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Abstract

To examine the spatial variability and controlling factors of new, regenerated and primary
productions, 21 stations were studied during fall monsoon period in the western Indian Ocean under
Indian-GEOTRACES program. The primary, new and regenerated productions were estimated based
on the incubation of enriched *Chcos and *Nnos, °Nnha tracers respectively. High nitrate and
phosphate concentrations were observed in the upper 30 m of water column in the Arabian Sea (AS)
due to advection of upwelled waters from Oman and Somalia coasts. Chl-a in the upper 25 m of
water column was low with prominent subsurface Chl-a maximum (0.5-1.3 mg m) between 25 and
50 m. The mean new production was almost similar in the AS and the South Indian Ocean (SI0O;
north of 30°S) with higher regenerated production in the SIO than AS. The photic zone integrated
nitrate, and phosphate showed positive relation with primary production and negative relation with
new and regenerated production. The photic zone integrated primary production was more than
double in the AS (12384626 mg C m d) compared to the SIO (675+431 mg C m? d!) with
significant positive relation with photic zone integrated Chl-a. The range of primary production
observed in the Indian Ocean (236-1899 mgC m d?) is within the range observed in the tropical
Pacific and Atlantic Oceans (210-1887 mgC m d). The contribution of primary production in the
upper 25 m to photic zone integrated production was higher in the AS than the SIO due to low
nutrients in the upper water column in the latter basin. Depth of nitracline showed inverse relation
with primary production and f-ratios (ratio of new to primary production) in the study region.
Insignificant differences in mean primary production and f-ratios were observed in the AS during
2015 (present study) as compared to a 1995 study, contradicting the belief that rapid warming may
modify primary production.
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1. Introduction

Annual phytoplankton production in the ocean accounts for about half of the Earth’s primary
production and it is the main source of energy to heterotrophs. Primary production not only supports
carbon demand in the surface waters, but also that in the deep ocean layers through export. The new
production in the surface mixed layer determines the amount of export production to deeper layers
(Eppley and Peterson, 1979). The magnitude of primary and export productions determines the
amount of carbon dioxide removed from the atmosphere (Turner, 2015). The export production to
subsurface waters is one of the major governing processes that determines the intensity of the oxygen
minimum zone (OMZ; McCreary et al., 2013). It is estimated that about 10% of the global net
primary production is exported to the subsurface waters (Buitenhuis et al., 2013; Siegel et al., 2014).
However, this fraction depends mainly on the nutrient availability, physical processes,
phytoplankton composition and the hydrological conditions.

The north western Indian Ocean (Arabian Sea, AS) is one of the most highly productive regions in
the world with large spatial and seasonal variability due to changing physical processes (Bhattathiri
et al., 1996; Barber et al., 2001). The high production in the AS is caused by occurrence of
convective mixing during winter and upwelling during the summer that bring nutrients to the photic
zone. The primary production in the AS varies from 852 to 1344 mgC m d* (Barber et al., 2001),
552 to 1032 mgC m d* (Dickson et al., 2001), 545 to 1530 mgC m2 d™* (Savidge et al., 1999) and
163 to 606 mgC m2 d* (Bhattathiri et al., 1996) during non-monsoon period. The variations in
primary production recorded by different investigations seem to have been caused by spatial
variation as Bhattathiri et al. (1996) studied in the eastern AS whereas the other studies are mainly in
the western and central AS. In contrast, primary production during summer monsoon is significantly
greater than non-monsoon periods due to higher nutrient inputs from subsurface waters through
vertical mixing (Barber et al., 2001; Dickson et al., 2001). On the other hand, the equatorial Indian
Ocean and South Indian Ocean (SIO) are low productivity regions due to the absence of equatorial
upwelling (Schott and McCreary, 2001). Qasim (1977) analysed primary production data collected
during International Indian Ocean Expedition (IIOE) and reported that higher surface primary
production in the Bay of Bengal (BoB) was due to supply of nutrients through river discharge than in
the AS and the SIO. In contrast, the annual mean depth integrated primary production to the photic
zone was 1.5 times higher in the AS than in the BoB and the S10 and such higher production in the
AS has been found in the Oman and Somalia coastal regions due to strong upwelling (Barber et al.,
2001). Barber et al. (2001) found that primary production in the AS is the highest in the Indian
Ocean. Gauns et al. (2005) compared primary production in the AS and BoB with limited data and



found that AS was highly productive compared to BoB due to strong stratification and less nutrients

inputs to the latter.

McCarthy et al. (1999) estimated new production in the AS using isotopically enriched nitrogen
tracers during winter (January-February 1995) and post (fall) monsoon (October-November 1995)
periods. They found that new production varied from 52 to 665 and 31 to 406 mgC m2 d* in the AS
during winter and post monsoon periods, respectively. The estimated f-ratio (ratio of new to total
production) varied from 0.01 to 0.31 and 0.04 to 0.29, respectively, during winter and post monsoon
periods. Gandhi et al. (2010) measured new production of ~53 to 152 mgC m? d! with f-ratios of
0.69 - 0.83 during premonsoon (April) period in the eastern shelf of AS and high f-ratios are
attributed to occurrence of nitrogen fixation. However, these measurements are mainly restricted to
the shelf region of east coast of AS (Gandhi et al., 2010).

