotic zone-
pt

integrated daily PP (mgC m~2 day~'), Chl-a normalized
maximum PP in the water column (mgC mgChl-a=! h™!),

PAR value at sea surface (E m~2 day™'), depth of the
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euphotic zone estimated from sea surface Chl-a (Chl)
according to Morel and Berthon (1989), sea surface Chl-a
(mg m~>), and daylength (in hours) calculated following
Kirk (1994), respectively. The light-dependent function
[(0.66125E,))/(E,+4.1)] describes the relative change in the
light saturation fraction of the Z_, as a function of E,. The
ngt is expressed as the 7th order polynomial function of SST
(Behrenfeld and Falkowski 1997b). Daily SST was obtained
from AVHRR, whereas daily PAR and weekly Chl-a (since
daily values are not available) was retrieved from MODIS-
AQUA sensors (https://oceancolor.gsfc.nasa.gov/13/) with a
spatial resolution of 4x4 km from the data provided by
NASA. Daylength varied from 14 to 16 h during the sam-
pling period.

Results
Hydrographical characteristics

The hydrographical characteristics in the upper 120 m
of the four frontal regions were quite different from each
other. Vertical profiles of temperature (Fig. 2a) showed the
least mean value at PF2b (1.71 £0.57 °C) and maximum
(15.75+1.91 °C) at STF. Salinity profiles (Fig. 2b) showed
lowest mean value at STF (33.80 +0.54) and highest mean
value at PF2a (33.92+0.58). The SST increased from PF2a
towards STF (2.4-18.8 °C), whereas the sea surface salin-
ity (SSS) was lowest (33.75) at STF and highest (34.30)
at SAF (Table 2). The variation of temperature was more
pronounced in the water column than salinity variations
among the fronts. However, sharp variation in salinity in
the surface layers (< 10 m) at SAF and PF2 was observed.
The mixed layer depth (MLD) was deepest at PF2 followed
by PF1 and SAF, whereas STF showed no clear mixed layer.
The estimated N (Fig. 2c) showed a weaker stability (nega-
tive values) in the PF2 and PF1 which indicated the weaker
stratification in this region during the observation. However,
stronger N (positive values) in the SAF and STF indicated
that the region was more stratified than PF. In general, upper
water column (upper 40 m) of the study region was well
mixed during the study. The DO profile (Fig. 2d) showed
highest mean values at PF2a (7.53 +0.20 ml 17!) and the
least at STF (6.83 +0.08 ml 1™"). Vertical distribution of DO
was nearly homogenous at all the stations. However, like
salinity profiles, sharp fluctuations were observed at PF2
and SAF within the upper 10 m.

The vertical distribution of PAR (Fig. 2e) is primarily
dependent on not only the surface incoming PAR but also
the diffuse attenuation coefficient of PAR (K,). The verti-
cal profile of PAR showed a typical exponential decrease
with highest PAR observed at PF2a (142.83 pmol photons
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Fig.2 Vertical profiles of in situ temperature (a), salinity (b), buoyancy frequency (of the four representative fronts) (c), dissolved oxygen (d)
and PAR (e) measured by CTD at different frontal locations
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Table 2 Station number, frontal zones, latitude, longitude, sea surface temperature (SST), sea surface salinity (SSS), surface nutrients (NO5, SiO,, PO,), water column average N:P and N:Si

ratios, surface dissolved oxygen (DO), daily incident photosynthetically active radiation (PAR), surface Chl-a (Chl,), column-integrated Chl-a (Chl;,,), surface primary productivity (Sur. PP),

column-integrated PP (IPP), and surface Chl-a specific PP (P®) in the study area
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Sur. PP IPP P® (mgC
(mgCm~2d™") (mgChl-

(mgC
m=3

Chl, Chyp,
(mg

(mg

PAR

N:P N:Si DO (ml

sio, PO,

(M)

NO,
(uM)

SST SSS

Long

Stations Fronts Lat (°S) Date of
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m~2 s7!) and lowest at SAF (0.15 pmol photons m~2s7h.
This variation can be linked to the time of CTD deploy-
ment which differed from station to station. Furthermore,
low PAR due to presence of cloud cover cannot be ruled out.

Nutrients distribution

The vertical profiles of nutrients showed marked varia-
tion among the fronts. NO; (Fig. 3a) concentrations were
homogeneous in the water column (120 m) for PF stations.
However, it increased at SAF below MLD, and a gradual
increase with depth was noticed for STF indicating probable
upwelling of nutrient-rich waters from deep below. Simi-
lar trend was exhibited for PO, (Fig. 3b). But SiO, values
showed a clear increase after the MLD (Fig. 3c) with PF2
depicting distinctly higher concentrations among fronts.
On the other hand, the STF was typified by least NO; and
PO, values. The macronutrients showed a north—-south
increasing gradient (Table 2), as least concentrations of
NO; (3.50 (uM)), PO, (0.75 (uM)) and SiO, (6.59 (uM))
were observed at STF, whereas PF2a was characterized
by the highest concentrations of NO; (26.44 (uM)), PO,
(2.00 (uM)) and SiO, (26.39 (uM)). Analysis of nutrient
ratios in the study area indicated highest N:P (13.40), N:Si
(1.06) and Si:P (13.12) at PF2 stations (Table 2). PFla and
PF1b also exhibited high N:P (14.13 and 12.17) and N:Si
(2.88 and 2.16) but low Si:P (5.15 and 6.72) values. High
N:Si (4.02) and low Si:P (3.53) were observed at SAF while
the STF corresponded to the least N:P (5.0), N:Si (0.58) and
a low Si:P (8.84) ratio.

