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Arabian Sea
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! Centre for Marine Living Resources and Ecology, Ministry of Earth Sciences, Kochi, India, ¢ National Institute
of Oceanography, Panaji, India

Repeat observations over the Kochi and Mangalore shelves of the southeastern Arabian
Sea (SEAS) during April to December 2012 revealed substantial accumulation of
methane (CH4) in the nearshore waters (48.6 + 34.4 nM) compared to the outer
shelf (2.9 + 0.7 nM). Sediment methanogenesis and estuarine discharge appear to
be the major sources of CH,4 in the nearshore regions during non-upwelling period. But
under oxygen deficient conditions that prevail during the upwelling period, extremely
low concentrations of CH4 in the nearshore anoxic region of Mangalore (14 £ 2 nM)
compared to similar region of hypoxic Kochi shelf (35.5 + 15.4 nM) have been observed.
We propose that this is mainly due to its greater loss through anaerobic oxidation and in
part by the reduced sedimentary inputs by weak bioturbation over Mangalore relative to
Kochi. On an annual basis, SEAS is found to be a net source of CH,4 to the atmosphere
with its efflux ranging from 0.03 to 170 pmol m=2 d~' (21.9 + 36.7 pmol m=2 d—1).
Following a zonal extrapolation approach, the estimated CHj efflux from the SEAS
(7-14°N; 3.2 Gg y~ ') accounts for up to ~16% of the total CH, emission from the
Arabian Sea.

Keywords: methane, upwelling, coastal anoxia/hypoxia, anaerobic oxidation, bioturbation, methane flux

INTRODUCTION

Coastal seas, important sites of methane (CHy4) production, are estimated to contribute up to
~20% emission of all greenhouse gases (IPCC, 2013). Despite their relatively small geographical
coverage (16%), the shelf region accounts for 75% of the oceanic CH4 emission (Bange et al., 1994).
Tropical oceans are found to be a net source of CHy although their effective contribution to the
global CHy4 budget is relatively small (<4%; Reeburgh, 2007; Kirschke et al., 2013). Marine CHy4
is produced under anaerobic conditions in sediments, interior of suspended particles, and in the
guts of zooplankton (de Angelis and Lee, 1994; Karl and Tilbrook, 1994; Boetius et al., 2000). CHy
production in the coastal zones is linked to high phytoplankton biomass (Tilbrook and Karl, 1995;
Oudot et al., 2002; Damm et al.,, 2008), its seepage from sea bed reserves (Borges et al., 2016) and
sediment-water exchange is augmented by upwelling (Kock et al., 2008; Brown et al., 2014). CHy is
also likely to be produced by aerobic decomposition of methylphosphonate releasing phosphorus in
phosphate poor environments (Karl et al., 2008). Inland waters and estuaries also contribute to high
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coastal CHy concentrations (Jayakumar et al., 2001; Rao and
Sarma, 2016, 2017; Upstill-Goddard and Barnes, 2016).

CH4 emission from coastal zones exhibit large variability due
to variations in primary production, decomposition of organic
matter, upwelling intensity, etc. (Rehder et al., 2002; Kock et al,,
2008). A good example for this is the eastern Arabian Sea
(EAS) coastal (alias west coast of India) upwelling system, one
of the most intense oxygen deficient shelf systems of world’s
ocean, where the magnitude of CHy emissions has not been well
quantified. The previous studies on CHy4 from the EAS reported
its high surface supersaturation (89-2521%) and several fold
higher effluxes compared to oceanic averages (Owens et al., 1991;
Patra et al., 1998; Jayakumar et al., 2001; Shirodkar et al., 2018).
A significant part of its supersaturation is apparently contributed
by the release from sediments along the Indian continental shelf
(Karisiddaiah and Veerayya, 1994, 1996). Bange et al. (1998)
reported near saturation of CHy in the central Arabian Sea (103-
107%) and supersaturation in the coastal upwelling off Oman
(up to 156%) and in an upwelling filament (up to 145%). On
the other hand, highly productive regions of west coast of India,
with one of the largest low-oxygen zone in the world (Naqvi et al.,
2006, 2009), favor in situ production of CHy in the water column
(Owens et al.,, 1991; Jayakumar et al., 2001).