Upper ocean particulate organic carbon flux exported to the subsurface layers (>100 m) has been
estimated using particle reactive Thorium-234 in the AS and found to be 5-10% of the primary
production (Buesseler et al., 1998). The highest ratio of particle flux to primary production (17-28%)
is observed during post monsoon period in the AS (Buesseler et al., 1998). Recently Anand et al.
(2018) found that <10% of the primary production is exported to depths below 100 m in the AS
during premonsoon (March to April). The fraction of the primary production exported to subsurface
layers in the AS is found to be higher (5-10%) than in BoB (2-5%), which is attributed to
microplankton contributing to primary production in the AS (Ownes et al., 1993; Anand et al., 2017,
2018) against picophytoplankton contributing in the BoB (Sherin et al., 2018). To our knowledge,
since IIOE (Qasim, 1977), there have been no further reports on productions of primary, new,

regenerated and export are available from the SIO.

Recently Roxy et al. (2014) concluded that Indian Ocean is warming up rapidly and that summer
monsoon is becoming weaker in recent years due to climate change, which may have begun to result
in a decrease in primary production in the Indian Ocean. On the other hand, satellite Chl-a in the AS
and equatorial Indian Ocean is observed as increasing from the 1970’s to early 2000’s (Gregg et al.,
2003). Consistent with Roxy et al.’s observation, Gregg et al. (2017) observed a decline in Chl-a
trend in the North and equatorial Indian Ocean, based on 18 years satellite Chl-a (1998-2015) data
and based on numerical models, and they attributed it to a decline in diatoms and chlorophytes and
increase in cyanobacteria. Due to lack of long-term in situ data, the dichotomy could not be
resolved. The objective of this study is to 1) examine the spatial variability in the primary, new and
regenerated production in the north western Indian Ocean, 2) estimate f-ratios and evaluate potential

reasons for their variability during post-monsoon period and 3) examine the possible changes in
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primary production and f-ratios in the Indian Ocean in the past two decades by comparing data
collected during 1995 under Joint Global Flux Study (JGOFS) and present study (2015).

2. Material and methods
2.1. Sampling

Seawater samples were collected in the Indian Ocean as a part of Indian GEOTRACES program, two
cruises were conducted on board ORV Sagar Kanya (Cruise No. SK- 324 and 325) between India
and with Goa-Mauritius and Chennai transects (Figure 1). Cruise (SK 324) started on 22 September
2015 at Goa, India and reached Port Luis on 20 October 2015 and then reached Chennai on 20
November 2015 covering a wide range of oceanographic settings from the low productivity SIO
(5°S-25°S) to the highly productive AS (along ~59°E) in the Indian Ocean.

Vertical profiles of salinity, temperature, dissolved oxygen, fluorescence and photosynthesic active
radiation (PAR) were measured in situ using sensors attached to clean ultra-trace metal free CTD-
Rosette system (SeaBird Electronics, USA). Density of water column was estimated using in situ
temperature, salinity and pressure. After subtracting 0.5 °C from the temperature profiles, the density
was estimated again. The depth of MLD was taken where the difference in density of in situ
temperature and density after substracting 0.5°C was zero (Shenoi et al., 2004; Shankar et al., 2016).
The depth of photic zone was estimated as the depth that coincided with 0.1% of surface PAR. Water
samples from the Niskin bottles were sub-sampled into 60 ml glass stoppered bottles and care was
taken to avoid trapping of air bubbles for dissolved oxygen (DO). The DO was measured using
Winkler titration method following potentiometric detection (Carritt and Carpenter, 1966) using
potentiometer (Titrando Metrohm, Zofingen, Switzerland). Nutrient concentrations were measured
by colorimetric techniques following Grasshoff et al. (1992). The precisions of nitrate, ammonium,
phosphate and silicate were +£0.02, 0.02, 0.01 and 0.02 uM, respectively. About 5-10 L of water was
passed through a 0.7 um GF/F filter and the Chl-a retained on the filter was extracted into 90%
acetone, and measured using High Performance Liquid Chromatography (HPLC; 1200 series,
Agilent Technologies, USA) following Roy et al. (2015).

2.2. In Vitro Primary Production Measurements

Seawater samples were collected at six light depths where 100%, 90%, 75%, 50%, 25% and 1% of
surface PAR occurred at 21 stations along the cruise track with 7 stations in the SIO and 14 stations
in the AS for primary productivity and new production. The primary production in seawater at
different depths was measured by spiking enriched sodium bicarbonate (NaH**COg3; 99%; Sigma

Aldrich, USA) and its uptake by phytoplankton was measured following the procedures given by
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Hama et al. (1983). Briefly, seawater samples were collected from different light depths in Nalgene
transparent bottles and 0.2 mL of 2 mM of *C enriched sodium bicarbonate spike added to one litre
of sample in triplicates of light and dark bottles and incubated in the deck incubator. The temperature
in the incubator was maintained with running surface seawater. Different light screens were used to
maintain light intensities representative for the deeper samples. Samples were incubated for 24 h and
were filtered through pre-combusted GF/F filters in the same manner as for POC samples. The POC
filters were frozen at -20°C after filtration on board the research vessel. In the shore laboratory, the
filters were dried overnight at 50 °C and the filter was acid-fumed (HCI) for12 h to remove inorganic
carbon, and then dried again for analyses of the organic carbon content and isotopic composition.
The change in the isotopic composition of the carbon was measured using elemental analyzer

coupled to an isotope ratio mass spectrometer (IRMS; Delta V Plus, Thermo Electron, Germany).