Chl-a, "*C-based primary productivity and PAR-P®
relationship

The surface Chl-a (Chl,) concentrations varied from 0.11
(PF2b) to 0.26 mg m~> (STF) during the study period indi-
cating higher Chl,, at the stations to the north of PF (Table 2).
The Chl-a profiles (Fig. 4a) showed low values at surface
and distinct DCM. Similar to Chl-a, the vertical PP profiles
showed low surface and higher subsurface values (Fig. 4b)
and the depths of PP maxima at each front were shallower
than the corresponding DCM depths. A weak relationship
was observed between the Chl-a and PP at discrete depths
in the water column (R2 =0.32, p<0.05; Fig. 4c); however,
their depth-integrated values were significantly correlated
(R>=0.86, p<0.001; Fig. 4d).

The daily integrated incident PAR (E,) varied from
26.66 mol photons m~2 day~! (at SAF) to 59.84 mol photons
m~2 day~! (at PF2b) during the observation period with no
trend in daily PAR variability across the fronts. STF showed
maximum PP despite the least observed PAR. Uniform val-
ues of P® (Chl-a specific PP) were observed at all the sta-
tions. The PAR-PB relationships for STF, SAF and PF1 was
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Fig.3 Vertical distribution of nitrate (a), phosphate (b), and silicate (c) at different frontal regions

linear (Fig. 4e), whereas for PF2 stations it was curvilinear
(Fig. 4f1).

Satellite-based observations

Satellite-derived and in situ daily integrated PAR were
strongly correlated (R2:0.87, p<0.01), but satellite PAR
was underestimated at all stations (Fig. 5a) except at the
PF. In situ and remotely sensed Chl-a in the PF region were
close to 1:1 line; however, satellite measurements under-
estimated at SAF and STF. VGPM-based IPP varied from
173.12 to 473.55 mgC m~2 day~'. The in situ IPP strongly
correlated with the VGPM-based IPP accounting for 94%
(R*=0.94, RMSE=177.48, p<0.01) of the observed variabil-
ity in it (Fig. 5b). IPP values at PF2 were almost on 1:1 line,
whereas values at PF1 were closer to this line. However, the
VGPM-IPP overestimated (1.2 times) the measured IPP at
SAF and STF stations.

Photosynthetic parameters from Fast Repetition
Rate fluorometry

The maximum (F,/F ) and effective (F ; / Fl’n> photochemi-

cal efficiency of PSII in the study area varied from 0.09 to
0.42 (avg. 0.32+0.06) and 0.11 to 0.48 (avg. 0.31+0.07),
respectively. F,/F,, and F ; /F’ was the least at PF1, whereas
highest at STF (Fig. 6a—b). Similar trend was also observed
for functional absorption cross-section in darkness (opgy;)
and under ambient light (GI’JSH) condition (Fig. 6¢c—d), which
varied from 1.38 to 8.35 (avg. 4.93+1.31) and 1.14 to 7.92
(avg. 5.08 + 1.34) nm® PSII™!, respectively. The vertical pro-
file of F,/F,, and F’ ; /F/ was low at surface layers, increased
with depth, attained maximum values (indicating healthier
phytoplankton) in the subsurface layers (> 60 m) and there-
after similar values were maintained at deeper depths except

at STF where a clear decrease in photochemical efficiency
values was observed after 80 m. Subsurface maxima for
F/F,, values were observed at all the stations, which nearly
coincided with the Chl-a and fluorescence profiles. A
decrease in F,/F,, below the DCM layer, where Chl-a con-
centrations started to decrease, was often observed (Fig. 6a).
Due to instrumental error, the surface values for F ; / Fl’n and
o'l’,SII could not be recorded (Fig. 6b—d), but from the distri-
bution pattern at subsurface layers it can be presumed that
fluorescence quenching at surface layer was stronger at PF1
and PF2 than STF (Fig. 6e—f). Average non-photochemical
quenching (NPQygy) values of 0.59 at PF2a, 9.64 at PF2b,
2.53 at PF1b, 1.01 at PF1a, 1.02 at SAF and 2.05 at STF,
respectively, were observed during the study.

Characteristics of the bio-optical variables

The measured a,,, spectra (Fig. 7a, b) were characterized by
the presence of absorption peaks at 440, 490 and 675 nm.
Mean values of both a, and a;h were similar with slightly

higher values at surface than at DCM (Fig. 7a, d). Surface
a,, (443) values was highest at PF2a (0.067 m™!) and lowest
at PFla (0.006 m™"), whereas for DCM it was maximum at
STF (0.060 m™") and minimum at PF2a (0.010 m™~"). Simi-
larly, surface a;h (443) values were also highest at PF2a
(0.511 m™") but lowest at PF1a (0.062 m™"), for DCM it was
also maximum at STF (0.213 m~!) but minimum at SAF
(0.074 m™") (data not shown). The CDOM absorption values
ranged from 0.0045 to 1.304 m™'. The concentration of TSM
ranged between 4.8 and 6.0 mg 17! at the surface and from
3.6t0 5.6 mg 1~! at the DCM.