Most of the CHy4 data from the Arabian Sea (AS) correspond
to offshore regions and very few datasets are available from
the coastal regions. Patra et al. (1998) and Jayakumar et al.
(2001) have reported considerable spatial and temporal variation
in CHy distribution and fluxes along the EAS, with highest
concentration of ~24 nM during the late summer monsoon.
Naqvi et al. (2005, 2010) have reviewed the importance and
cycling of CHy4 mostly based on the data generated during the
Arabian Sea Process Study (1992-1997). They have reported that
the coastal wetlands along the west coast of India potentially
contribute CHy to the nearby coastal regions. Recently, Shirodkar
et al. (2018) reported moderate accumulation of CH4 under
oxygen deficient conditions over the EAS shelf during the
late summer monsoon. Most of the studies on CHy cycling
along the EAS shelf were based on the observations from its
central region where intense oxygen deficiency (anoxic/suphidic)
prevailed seasonally. Although strong upwelling also occurs over
the southeastern Arabian Sea (SEAS), the existence of both
anoxic/sulphidic and hypoxic conditions (Gupta et al., 20165
Sudheesh et al., 2016) makes this region different. The present
study examined the CHy distribution and its emissions from the
water column to evaluate the influence of upwelling and estuarine
contribution over the SEAS shelf. Accordingly, the study focused
on (i) factors influencing the distribution and variability of CHy4
concentrations, (ii) role of deoxygenation and macrofauna on
CH,4 concentrations, and (ii) its fluxes from the SEAS shelf.

MATERIALS AND METHODS

Study Area

The present study focuses on the SEAS, between ~7° and 14°N
(Figure 1). The biogeochemistry of the SEAS is closely linked
to the seasonally changing coastal currents by northward and
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FIGURE 1 | Stations location map.

southward flowing West India Coastal Current (WICC) during
winter monsoon (WM) and summer monsoon (SM), respectively
(Shankar et al., 2002; Amol et al., 2018). The transition seasons
viz. spring inter-monsoon (SIM) and fall inter-monsoon (FIM)
exhibit mixed signals between SM and WM (Shankar et al,
2002). The SEAS is largely impacted by monsoonal forcing on
the mixed layer variations and nutrient cycling. The seasonal
reversal of surface circulation enables the southward transport
of high salinity waters from the northern Arabian Sea during
SM, and northward transport of low salinity waters during
WM. The oxygen minimum zone (OMZ; DO < 20 pM) in
the AS is among the largest in the world and its advection
onto the continental shelf during SM results in severe coastal
hypoxia causing drastic changes in the biogeochemical properties
including the emission of greenhouse gases (Naqvi et al., 2000;
Naqvi and Jayakumar, 2000; Gupta et al., 2016; Sudheesh et al.,
2016, 2017). Many small rivers like Mandovi and Zuari in Goa,
Netravati in Mangalore flow across the coastal plain and drain
into the northern part of SEAS. Cochin (Kochi) estuary (CE),
the largest estuarine system of the southwest coast of India,
debouch freshwater into the southern part of SEAS, and its annual
mean discharge is much higher (12.33 km?) compared to other
major estuaries like Zuari (3.25 km®), Mandovi (3.31 km?) and
Netravati (11.06 km?) of this region (Krishna et al., 2016). The
CE, one of the largest estuarine systems along the southwest coast
of India, is a highly heterotrophic system impacted with increased
anthropogenic activities (Thottathil et al., 2008; Gupta et al.,
2009) and opens directly at the present study site. Recent studies
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have, however, shown that the CE is acting as heavy sink zone
due to high turnover rates of nitrogen, hence its export impact on
coastal biogeochemistry is limited mostly to the nearshore region
(Bhavya et al., 2016, 2017, 2018; Gupta et al., 2016). During the
SM upwelling, shelf waters of southern SEAS experience hypoxia
but anoxic conditions prevail both in the water column and
sediments of the northern SEAS, triggering varying degree of
denitrification over these shelves (Sudheesh et al., 2016).