The initial isotopic composition of carbon was measured by filtering the sample soon after addition
of spike. The computation of primary production from the concentration of POC and isotopic
enrichment were done following Hama et al. (1983). The precision of primary production in terms of
the CV was 5%.

2.3. In Vitro new and regenerated production measurements

One litre of seawater sample was taken from 6 light depths (same as in primary production
measurements) in transparent polycarbonate Nalgene bottles. Incubation was initiated after adding
trace quantities of °N labelled (99 at%) NaNOs; and NH4Cl in different bottles. Nutrients data of
each sample were used to determine the quantity of °N addition. The target level was 10% of
ambient nutrient concentration. All experiments were conducted in triplicate. The samples were
immediately placed in deck-board incubators with flowing surface seawater to prevent solar heating
and light screens to simulate in situ light levels. Incubations were terminated by filtration on
combusted Whatman GF/F filters (McCarthy et al., 1996).

Isotopic composition of nitrogen was measured using an Isotope Ratio Mass Spectrometer in the
same way as mentioned for *3C for primary productivity. Isotope tracer techniques with **N labelled
substrates were used to obtain rates of nitrate and ammonium uptake following standard protocols
(McCarthy et al., 1984; 1996; 1999). Ammonium uptake rates were corrected for isotope dilution as
per Garside and Glibert (1984) and all uptake rates are expressed as p. The f-ratios were computed as
the ratio of new production to total primary (new + regenerated) production following McCarthy et
al. (1996). In order to minimize uncertainties arising from growth, grazing and potential depletion of

nutrients, incubations were conducted for 4 h duration. At each station, 4 samples with enriched



nitrate and 4 samples with enriched ammonium were incubated through four hour duration in five
batches during 0600-1000h, 1000-1400h, 1400-1800h, 1800-2200 and 2200-0200 h. Daily rates of
nitrogen uptake were computed by summing the uptake rates for both day and night time. The

precision of the atomic ratio (at%) was 0.007 and particulate nitrogen is 0.05 uM.
2.4. Satellite Data

Sea surface temperature (SST), salinity (SSS), Chlorophyll-a (Chl-a), sea surface height anomaly
(SSHA) and geostrophic currents in the study region were mapped from satellite observations to
examine the water conditions and identify specific features such as eddies. The monthly mean SST
(spatial resolution of 4 km?), SSS (0.5 x 0.5°), SSHA (0.25 x 0.25°), and geostrophic currents (0.25 x
0.25° were obtained from Copernicus Marine Environmental Monitoring Service (www.marine.
copernicus.eu) (Figure 1). The SSHA and geostrophic currents on the day of sampling of each station

are given in Supplementary Figure S1.
3. Results
3.1. Spatial variations in hydrographic parameters in the western Indian Ocean

Mean sea surface temperature, salinity, Chl-a, merged sea surface height anomaly (SSHA) and
geostrophic currents in the Indian Ocean are shown in Figure 1a—d for the study period (September-
October 2015). Equatorial region is warmer compared to north and south of Indian Ocean where
relatively cooler waters were observed in the south of 10°S (Fig. 1a). Salinity was higher by up to 0.5
psu in the eastern (stn. 3-6) than the western AS (stn. 8-17) that decreased towards SIO (Fig. 1b).
Higher Chl-a was observed in the western AS in association with low temperature compared to other
study region. Chl-a in the SIO was a little over 50% of that of AS (Fig. 1c). Variations in merged
SSHA and geostrophic surface currents in the Indian Ocean showed an increase in SSHA by 0.2 m in
the western AS and south of equator (Fig. 1d). Though several cyclonic and anticyclonic eddies were
found in the study regions, the sampling was done only outside the eddy regions (Supplementary

Figure S1) to represent and compare normal oceanographic features.