To quantify the relative contributions (%) of surface a,y,,
anpn and acpoy to the total non-water absorption, a ter-
nary diagram displaying the absorption coefficients’ cor-
responding to waveband 443 nm was plotted (Fig. 8). The

@ Springer



Polar Biology
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surface acpom. dnpn and agy, exhibited clear variations in
the study area ranging from 0.30 (PF1a)-0.91 m~' (STF),
0.03 (PF2a)-0.61 m~' (PFla) and 0.008 (PF1a)-0.10 m™!
(STF), respectively. Chl-a was strongly correlated to ay,
(443), ay, (676) and moderately to a, (676) with R? values
of 0.72 (p <0.05), 0.64 (p <0.05) and 0.45, respectively,
in the water column (Fig. 9a—c). The a, (443) showed a
moderate relation (R*>=0.40) with ap, (443) but did not
show any significant relationship with Chl-a (not shown).
The ratio of a,, to a, at 443 nm was inversely related with
Chl-a (Fig. 9d). Chl-a was positively correlated to acpom
(440) and acpoy (412) with R? values of 0.31 and 0.33,

@ Springer
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respectively (Fig. 9e, f). TSM showed an inverse relation-
ship (R>=0.55) with Chl-a (Fig. 9g) indicating that the
surface layer had higher concentration of TSM than DCM
where phytoplankton biomass was higher. Furthermore, it
showed a positive relation (R>=0.55) with acpgy (Fig. 9h)
and a negative correlation with temperature both at sur-
face (R*=0.30) and at DCM (R?>=0.42). The relation-
ship of TSM with salinity was weakly negative at surface
(R*=0.26) and moderately positive at DCM (R*=0.56).
A positive relationship (R*=0.41) was observed between
acpom and water temperature.
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The a;h (676), a good indicator of package effect in phy-
toplankton (Alcantara et al. 2016) showed positive signifi-
cant relationship (no package effect) with Chl-a at surface
(R*=0.95, p<0.01) and weak inverse relationship (presence
of package effect) at DCM (R*=0.33, p <0.05) except at
STF. The a;h at 443 and 676 nm were positively correlated
(R*=0.68, p<0.05) (Fig. 10a) and the ratio of al’;h at 443 and

676 nm showed significant correlation (R*=0.74, p<0.05)
with incident surface PAR (Fig. 10b). The blue to red ratio
of a;h in the study area varied from 3.15 to 8.81 in surface
layer, i.e. the a:h(443) / a;h(676) was > 3 for surface waters.

The dimensionless factor Q7 (676) is a ratio of a;h to spe-
cific absorption coefficient of the same cellular matter ide-
ally dispersed in solution (a;‘(ﬂ), and is used as an indicator
of pigment packaging. It was found that the specific absorp-
tion coefficient of Chl-a in solution is approximately 0.0207
m” mg~' of Chl-a at 676 nm and hence, variations in Q* at
676 nm (Q7 (676)) can be theoretically formulated as O}
(676) =a;h (676)/0.0207 (Bricaud et al. 1995). A moderate
inverse relationship (R*=0.60) was observed between o
(676) and Chl-a (Fig. 10c) and the Q7 (676) values ranged
from 0.5 to 3.3. Surface Q7 (676) values were > 1 at STF
(1.01), SAF (1.03) and PF1 (3.17), while they were found to
be < 1 for SAF (0.80) and PF2b (0.50) at DCM.

The relationship between phytoplankton absorption
with PP and hydrographic parameters were investigated.
ap, (676) and a;h (676) showed moderate positive correla-
tion (not significant) with corresponding PP resulting in
R? values of 0.48 and 0.37, respectively (Fig. 10d, e). The
phytoplankton absorption coefficient and PP showed a
stronger positive relationship than Chl-a and PP
(R>=0.32). Both a,, (676) and a;h (676) did not show any
significant relationship with nutrient concentrations at the
surface. However, an inverse correlation between a]’;h

(443), a3, (676) and NO; (R*=0.62, p <0.05), PO,
p
(R*=0.71, p <0.05) concentrations was observed at DCM

14C-PP (mg C m? d)

(data not shown). The ayy at 443 and 676 nm was posi-
tively correlated with temperature with R? values of 0.58
and 0.57. Conversely, when plotted versus salinity, the a,
displayed weak positive relation at the surface (R*=0.33)
but strong negative relation (R>=0.75) at DCM (please
refer Table 3 that summarizes the salient bio-optical rela-
tionships described in the above subsection).

Observations from in situ hyperspectral radiometry

Measurements obtained from in situ measurements of
hyperspectral radiometry were used to understand the
variability of AOPs in the study area and derive R, -based
Chl-a (modelled). The ratios of in situ R, (510)/R, (555)
showed significant negative (R>=0.77, p <0.05) and
weak positive (R*>=0.16) linear relationship (Fig. 11a,
b) between in situ Chl-a and acpoy (412) (m™1). The K,
(490) was retrieved using blue to green R, band ratio. The
coefficients used in this retrieval are taken from SeaWiFS
(Sea-Viewing Wide Field-of-View Sensor), which worked
well in the SO. The K, (490) varied from 0.30 (PF2b)
to 0.64 m~! (STF) in the sampling locations and showed
positive relationship with in situ Chl-a and a, (490) with
R? values of 0.30 and 0.32, respectively (Fig. 11c, d). Con-
versely, Chl-a showed weak relationship with R, -based
Appp and acpoy (figure not shown). The modelled K (490)
was compared with averaged depth value of in situ K, for
downwelling irradiance at same wavelength (Fig. 11e),
which were significantly correlated (R*=0.71, p <0.05).
The blue/red ratio (B/R), i.e. a,, (440)/a,, (676), which
serves an index to characterize the dominant phytoplank-
ton size in water column (Wu et al. 2007; Hirata et al.
2008) was analysed. The B/R calculated from spectropho-
tometric and radiometric measurements of a,, varied from
1.09 to 8.93 (avg. 4.42 +3.0) and from 4.29 to 12.35 (avg.
7.01 +£3.25), respectively.
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Discussion
Oceanographic characteristics