Sample Collection and Analysis

Repeat observations in the shelf waters off Kochi (~10°N), SEAS
were conducted from April to December 2012 (7 times) onboard
FORV Sagar Sampada covering four seasons viz. spring inter-
monsoon (SIM: April), summer monsoon (SM: June-September),
fall inter-monsoon (FIM: October), and winter monsoon (WM:
November-December). Samples were also collected from a
nearby transect off Mangalore (12.8°N) during SIM (April), SM
(September) and WM (December) to compare CHy dynamics
in the two shelf regions. Along both transects, six stations each
were occupied at water depths of 13, 20, 30, 40, 50, and 100 m
(Figure 1). Both transects can be classified into four zones viz.
nearshore (station 1), inner shelf (stations 2 and 3), mid-shelf
(stations 4 and 5), and outer shelf (station 6).

Temperature and salinity profiles were recorded using Sea-
Bird CTD profiler (911 plus). Water samples were collected
from different depths using Niskin samplers (mounted to CTD
rosette for coastal stations). Samples for dissolved oxygen (DO)
were collected in 60 ml glass bottles. 0.5 ml each of Winkler
reagent was added to the sample to fix DO. After acidification the
liberated iodine was titrated against 0.001 N sodium thiosulphate
using starch-based visual end point detection (Grasshoft et al,
1999). The small amount of DO carried by the reagents was
not subtracted and sodium azide was not used to prevent nitrite
interference in the Winkler method. The detection limit is
~2 WM. Samples for nitrate (NO3~) and nitrite (NO,™) were
analyzed spectrophotometrically (Thermo Evolution 201) within
few hours of collection following standard procedures (Grasshoff
et al., 1999). The analytical precision, expressed as standard
deviation based on replicate analyses, was &= 0.01 and + 0.05 uM
for NO, ™ and NO3 7, respectively. Samples (2 L) for chlorophyll
(Chla) estimation were filtered onboard through Whatman 47
mm GF/F filter (0.7 pm) under gentle vacuum (<50 mm Hg) and
stored at —20°C until analysis. Chla on the filters were extracted
with 90% acetone at 4°C in the dark for 12 h and measured
fluorometrically (Joint Global Ocean Flux Study, 1994). Samples
for particulate organic carbon (POC) were filtered through pre-
combusted (4 h at 450°C) 47 mm Whatman GF/F filters and
stored at —20°C until analysis. The samples were dried at 40°C
overnight, fumigated with HCI in a desiccator for 6 h to remove
the inorganic carbon, again dried overnight and analyzed using
CHN analyser (Flash EA 2000, Thermo, United States).

Water samples for CH4 and nitrous oxide (N,O) were
collected in 60 ml glass bottles immediately following the
sampling of DO. Samples were poisoned using saturated
mercuric chloride (0.5% v/v) to arrest the microbial activity.
The neck of the bottles was sealed using parafilm and samples
were kept in dark until analysis. Dissolved CH4 and N,O were

analyzed by multiple phase equilibration technique (McAuliffe,
1971). The details of N,O analysis were already described by
Sudheesh et al. (2016). Briefly, 25 ml of sample was equilibrated
with an equal volume of ultrapure helium in a gas-tight syringe by
vigorous shaking at room temperature for 5 min. The headspace
gas was then injected through a 5 ml sampling loop into a gas
chromatograph (Shimadzu) equipped with a Flame Ionization
Detector for CHy and ®3Ni Electron Capture Detector for N,O.
The separation was achieved over a stainless steel column (1.8 m
length and 2 mm ID) packed with molecular sieve 5A (80/100
mesh, Toshvin) maintained at a temperature of 60°C (40°C for
N,0). The instrument was calibrated by several dilutions of
CHy standard (Scotty IT Analyzed Gases) procured from Supelco
Inc., United States. All the carrier gases and combustion gases
used in the analysis were of ultra-pure grade. Air samples were
frequently run to monitor instrument response, which was quite
linear within the range of concentrations encountered during the
course of this study.