The water column was thermally stratified in the study region with temperature gradients of 4 to 7° C
between upper 40-80 m and depths below (Fig. 2a). The depth of 26°C isotherm was at about 55 m in
the north that deepened to ~80 m to the south of 9°S. Similarly, higher salinity (by ~0.75 psu) was
observed to the north of 12° N, which decreased southward with weak vertical salinity gradients (Fig.
2b). Relatively low salinity was observed in the coastal than offshore regions. Chl-a in the upper 20
m of water column was mostly <0.15 mg m™ but with higher surface values (>0.15 mg m=) to the
north of 15°N in the coastal AS (stn 5, 6) and 9°S (Stn 17) (Fig. 2c). Prominent subsurface Chl-a
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maximum (0.2 to 0.5 mgm™3) was observed in the entire study region, but was weaker to the south of
9° S (0.1-0.15 mg m3; stn. 18-21). The highest subsurface Chl-a maxima with >1.5 mg m= were
observed between 10 and 20°N (stns. 8-11). The subsurface Chl-a maxima were shallower in the
north that deepened in the south. The photic zone integrated Chl-a ranged between 6.2 and 64.6 mg
m2 in the study region with higher concentrations in AS (42.5+3 mg m) than in S10 (31.6+4 mg m-
2) (Table 1). Photic zone integrated primary production showed significant positive relation with that
of photic zone integrated Chl-a, except in coastal waters (stns. 1-3) (Fig. 5; r?>=0.68; p<0.001).
Dissolved oxygen (DO) in the upper 50 m of water column ranged between 170 and 228 uM with
relatively low concentrations in AS than in SIO (Fig. 2d). DO concentration below 85 m were
significantly lower (<100 uM) in the AS but was higher in the SIO (>100 puM). The lowest DO
concentrations were observed at depth greater than 50 m in coastal waters (stn 1-3) and the northern
Arabian Sea (17-21°N; Stns. 7-8) and were associated with cooler waters. The vertical boundary of
low DO zone mostly followed the depth of thermocline (Fig 2d). The photic zone varied between 89

and 123 m in the open sea regions with deepening from north to south.

The concentration of dissolved nitrate was 0.5 to 1.0 uM in the upper 25 m of water column in
coastal region in the AS (Stn. 1-3). The depth of <0.5 uM of nitrate was shallow in the AS (20 m)
and deepened towards SIO to 80 m (Fig. 3a). The depth of nitracline (represented by 2 uM isoline)
occurred at 15 m in the north and deepened to 82 m in the south (9°S) but it was below 100 m in the
region north of 9° S. The mean concentration of nitrate in the photic zone was higher in AS
(5.6£3uM) than in SIO (0.8+0.2uM). In contrast, the concentration of ammonium in SIO in the
photic zone was higher than in AS (Fig. 3b). Both phosphate and silicate concentrations were higher
in the AS compared to that in SIO (<0.5 uM) (Fig. 3c, d). The depth of 2 uM silicate isoline was
below 30 m in the AS, except in coastal region, and south of equator. Enhanced phosphate and
silicate were observed in the upper 40 m of water column in equatorial region. The mean

concentration of silicate in the photic zone was higher in AS (4.2+2 uM) than S10 (3.0£2 uM).
3.2. Spatial variation in new and regenerated production in the western Indian Ocean

The nitrate and ammonium uptake rates varied between 0.02 and 3.2, and 0.08 and 11.65 mgN m= d-
! respectively, in the photic zone. The depth (photic zone) integrated nitrate and ammonium uptake
rates varied from 13.3 to 58.8 and 85.6 to 406.7 mgN m d! respectively (Table 1). The nitrate and
ammonium uptake rates were converted to new and regenerated production using Redfield’s C/N
ratio of 6.6. The new production in the western Indian Ocean varied between 0.13 and 71.3 mgC m™

d? during the study period and relatively higher production was observed in equatorial region



(between 10° N and 10° S). The photic zone integrated new production ranged from 87.8 to 398.0
mgC m?2 d* (Table 1) and it was nearly the same in AS (245.5+297 mgC m? d*') and in SIO
(264+165 mgC m2 d1) (Fig. 4a; Table 2). In contrast, regenerated production was lower in the AS
(12544574 mgC m2 d1) than in SIO (1933+838 mgC m2 d) (Fig. 4b). The depth of nitracline
showed significant linear relation with photic zone integrated new (r?=0.47; p<0.001) and
regenerated production (r?=0.48; p<0.001) in the study region (Fig. 6a,b). But the depth integrated
(photic zone) regenerated production was higher by a factor of 3.6 to 14.1 compared the new
production (Table 2).

3.3. Spatial variation in primary production in the western Indian Ocean

The primary productivity in the surface waters varied between 5 and 48 mgC m=d* in the study
region. The lowest surface production was noticed in coastal waters of the AS (stns 1 and 2) and in
the SIO (stn 18 and 21). The depth integrated primary production in the photic zone varied between
229 and 1900 mgC m2d*in the Indian Ocean with relatively higher production in the AS than in the
SIO (Fig. 4c). The mean photic zone integrated primary production was higher in the AS (1238+626
mgC m2d?) than in SIO (675+431 mgC md™) (Table 1).The photic zone integrated Chl-a showed
significant linear relation with photic zone integrated primary production (Fig. 5). The depth of
nitracline displayed significant negative relation with primary production (regression model II;
r?=0.42; p<0.001; Fig 6c) and positive relation with temperature (regression model II; r?=0.77;
p<0.001; Fig. 6e) in the study region (Fig. 6a-c), except in coastal regions (stn 1-3). The photic zone
integrated primary production showed inverse relation with photic zone mean N/P ratio (Fig. 6f). The
f-ratio varied between 0.08 and 0.26 with relatively higher values f-ratios in the AS (0.144+0.06)
than in SIO (0.122+0.05; Table 1). The f-ratios showed linear relation with photic zone mean

temperature and integrated Chl-a (Fig. 6g,h) and inverse relation with depth of nitracline (Fig. 6d).
4. Discussion
4.1. Variability in nutrients concentrations in the western Indian Ocean