Large fluctuations in salinity and temperature values at SAF
(in the upper 5-10 m) were well in agreement with the previ-
ous reports showing that SAF region is usually associated
with the greatest temperature and salinity gradient (Holli-
day and Read 1998). The SST and SSS values were in par
with the criteria for identifying fronts in this region (Hol-
liday and Read 1998). Deeper MLD at PF2 indicated weaker
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stratification and deeper vertical mixing (as seen from the
negative N values in Fig. 2) at PF, which could be attributed
to the usual high wind speed prevailing in that area (Tripathy
et al. 2015). The deeper mixed layer would lead to lesser
light availability for phytoplankton photosynthesis and the
overall metabolism (Lee et al. 2007) in these stations.

The observed nutrient concentrations are comparable
to those reported previously (Jasmine et al. 2009; Gandhi
et al. 2012; Tripathy et al. 2014, 2015) during austral sum-
mer. Macronutrients potentially regulate phytoplankton
biomass and when their concentrations are adequate for
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healthy growth of diatoms, the atomic N:P:Si ratio within
the cells is about 16:1:15 (Redfield 1963). These ratios
have been used to study nutrient limitations in natural

STF
SAF
PF1a
PF1b
PF2a
PF2b

0 20 40 60 80 100
aph (443)

Fig.8 Ternary plot showing % contribution of a,, @y, and acpoy at
443 nm in the surface layer (~0 m) of the sampled locations

aquatic environments. The least N:P and low N:Si, Si:P at
the STF clearly indicate NO; limitation (N:P <5, N:SI< 1,
Levasseur and Therriault 1987) in the region. High con-
centrations of SiO, (> 10 uM) at the PF2 imply possibility
of diatom dominant community in this region, whereas
the regions north of PF are expected to be characterized
by small and non-siliceous phytoplankton communities
(Westwood et al. 2011; Tripathy et al. 2015). Nutrient
ratios discerned that the ambience at SAF, PF1 was Si-
limited and STF was N-limited, which was not condu-
cive for growth of larger plankton/diatoms, whereas no
nutrient limitation was apparent at PF2. Earlier findings
indicate year around poor concentration of SiO, in the
SAF region due to strong seasonal pycnocline in the SAF
region (Rintoul and Trull 2001; Mendes et al. 2015). It is
important to mention here that despite the HNLC condi-
tions, phytoplankton blooms (high Chl-a) are frequently
observed in surface waters over wide areas of the SO (Sabu
et al. 2014; Tripathy and Jena 2019), especially where
sources of iron (micronutrient) are significant. However,
the concept of nutrient limitation in the present context is
restricted only to the macronutrients, as measurements of
iron were not carried out in the current study.
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Fig.9 Scatter plots for Chl-a
and a,, (443) (a), a,, (676)
(b), a, (676) (c), ayy, (443)/a,
(443) (@), acpoy (440) (o),
acpom(412) (f) and TSM (g).
Relationship between TSM and
acpom (h) in study area
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Fig. 10 Scatter plots of a’, (a) (b)
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Variability in phytoplankton productivity

The productivity patterns showed a clear relation with sur-
rounding hydrographic variables. Depths of DCM varied
across fronts and deepened at PF stations compared to SAF
and STF, which could be linked to the deep and shallow
MLD observed at PF and northward (SAF, STF) stations,
respectively. The formation, development and sustenance
of DCM is governed by vertical mixing, balance of light
availability and nutrient supply leading to acclimatization

PP (mgC m3 d!)

of phytoplankton to the ambient conditions of this region.
The mismatch in depths of PP maxima and DCM could pos-
sibly be due to the interactive effects of light and nutrient
limitation on phytoplankton growth (Cullen 1982). Thus,
possible, active growth of photo-acclimatized phytoplankton
therefore marks the DCM in the water column. We observed
matching of DCM and Si-maximum, especially in the PF
regions, indicating growth/accumulation of shade-adapted
phytoplankton. Previous studies (Parslow et al. 2001; Gomi
et al. 2010; Tripathy et al. 2015) have shown that the DCM
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Table 3 Salient observations from regression analyses between: bio-optical variables and chl-a (a), physical parameters (b) and (c) inter-relation-
ships of the bio-optical variables (the values corresponding to surface sampling layer have been italicized)