The water column temperature suggests that waters were thermally stratified in the western Indian
Ocean, especially to the north of 9° S (Fig. 2a). Higher salinity was observed in the north western
Indian Ocean due to high evaporation over precipitation (Prasad et al., 1997) leading to formation of
Arabian Sea High Saline waters during the winter (Fig. 2b). The mixed layer was deeper in the SIO
(5715 m) than in AS (35.748 m). The depth of mixed layer generally governs nutrient
concentrations in the upper ocean. As a result, relatively lower nutrients concentrations were

observed in the upper 80 m of water column in the SIO than in the AS (Fig. 3a-d). The



concentrations of silicate were higher in the coastal AS and equatorial Indian Ocean than in the SIO
and open ocean region of the AS. Such high concentrations of silicate were also found in the
equatorial region that may possibly be due to advection of BoB waters from east to western
equatorial Indian Ocean (Schott and McCreary, 2001). Nevertheless, existence of stronger
heterotrophy is expected in the SIO than in the AS due to lack of nutrients in the upper 80 m of water
column (Fig. 3). Relatively lower nitrate and higher phosphate concentrations with low N/P ratio
(2.7£2) were observed in the mixed layer indicating possible nitrogen fixation (Fig. 3a, d). The
isotopic composition of particulate nitrogen (5°Nen) in the study region was higher (4.8 to 7 %o;
Sherin, 2019) than expected if nitrogen fixation occurred (0 %o) suggesting that nitrogen fixation can
be negated as a dominant mechanism of organic matter formation. Sherin et al. (2018) found lighter
nitrogen isotopic composition in the particulate nitrogen (3-4 %) in the BoB during fall (post)
monsoon (November-December) and suggested that phytoplankton may utilize dissolved organic
nitrogen (DON) as an alternative source of nitrogen. In contrast, the higher 5Npn (4.8-7 %o)
indicates low contribution of DON as a nitrogen source to phytoplankton productivity during the
study period. However, further study is needed to examine the role of nitrogen fixation and
utilization of DON in this region.

Though nutrients in the upper ocean were low in the western Indian Ocean, the photic zone
integrated nutrients increased progressively from south to north, for example for nitrate, from 17.9 to
1392 mmol m2. The photic zone integrated nitrate was higher in AS (703+220 mmol m2) than in
SIO (108+68 mmol m) (Table 1). Similarly photic zone integrated phosphate was also higher in AS
(70.5+13 mmol m) than SIO (47.0+14 mmol m™).

4.2. Influence of water column nutrients on new and regenerated production

The photic zone integrated new and regenerated production varied from 87.8 to 600 and 565 to 2684
mgC m2d?, respectively, in the Indian Ocean. The mean new and regenerated production in the AS
(179486 and 12044582 mgC m d respectively) and in the SIO (203+90 and 1654+263 mgC m2d*
respectively; Table 1) suggests that new production may be similar but the regenerated production is
significantly higher in the SIO than in the AS (tst=-3.1; p<0.01). The primary production in the
Indian Ocean is in the same range measured in the tropical Pacific (210-1179 mgC m d, except in
Peruvian upwelling region (Pace et al., 1987; Bouteiller et al., 2003; Pennington et al., 2006) and
Atlantic Ocean (130-1320 mgC m™ d during winter and autumn (Vinogradov et al., 1997; Maranon
et al., 2003; Tilstone et al., 2009). The mean new production in the AS during the present study
(179+86 mgC m2d™) agrees with that during 1995 (138.6+39 mgC m2 d; McCarthy et al., 1999).



The depth of nitracline showed significant positive relations with both new (r?=0.47; p<0.001; Fig.
6a) and regenerated production (r?=0.48; p<0.001; Fig. 6b) in the western Indian Ocean. When depth
of the nitracline is deeper, the concentration of nutrients in the upper water column is significantly
lower and addition of nutrients from external sources (tracer nutrient) would increase new production
and this would be one of the draw backs of the tracer method. The photic zone integrated nitrate, and
phosphate showed positive relation with primary production (Fig. 7a, d) whereas negative relation
with new production and regenerated production in the western Indian Ocean (Fig. 7b-c, e-f). The
photic zone integrated silicate did not show significant relation with new and regenerated production,
despite silicate concentration in the mixed layer being lower than the limiting concentrations (<2
uM) (data not shown), which suggests that non-silicious phytoplankton may be contributing to the

production.
4.3. Influence of water column characteristics on Primary production

The photic zone integrated Chl-a is higher in the AS (42.5+3 mg m) than in the SIO (31.634 mg m
2). As a result, the photic zone integrated primary production was also higher in the AS (12384626
mg C m d?) than in the SIO (675+431 mg C m™ d*!; Table 1). The photic zone integrated primary
production of water column showed significant linear relation with photic zone integrated Chl-a in
the entire study region suggesting that the phytoplankton biomass nearly represents primary
production in the study region (Fig. 5). The contribution of upper 25 m water column primary
production to column production (100 m) was higher (45+5%) in AS but it was lower in SIO
(28+£6%) which appears to have been mainly caused by availability of high concentrations of
nutrients in the AS.