(a) ay, (443) ay, (676) a, (676) a,(676) acpoy (412) TSM anpnlay (443) PP
Chl-a 0.72 0.64 0.45 0.95,0.33 0.32 0.55 0.65 0.32
b ay, (443) ay, (676)  TSM acpon @443V (© TSM  a,(443) @, (676) @’ (676)
676)
Salinity 0.33,0.75 0.26, 0.56 acpom 0.55
Temp 0.58 0.57 0.30,0.42 0.41 a, (443) 0.40
PAR 0.74 PP 0.48 0.37
a;h(443) 0.68
Fig. 11 Scatter plots showing @) 030 - y = -7.1857x + 4.2406 (b) 15 . y=07674x-0.9093
chlorophyll-a as a function of R2=0.77 R2=0.16 °
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layer (enriched with Si and Fe) was predominated by active
shade-adapted flora (especially microplankton). The weak
relationship between Chl-a and PP at the surface could be
due to presence of senescent phytoplankton in the surface
waters or stronger zooplankton grazing at surface layer than
the subsurface layers (Gomi et al. 2010). The column-inte-
grated Chl-a (Chl,,,) was lowest at PF2a and highest at STF
(Fig. 4c), which is similar to the pattern shown by Chl,,
Similar to Chl,,,, the integrated PP (IPP) values (Fig. 4d)
were lower at PF stations compared to the fronts (SAF, STF)
northwards. The fronts northward to the polar fronts have
been characterized by high phytoplankton biomass (Frone-
man et al. 1997; Graham et al. 2014). The current trend in
IPP values at PF are in line with previous reports near the
study area, where Jasmine et al. (2009) and Gandhi et al.
(2012) have reported IPP values of 200 mgC m~2 day~!
and 215 mgC m~2 day~!, respectively; however, the IPP
observed at the STF are substantially lower than the values
reported earlier (700-900 mgC m~2 day~"). This is likely
due to the observed SiO, and NO; limitation as evidenced by
extremely low N:Si and Si:P ratios. Role of iron as a limiting
factor for PP could not be discussed in this study due to lack
of in situ data. The major causes for low PP can be attributed
to the characteristic oligotrophic condition, high water col-
umn stability due to stratification and a thermocline depth
deeper than the compensation depth (Jasmine et al. 2009)
of the study region. A contrasting trend in IPP profiles was
observed by Tripathy et al. (2015) who have reported higher
IPP at PF (210.9 mgC m~2 day™!) than at STF (152.1 mgC
m~2 day~!) and attribute it to the stronger DCM observed
at PF region.

Lack of correlation between PP;, and integrated PAR,
indicated that surface incident light did not act as a major
controlling factor to modulate IPP. Earlier studies (Jasmine
et al. 2009; Tripathy et al. 2014) have also highlighted an
absence of any latitudinal trend in PAR variability in the
study area and negated the possibility of light limitation on
phytoplankton photosynthesis especially during austral sum-
mer. The similar P® values at all the stations (except higher
value at PF1) indicated less variability in photosynthetic
efficiency across the fronts. The linear PAR-P® relation-
ship indicated no photoinhibition at the STF, SAF and PF1,
whereas a curvilinear relationship indicated clear photoin-
hibition (decrease in surface P®) at PF2. The absence of
photoinhibition can be explained by the Si limitation at SAF,
PF1 and N limitation at STF, which is favourable for the
growth of smaller phytoplankton that are less susceptible
to pigment package effect (discussed in the later section).
Nutrient replete conditions at PF2 could be an indicator of
presence of larger phytoplankton (prone to pigment pack-
aging) in the region. Observations from satellite data were
subject to overcast sky at the time of sampling as evidenced
by lack of any clear latitudinal trend. The underestimation

in satellite PAR was more towards higher latitudes (PF sta-
tions), where the probabilities of cloudy sky condition is
usually higher. Since polar-orbiting satellite sensors (such
as MODIS) observe an area on the surface of the Earth only
a few times every day and measurements were interpolated
using the relationship between atmospheric transmissivity
and the reflectivity at the top of the atmosphere; there are
high chances that the patchy cloudy sky at the time of satel-
lite pass can lead to estimation error. Furthermore, this error
could worsen by the daylength and the number of overpass
counts per day in any particular area (Wang et al. 2010).
Comparatively lower (at STF, SAF, PF1b) and higher (at
PF2) values of daily PAR could be linked to presence and
absence of overcast sky condition during the sampling time,
respectively (Jasmine et al. 2009; Tripathy et al. 2014).

Similar to in situ observation, the satellite-based IPP
showed that STF was the highest productive zone followed
by SAF, whereas PF2 was the least productive zone. Usu-
ally, the VGPM holds good for Case I waters (where the
optical properties are mainly controlled by phytoplankton
biomass). However, some studies have shown that modifica-
tion or parameterization the VGPM can give better results
in Case II waters too (Tripathy et al. 2012). From the bio-
optical observations it can be classified that the study area
is close to the Case I rather than Case II waters. The high
CDOM and detrital absorption at some stations (Fig. 5)
north of the PF might have been produced locally (autoch-
thonous) due to phytoplankton degradation driven by the
heterotrophic microbial activities (Matsuoka et al. 2015).
However, the role of freshwater influx originating from
melt-ice (Sabu et al. 2014), and winter residue of Antarc-
tic surface water (Tripathy et al. 2015) at the surface and
subsurface layer, respectively, could not be ruled out. Both
these water masses can contribute towards enhanced acpgy
at PF. Results showed that the overestimation by VGPM
was particularly high where the a-pgy values were higher.
Furthermore, using weekly satellite Chl-a data (daily data
were not available) could have also led to this discrepancy.
Nevertheless, from the observed good agreement between
in situ and satellite-based IPP it can be inferred that VGPM
in its original formulation holds reasonably well even in this
area characterized by complex optical properties. Though,
Hirawake et al. (2011), Jasmine et al. (2009) also reported
good agreement between in situ and satellite-based IPP
in this sector; we postulate that site-specific tuning of the
embedded VGPM parameters would better reproduce the
measured IPP variability in the study area.

Fast repetition rate fluorometry-based observations
Phytoplankton photosynthetic parameters could be derived

from the vertical profiling of FRRf. The low F /F,, (pho-
tochemical efficiency) values in the surface layers can be
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linked to deficit of trace nutrients (presumably iron) in this
region (Kolber et al. 1988; Boyd and Abraham 2001). Low-
est surface F,/F,, values at PF1 could be due the shallow
mixed layer, in which cells were more exposed to a longer
daylength (Cheah et al. 2013) or possible time-of-day effect
(Aardema et al. 2019; Hughes et al. 2020) that might trig-
ger increased photoinactivation in phytoplankton. The F/F,,
showed a clear spatial variation but did not show any rela-
tion with ambient macronutrient concentrations. The opgyy
(functional absorption cross-section) showed lower values at
surface layer and increased with depth to reach maximum at
60 m and thereafter variation of opgy; as a function of depth
remained more or less constant (Fig. 6¢, d). Both opg;; and
opey €xhibited a similar vertical distribution pattern with
slightly lower values towards surface layers. Unlike F/F,,
decrease in surface values was less apparent in case of opgy;.
Both F/F,, and opg;; showed a weak exponential decrease
with increasing light intensity (Fig. 6e, f) but showed no
relation with ambient macronutrient concentrations. How-
ever, no clear relationship between these two parameters was
observed. There are reports of inverse relationship between
these two photosynthetic parameters from area between
Falkland Islands and South of Georgia in SO (Holeton
2005), which was attributed to nutrient limitation. From our
present observations, a clear dominance of any phytoplank-
ton size class could not be inferred.

An attempt was made to understand the physiological
status of the SO phytoplankton during the current study. The
low F,/F, and opgy; values observed in response to high
in situ PAR in the surface layers at all stations might be due
to the effects of non-photochemical quenching (Hughes et al.
2018, 2020) through which the phytoplankton dissipated
some excessive excitation energy and thereby lessened the
excitation pressure on PSII (Kolber and Falkowski 1993;
Raateoja et al. 2009). The presence of NPQyy highlight the
probability of saturated electron transport system which
might have resulted in low F/F,, and opgy; values observed
during the study. The variability in vertical profiles of F,/F,
and F, / F, was, however, not reflected in opgy;. We attribute

the absence of clear variability in functional absorption
cross-section in spite of variable F,/F,, and F ; F' to the

presence of NPQygy in the dark chamber which lead to a
saturated Electron Transport System (ETS) due to higher
PAR at surface or inhibitory quenching (Horton et al. 1996).
Xu et al. (2018) have reported similar results to those
observed by us and attributed the variability of magnitude
to conditions like NPQ, phytoplankton taxa present and
responses (like photoinactivation) of opg; to the light
condition.

Vertical mixing exposes the phytoplankton to exces-
sive light at the surface, which results in stressed condi-
tions (Cheah et al. 2013). Earlier reports have shown that
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the STF is dominated by smaller phytoplankton (Tripathy
et al. 2014, 2015) due to macronutrient depleted condition.
Nutrient ratios of this study (Table 2) also implied N and Si
limitation in this area. In a nutritionally replete environment,
phytoplankton cells can attain a maximum F,/F, value of
0.65 (Kolber and Falkowski 1993). F/F,, value <0.4 have
been an indicative of iron-stressed phytoplankton in the
SO (Olson et al. 2000; Boyd and Abraham 2001; Gervais
et al. 2002), whereas values higher than 0.5 generally are
indicative of little or no nutrient limitation (Behrenfeld et al.
2006). Based on the well-known status of the study region, it
likely suggests the probability of the cells being Fe-limited
(however, no explicit measurements for Fe could be carried
out in our study). From our observations it can be inferred
that (i) the phytoplankton were micronutrient (presumably
Fe)-starved especially at upper layer and (ii) there was a
reduction in the extent of nutrient limitation with depth.

Bio-optical variability and absorption budget

We examined the spectral absorption coefficients of phyto-
plankton, non-phytoplankton particles and CDOM to under-
stand the bio-optical characteristics of the study area. The
carotenoids are known to absorb between 440 to 530 nm
with peaks at 460 and 490 nm (Alcantara et al. 2016). The
peaks observed between this range were therefore attributed
to carotenoids among the a,,, spectra measured. The absorp-
tion peak at 675 nm was attributed to absorption by Chl-a
and Phaeophytin (Alcantara et al. 2016). The a,, (443) and
ay, (676) as a function of Chl-a are consistent with stud-
ies done at higher latitudes (Wang et al. 2005; Matsuoka
et al. 2007; Naik et al. 2010). The variability in relationship
between Chl-a and ay;, could be due to changes in intracel-
lular concentration of phytoplankton pigments and usually
the relationship between a,, and Chl-a varies depending
upon nature and concentration of phytoplankton pigments
(Bricaud et al. 1998; Ferreira et al. 2013). Furthermore, the
contribution of a,, (443) and a,,;, (443) to a,, (443) is highly
variable at lower Chl-a concentrations (< 0.5 mg m~>). The
observed inverse relationship between the ratio of a,,, to a,
at 443 nm with Chl-a (Fig. 9d) implied an increase in a,,,
(443) relative to a,, (443) (Bricaud et al. 2010; Kheired-
dine et al. 2018) as reported from Pacific Ocean indicating
presence of large amount of non-phytoplankton particles or
CDOM. Thus, it can be inferred that varying contributions
of non-phytoplankton particles (i.e. viruses, bacteria, detri-
tus and inorganic particles) have an important role in light
absorption in the study area. The relation between phyto-
plankton absorption coefficient and PP (R?=0.36) yielded
a stronger relationship than Chl-a and PP (R*>=0.32) cor-
roborating the hypothesis that variability in PP can be bet-
ter explained by phytoplankton light absorption than Chl-a
(Marra et al. 2007). The a,;, (443) and a,, (676) as a function
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of Chl-a are weaker in the study area, which implies a lower
contribution of a,, to the total absorption. The results are
comparable with studies carried out at higher latitude (Wang
et al. 2005; Naik et al. 2010).