Both mixed layer mean nutrients and Chl-a did not show significant relation with photic zone
integrated primary production. In contrast, photic zone integrated nutrients displayed significant
linear relation with photic zone integrated primary production (Fig. 7) suggesting that occurrence of
nutrients below the mixed layer is important for primary production. Similarly the depth of nitracline
showed inverse relation with primary production as deeper nitracline leading to less nutrients
available for primary production (Fig. 6¢). The photic zone integrated Chl-a showed linear relation
with photic zone integrated primary production suggesting that subsurface Chl-a contributed
significantly to the primary production (Fig. 5). The subsurface Chl-a maximum occurrence mostly
above 40 m, where significant amount of light penetrates contributed significantly to primary

production.
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4.4. Comparison of PP by models and measurements

The primary production is estimated using remote sensing measured surface properties of ocean
(Behrenfeld and Falkowski, 1997; Behrenfeld et al., 2005; Westberry et al., 2008). The Vertically
Generalized Production Model (VGPM) uses remote sensing of sea surface temperature, surface
chlorophyll-a, photosynthetic active radiation and day length data to estimate primary production in
the euphotic zone. In this model phytoplankton biomass normalized primary production (pB) is
derived from its relationship with sea surface temperature following Behrenfeld and Falkowski
(1997). The Carbon based Productivity Model (CbPM) is an improved model over the VGPM
mainly for the depth of euphotic zone and using particulate backscatter and phytoplankton absorption
coefficients instead of Chlorophyll-a based (Behrenfeld et al., 2005 and Westberry et al., 2008). The
mean primary productivity estimated based on VGPM and CbPM models were significantly lower in
the study region than in situ primary production by 35 and 58%, respectively, in the AS and the
equatorial Indian Ocean whereas their results were over estimated by 50% and 10% respectively in
the SIO (Fig. 8a,b). Especially higher deviations between measured and models (both CbPM and
VGPM by 40-52% and 60-85% respectively) occurred in the region between 1°S to 12°N and it is
less in other regions (Fig. 8b). Notably VGPM and CbPM estimated equally the measured PP in the
SIO (by 42+20%) whereas CbPM estimated better in the Arabian Sea (63+18%) than VGPM
(43+13%) (Fig. 8b). This suggests that the both models are performing equally in low Chl-a regions
butCbPM is reproducing well in the high Chl-a regions (Fig. 8b). Such differences between
measured and modelled results may be due to time-scales of integration as in situ measurements are
daily mean whereas model data are monthly means. The monthly variability in the Chl-a in open
ocean regions is expected to be small during inter-monsoon period due to stratification. Even if the
variability is considered to be within 10%, the models are able to reproduce up to 40-60% of in situ
production in the Indian Ocean. These models are used in the potential fishery zone predictions in
the Indian Ocean and a caution needs to be exercised when using these predictions as models are
weakly reproducing true primary production. The primary production models could be refined with
the inclusion of seasonal nutrient inputs, stratification, and grazing in to consideration. Inclusion of
more in situ primary production data from this region may improve the model performance further

through improved calibration of models.
4.5. Comparison of new production and f-ratio with measured sinking fluxes

The new production is expected to be equivalent to exportable production from the photic to the
twilight zone as they are averaged over a period in which steady state is assumed (Eppley, 1989).

Based on the sinking fluxes estimated using particle reactive 2*Th and primary production,
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Buesseler et al. (1998) observed that 4.8 to 22.1% of the primary production is exported to the
subsurface layers during late SW monsoon in the open ocean region of the AS. Recently Anand et al.
(2018) observed 1.4 to 4% of primary production is exported to the subsurface layers (>100 m)
during premonsoon (March-April, 2014) in the AS. The present study suggests that the new (**N)
production accounts to 1 to 11.2% (mean: 3.5%) of the primary production (*3C) in the AS and 1.4 to
8.8% (mean: 6%) in the SIO. The mean new production to total production ratio (3.5+1%) is close to
the export production at 100 m depth using particle associated 2**Th tracer (Anand et al., 2018). On
the other hand, f-ratios in the study region ranged from 0.08 to 0.26 with means of 0.144+0.06 and
0.122+0.04 in the AS and SIO, respectively, during the study period (based on their ®Nnos
production divided by sum of *Nnos and °Nnwa production). The mean f-ratio is supposed to reflect
the fraction of primary production exported to the subsurface layers over a period of several months
(Eppley and Peterson, 1979). However, the mean f-ratio (Table 1) suggests that ~14% of the primary
production is exported to layers below 100 m in the AS and 12% in the SIO, which is only slightly
higher than the mean ratio of new production to total production (new and regenerated production by
15N method). This small difference could possibly be due to underestimation of total production by
15N tracer method due to non-inclusion of organic nitrogen production. Gandhi et al. (2010) reported
uptake of organic nitrogen using °N-urea and that increased f-ratios by ~10% in the coastal AS
during spring intermonsoon (March-April). Hence the derived f-ratios based on the new production
by *Nnos and total production by 3C tracer seem to be underestimates. Nevertheless, this study
suggests that the fraction of new production to total production (3.5%) is close to that of export
production estimated using 23*Th tracer (~3%; Anand et al., 2018). The mean production during
USJGOFS (1995) has been 1371+132 mg C m2 d™(Barber et al., 2001) which is not very different
from that observed in the present study (1238+626 mgC m d*), which indicates that the basin-wide
mean new and primary production did not significantly change in the past two decades during post
monsoon season (September-October). The mean f-ratio during the study period (based on *°N tracer
of NOs and NHs) in the AS amount to 0.144+0.06 in the present study, which is consistent with the
mean f-ratio measured in October-November 1995 (0.145+0.07) in the AS during the US JGOFS
program using the same method. The range of f-ratios estimated in the Indian Ocean are within the
range measured in the Pacific (Dugdale and Wilkerson, 1998; Dugdale et al., 2011; Parker et al.,
2011; Rafter et al., 2017) and Atlantic Ocean (Dauchez et al., 1996; Metzler et al., 1997). Prakash et
al. (2012) analysed remote sensing Chl-a in the AS from 1997-2010 and found no secular trends on
the basin-scale during spring/fall inter monsoon period. Variability, however, has been observed