The a;h(/l) signifies light absorption efficiency of phyto-
plankton for photosynthesis and is a key factor to estimate
PP (Platt and Sathyendranath 1988; Robinson et al. 2017).
Higher mean values of a,,, and a;h at surface than the DCM
indicates higher phytoplankton absorption and Chl-a specific
absorption at surface (Fig. 7a—d); further more variability in

ay, and a:h was noticed at surface than at DCM. The al’;h were

much higher than the a,,, which could be ascribed to adapta-
tion of dominant phytoplankton group (presumed to be
smaller size) to the ambient light condition, resulting in bet-
ter light harvest (Matsuoka et al. 2009). High a;h values in
the surface and DCM layer of STF could be attributed to the
prevalence of smaller phytoplankton as observed by nutrient
ratios and PAR—P® relationship (absence of photoinhibition).
Tripathy et al. (2014) reported very high values of P® at STF
due to predominance of smaller phytoplankton. The inverse
relationship between al’;h (443, 676) and nutrient concentra-
tion (data not shown) could be due to the high App value
observed at N-limited STF. The positive correlation between
pp (443) and temperature (R*=0.58), and that between Ay,
(676) and temperature (R>=0.59) suggest higher absorption
in comparatively warmer stations like SAF and STF. Kheir-
eddine et al. (2018) have reported high a;h (443) values at
warmer and high saline waters in Red Sea, which was usu-
ally dominated by picoplankton.

The ternary diagram (Fig. 8) showing contribution of
optically active constituents (dcpoms dnpn ad dpyp) to the total
absorption budget indicates a clear dominance of acpgy at
all stations except at PF2b where the a,,;, had maximum
contribution (61.23%). The a,, contributed nearly 10% to the
total absorption budget indicating that absorption in surface
waters are under the strong influence of materials other than
phytoplankton. The negative relationship between TSM and
temperature (figure not shown) indicates the intrusion of
cooler waters from south (coastal Antarctica) bringing in
more TSM to these areas. Towards the north, the TSM con-
centrations decreased as also evidenced from the a,,, values
from the ternary plot. From the positive relationship between
acpom and water temperature it can be inferred that forma-
tion of CDOM is predominant in warmer waters or is being
transported by warmer waters from surrounding areas. The
ternary plot shows that the CDOM contribution was higher
at STF and SAF, even though higher values were also noticed
at PFla and PF2a; it could possibly be due to the allochtho-
nous (originated from outside of that area) materials brought
by the meltwater from coastal Antarctica. Sabu et al. (2014)
have shown that anomalous phytoplankton bloom reported
in this area was triggered by the nutrient-laden freshwater

influx originating from ice-melt in coastal Antarctica. The
weak positive correlation between Chl-a and acpgy, (440),
acpom (412) also indicated presences of sources other than
phytoplankton (Fig. 9e, f). Balch et al. (2014) have reported
similar findings from Arctic waters. The inverse relationship
of TSM with Chl-a (Fig. 9g) indicated higher concentration
of TSM at surface layer than DCM where phytoplankton
biomass was higher, whereas its positive relationship with
acpom (Fig. 9h) implied their co-variability or probable ori-
gin from similar sources supporting the above observation.

Pigment packaging effect

Increase in Chl-a concentration is usually associated with an
increase in intracellular pigment concentration or cell vol-
ume, which leads to decrease in phytoplankton light absorp-
tion efficiency (i.e. lack in correlation between light-har-
vesting efficiency and pigment packaging originating from
intracellular overlap of the chloroplasts on one another) pop-
ularly known as “package effect” (Bricaud et al. 1995). It has
been proved that increase in pigment concentration or cell
volume also results in decrease in P® or assimilation num-
ber (Marra et al. 2007). The observed photoinhibition in the
surface layer of PF2 could be ascribed to package effect or
the higher daily PAR (Fig. 4d) at PF2 could have caused the
observed photoinhibition irrespective of plankton size class.
Usually large (> 10 um) phytoplankton are prone to strong
packaging effect, resulting in low Chl-a specific absorption,
and vice versa (Bricaud et al. 1995). Previously, Tripathy
et al. (2014) have reported photoinhibition in coastal Ant-
arctic stations (65° S) and no photoinhibition at north of 50°
S and attributed the photoinhibition to pigment packaging in
larger phytoplankton predominant in coastal waters.

To evaluate pigment packaging, we also used Q% (676),
the indicator of pigment packaging effect, because light
absorption is not influenced by accessory pigments at
676 nm (Matsuoka et al. 2009). The Q7 value theoreti-
cally varies between 0 (maximum package effect) and 1
(no package effect) (Alcantara et al. 2016). The moderate
inverse relationship between Q (676) and Chl-a, and the
values (< 1) for Q7 (676) implied packaging effect at PF2b
(Fig. 10c). Q7 values for other stations indicated no pack-
age effect. This is in accordance with the observed PAR—P®
relationship, which shows no photoinhibition at surface
layer at STF, SAF and PF1a and could be attributed to the
presence of smaller phytoplankton as supported by nutrient
data. However, O (676) ratios at SAF and PF2b at DCM
indicated package effect. It has been shown that DCM in
SO is usually dominated by larger phytoplankton (Gomi
et al. 2010; Tripathy et al. 2015), which are prone to pig-
ment packaging. From our observations it can inferred that
the surface and DCM waters are dominated by smaller and
larger phytoplankton, respectively. Q% (676) values higher
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than the theoretical maximum could be due to the “associ-
ated uncertainties” in path-length amplification  factor (i.e.
the ratio of optical to geometrical path-length) in labora-
tory measurements, which increases with decreasing optical
density (Bricaud and Stramski 1990; Alcantara et al. 2016).