during other periods in the AS and attributed to decadal oscillations in physical processes including
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sea level anomaly, wind driven mixing etc. In contrast, Gregg et al. (2017) found a decline in Chl-a
trend in the north and equatorial Indian Ocean between 1998 and 2016. Roxy et al. (2014) argued
that rapid warming of Indian Ocean due to climate change resulted in a weaker summer monsoon
that may decrease primary production in the Indian Ocean and hence lower f-ratios. Breitburg et al.
(2018) found absence of long-term trends in oxygen minimum zone (OMZ) in the Indian Ocean
further indicating that weak or insignificant changes in primary production had taken place, as
otherwise the intensity of the OMZ would be altered via export of organic matter. The present study
compares only two data sets collected two decades apart and that data may be biased due to sampling
period and seasonal variability as also spatial variability. Therefore, long-term data sets are required
to generate in order to confirm the inferences made here and also to examine climate change

influence on biological production in the Indian Ocean.
5. Summary and Conclusions

To examine the spatial variability in new, regenerated and primary productions; samples were
collected at 21 stations in the western Indian Ocean under Indian-GEOTRACES program. High
concentrations of nutrients were found in the upper 30 m of water column in the Arabian Sea (AS)
due to advection of nutrient-rich coastal upwelled waters from Oman and Somalia coasts. Chl-a in
the upper 25 m was low with occurrence of prominent subsurface Chl-a maximum between 25 and
50m in the western Indian Ocean. The mean new production was same in the AS and South Indian
Ocean (S10), north of 30°S, but the regenerated production was higher in the latter. The photic zone
integrated nutrients displayed weak relationship with new production whereas strong relation was
observed with regenerated nutrients (nitrate and phosphate) in the study region. The photic zone
integrated primary production was more than double in the AS (1238+626 mg C m2 d*) compared to
the SIO (674+431 mg C m d) with significant linear relation with photic zone integrated Chl-a in
the entire study region. The upper 25m of water column contributed ~45% and 28% of primary
production to the photic zone in the AS and in SI0O, respectively, suggesting that production in the
deeper portion of the photic where nutrient concentrations are greater than in the surface portion of
the photic zone. The photic zone integrated nutrients and Chl-a displayed significant linear
relationship with photic zone integrated primary production suggesting that nutrients below the
mixed layer support significant column production. The mean production during Fall-monsoon
period in the present study during 2015 (12384626 mgC m d) is not statistically significantly
different from that during 1995 under USJGOFS program (1371+132 mgC m2 d1). Similarly, the
mean f-ratios during the present study in the AS (0.144+0.06) is also not different during similar

period in 1995 (0.145+0.07) suggesting that contrary to the hypothesis of rapid decrease in primary
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production in recent times due to climate change, no recognisable modifications to water column

primary production was observed in the AS over the past two decades.
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Table 1: Comparison of biogeochemical properties in the Arabian Sea and South Indian Ocean.

Parameter AS SIO tstat
Mixed layer Depth (m) 35.7+8 57.0%£15 -4.2; p<0.001
Depth of nitracline (m) 33+5 78+4 -5.6; p<0.001
Photic zone integrated NO3 (mmol m™) 703220 108168 6.6; p<0.001
Photic zone integrated PO4 (mmol m2) 70.5+13 47.0+14 5.2; p<0.001
Photic zone integrated Chl-a (mg m) 42.5%3 31.6+4 2.8; p<0.01
Photic zone integrated new production 179+86 203+90 -0.1; p>0.8
(mgC m2d?)

Photic zone integrated regenerated 1204+582 1654+263 -3.1; p<0.01
production (mgC m2 d™)

Photic zone integrated net primary 1238+626 675+431 5.8; p<0.001
production (mgC m2d?)