Most of the a;‘h (4) values in our study, were > 0.05 m?
mgChl-a~! are an indicative of less packaging effect or
higher concentrations of non-photosynthetic pigments,
implying the presence of smaller phytoplankton (Bricaud
et al. 2010) at the sampling locations. Considerable light
absorption by accessory pigments, is known to have an
impact on azh estimates that vary across the blue to red spec-

tral range. The packaging effect observed at nutrient replete
PF2 region could be corroborated by the large variability
observed in a;;h in the blue spectrum (at 443 nm) than the red
spectrum (at 676 nm) or changes in pigment composition
(Bricaud et al. 1998). Though our dataset does not allow us
explain the process involved; studies (Palmisano et al. 1986;
Mendes et al. 2015) have shown that phytoplankton can
modulate their photosynthetic efficiency when subjected to
changing light intensity in the Polar Regions. Pigment pack-
aging has been observed to be significant at high latitude
marine ecosystems as phytoplankton acclimate themselves
to the low-light and high-nutrient environment (Cota et al.
2003).

Deriving phytoplankton size classes from in situ
radiometric measurements

Variation in phytoplankton absorption characteristics were
used to classify the surface phytoplankton community struc-
ture in the study area. The blue to red ratio (B/R) from spec-
trophotometric and radiometric measurements of a,, indi-
cated the dominance of small phytoplankton in the surface
waters in all stations except at PF2b, where the spectropho-
tometric B/R was 1.09 implying microplankton dominance.
In principle, if the B/R is> 3.0, it indicates dominance of
picophytoplankton (<2 pm). If the ratio is <2.5, dominance
of microphytoplankton (>20 pm) is implied (Hirata et al.
2008). Ratios between 2.5 and 3.0 indicate nanophytoplank-
ton predominance in the phytoplankton community structure
(Aguilar-Maldonado et al. 2018). From the observed nutrient
ratios in the study area it is inferred that the environment was
not conducive (N and Si-limited) for large phytoplankton,
which could have led to succession by smaller ones in the
surface waters. The blue to red ratio of a;h is used as proxy

of phytoplankton size, where higher values (> 3) of a;’)‘h
(443)/‘1311 (676) are associated with smaller cells (Lohrenz

et al. 2003). All the stations in the study area, exhibited
predominance of relatively smaller size phytoplankton and
hence less or no package effect as reported elsewhere by
Naik et al. (2013), which corroborates our observations
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discussed in previous sections. The moderate relationship of
radiometer-derived K, (490) with in situ Chl-a and Ay, (490)
(Fig. 11c, d) indicates that the factors other than phytoplank-
ton biomass (such as a,,, acpoym and TSM) also influence
the light attenuation in the water column. The comparative
result for modelled K (490) and the averaged depth value of
in situ K for downwelling irradiance indicated that the mod-
elled K, (490) calculated using the upper 20 m depth could
explain most of the variability (71%) in the in situ K, (490)
indicating maximum optical variability in the upper layers
(~120 m). In situ R -based Chl-a was retrieved using OC2,
OC3 and OC4 (version 6) algorithms designed for SeaWiFS,
which showed a good correlation with measured Chl-a and
explained ~ 75% of variability in it (Fig. 11f), implying that
global algorithms hold reasonably well in this region.

Summary and conclusions

The current study highlights variability in phytoplankton
productivity and bio-optical characteristics in the lesser
explored Indian sector of the Southern Ocean. The in situ
productivity estimation indicates STF to be the most pro-
ductive region, whereas PF2b as the least, which is well
supported by the FRRf-based photosynthetic measurements.
The subsurface PP maxima can be regarded as an indicator
of photoinhibition/micronutrient limitation in the surface
layers. High integrated PP at STF was associated with high
concentrations of Chl-a and a shallow DCM. The observed
agreement between in situ and satellite-based Chl-a and PP
revealed that global models in their original formulation
would function well in the study area in spite of its complex
optical properties. Nitrogen limitation at the STF was associ-
ated with presence of small sized phytoplankton with better
light-harvesting capacity, which was corroborated by bio-
optical measurements. A low to moderate (0.1-0.4) F,/F,,
indicated overall reduced phytoplankton photosynthetic
efficiency in the study area. The in situ absorption measure-
ments and ratios between remote sensing reflectance-derived
phytoplankton absorption at blue/red band indicated domi-
nance of smaller phytoplankton (less or no pigment pack-
aging effect) in the surface, whereas larger phytoplankton
(prone to pigment packaging) at the DCM. Low contribution
of ay, to the total absorption budget implied that surface
waters were under a strong influence of non-phytoplankton
materials.

It can hence be inferred that changes in ambient physical
environment in terms of light and nutrient availability, and
bio-optical characteristics could modulate phytoplankton
size class and thereby productivity more critically in surface
than in the deeper layers of ISSO. The current study fairly
improves our understanding of PP estimates and bio-optical
variability in this sparsely sampled region. We recommend
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a long-term monitoring of PP and bio-optical variables with
emphasis on surrounding physicochemical environment to
know the changing mechanisms of carbon-sequestration bet-
ter. Such concerted efforts will improve the current under-
standing about the contribution of SO in the global carbon
cycle and its potential role in climate change scenario.
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