Mean f-ratio 0.144+0.06 | 0.122+0.05 | 0.2; p>1

19



Table 2: The photic zone integrated nutrients, f-ratio, new (NP), regenerated (RP) and Primary production (PP) in the photic zone of water
column,

Stn LAT LONG NO;” NH:" | pNOs% | pNH.& | NP® RP® TP® f-ratio PpP*

1 15.43 73.10 1391.7 |52 134 85.6 88.4 564.9 653.3 0.14 228.5
2 15.46 72.03 899.1 34.8 15.7 94.9 103.8 626.3 730.1 0.14 232.7
3 15.45 70.50 620.5 14.9 30.7 128.4 202.6 847.4 1050.0 |0.19 272.5
4 15.35 65.00 466.6 11.9 23.8 126.5 157.1 834.9 992.0 0.16 748.9
5 18.17 65.00 847.3 54.5 17.8 106.7 117.5 704.2 821.7 0.14 1367.1
6 21.00 65.00 762.8 411 23.3 171.3 153.8 1130.6 1284.4 | 0.13 1003.2
7 21.88 61.50 981.6 15.7 13.3 174.2 87.8 1149.7 1237.5 | 0.07 1342.2
8 17.85 61.20 870.8 17.9 16.2 227.8 106.9 1503.5 16104 | 0.07 1557.9
9 15.10 59.80 941.6 23.8 32.3 193.8 213.2 1279.1 14923 |0.14 1899.9
10 12.90 58.80 394.8 83.2 55.5 406.7 366.3 2684.2 3050.5 |0.12 1809.8
11 10.60 58.70 745.9 1170 | 235 168.4 155.1 11114 1266.5 | 0.12 1687.8
12 8.30 58.63 249.5 43.8 31.8 172.7 209.8 1139.8 14548 | 0.14 1797.6
13 5.60 58.50 406.5 32.2 26.5 175.4 174.9 1160.3 13352 ] 0.13 1813.1
14 2.90 58.40 272.3 43.8 40.7 321.8 268.6 2123.9 23925 (011 1572.9
15 -1.00 58.95 307.9 35.1 35.2 209.0 232.3 1379.4 16117 |0.14 1432.0
16 -5.00 59.35 203.6 16.4 19.9 279.3 197.2 1843.4 1974.7 |0.10 792.8
17 -8.10 59.81 101.5 85.9 23.3 192.8 153.8 1272.5 1426.3 | 0.11 893.5
18 -27.95 63.54 28.6 58.9 33.3 292.6 219.8 1931.2 21516 |0.10 770.1
19 -27.85 64.02 2.3 79.8 20.9 228.6 137.9 1508.8 1646.7 | 0.08 236.1
20 -26.92 66.83 22.3 27.8 28.8 268.8 190.1 1774.1 2162.2 | 0.10 331.4
21 -26.33 67.91 17.9 84.7 24.2 283.1 159.7 1868.5 2028.2 | 0.08 269.0

“photic zone integrated concentrations (mmol m2)

NP=New Production; RP=Regenerated Production and TP=Total production

$ Photic zone integrated production rates (mgC m= d?)

*Photic zone integrated Net primary production (mgC m2 d?)

&pNO3 and pNH4 are photic zone integrated nitrate and ammonium uptake rates (mgN m=2 d?)



Legend to figures:

Figure 1: Study area depicting station locations overlaid on mean a) Sea surface temperature
(°C), b) Sea surface salinity, c¢) Sea surface Chlorophyll-a (mg m?) and d) sea surface height
anomaly (m) (color shading) and geostrophic currents (m/s) (arrows) during September 2015.

Figure 2: Depth-distance sections of a) temperature (°C), b) salinity (psu), ¢) Chlorophyll-a
(mg m?®) and d) dissolved oxygen (uM) in the upper 100m along the cruise track. The
sampling depths are shown as black dots. The station numbers are given in the upper axis.
White block represents the region where no data collected.

Figure 3: Depth-distance sections of a) dissolved nitrate (uM), b) ammonium (uM), c)
dissolved phosphate (uM) and d) dissolved silicate (uM) in the upper 100m along the cruise
track. The sampling depths are shown as black dots. The station numbers are given in the
upper axis.

Figure 4: Photic zone integrated a) new production, b) regenerated production, ¢) primary
production (all in mgC m2 d*) and d) f-ratios in the sampling stations. The station numbers
are also shown.

Figure 5: Relationship of photic zone integrated Chl-a with photic zone integrated primary
production. Note that coastal stations (1-3) were not considered in this relationship.

Figure 6: Relationship of photic zone integrated primary, new, regenerated productions and f-
ratios with depth of nitracline (a-d), primary production with e) mixed layer mean
temperature and f) N/P ratio, f-ratio with f) mixed layer mean temperature and h) photic zone
integrated Chl-a (mg m™).

Figure 7: The relationship of photic zone integrated new, regenerated and primary
productions with photic zone integrated nitrate (a-c) and phosphate (d-f) in the study region.

Figure 8: a) Comparison primary production by CbPM (blue line), VGPM (red line) with

measurements (black line) and b) the percentage of deviation of primary production by
models from that of observations. Coastal stations (stn. 1-3) were not considered.
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Supplementary Figure S1: The SSHA (color scale) and surface currents directions (arrows)
on the day of collection. The white dots and number indicates station location and its number
(as per Figure 1) are also shown.
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