Equilibrium solubility of CHy in the surface waters at the
observed temperature and salinity was calculated according to
Wiesenburg and Guinasso (1979) using an average atmospheric
CH4 mole fraction of 2.03 ppm as reported recently by Rao and
Sarma (2017) for the east coast of India.

The percentage saturation of CHy was calculated as,

CHjy saturation = (C,,/C,) x 100

where, C,, is the measured concentration of dissolved CH4 and
C, is the equilibrium concentration in seawater.
The sea-air exchange flux density was computed from

F = k(cw - Cu)

where, k (cm h7!) is the gas exchange velocity derived
as a function of wind speed (U, m s~!) according to
Wanninkhof (2014):

k = 0.251 % U? % (Sc/660) "

Sc, the Schmidt number for CHy, was calculated from
temperature (t) according to the polynomial fit given
by Wanninkhof (2014). Continuous wind speed recorded along
the ship’s cruise track using automated weather station installed
onboard (10 m above sea surface) was used to obtain daily
average wind speed and was used for sea-air flux calculations.

RESULTS AND DISCUSSION

Spatio-Temporal Variation in Shelf
Hydrography, Dissolved Oxygen and

Nutrients

The spatio-temporal variations in hydrographical properties, DO
and nutrients observed during this study were presented earlier
in detail by Gupta et al. (2016) and Sudheesh et al. (2016).
Briefly, upwelling off Kochi was found to initiate at the shelf
break during January-March, progressed steadily to mid shelf by
April and to inner shelf by May. It intensified over the entire
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shelf from June to August, began to retreat rapidly in September
and completely disappeared by October. Under intense solar
radiation, sea surface temperature (SST) showed a maximum
(>30°C) in April. By May, SST over the inner shelf dropped
by 2.8-3.4°C (Table 1) due to upwelling and the cooling trend
continued till the SM peaked in August. Thereafter, with the
withdrawal of upwelling, SST again increased till December
(Figure 2A). The mixed layer depth (MLD, defined as 0.2 kg m~3
density difference from surface) was thin (~20 m) during SM and
thick (~50 m) over the outer shelf during WM. During SM, the
influence of fresh water could be noticed from the sea surface
salinity (SSS) which dropped by about 1.5-2.0 during April-June
(Table 1), and varied between 33.8 (July) and 31.65 (September).

Like Kochi, coastal waters off Mangalore also exhibited clear
seasonality in hydrographical properties. Surface waters were
warm in April (>30°C) and significantly cooler in September
(<27°C, Figure 3A) due to strong upwelling. Thereafter, SST
again increased by December (>29°C). The depth of 26°C
isotherm (D), which is used to track the progression of
upwelling, shoaled from ~70 m to <10 m between April and
September off Mangalore whereas the same shoaled only up to 20
m off Kochi. This indicates a more vigorous upwelling over the
Mangalore shelf during September (late SM) when this process
was already waning off Kochi. Strong stratification prevailed in
September with low salinity waters (29-33) occupying the upper
5 m of the water column up to mid-shelf off Mangalore due to
the SM runoft (Figure 3B). Such an intense upwelling and runoff
during the SM led to much stronger thermohaline stratification
off Mangalore relative to off Kochi.

With the advent of upwelling, the Kochi shelf experienced
oxygen depletion by June and the intense hypoxic conditions
in subsurface waters persisted in July (Figures 2, 4; Sudheesh
et al., 2016). Between April and June, the water column below
30 m turned intensely hypoxic (DO < 50 pM) and the euphotic
zone was enriched with nutrients (NO37: 8 &= 7 uM; NO,:
0.7 = 0.9 uM) (see Supplementary Figures S1-S5 of Gupta et al.,
2016). The concentration of DO decreased up to 7 wM in bottom
waters and NO, ~ concentration reached a maximum of 3.2 uM
in June due to possible sedimentary denitrification off Kochi.
Relative to Kochi, the more sustained and intense upwelling

of suboxic/anoxic waters over the Mangalore shelf resulted in
bottom water anoxia during September (Figures 2, 3). The
resultant intense reducing conditions in the nearshore bottom
waters and sediments were manifested by the occurrence of
denitrification and sulfate reduction (Sudheesh et al., 2016).
Intense H,S smell was noticed from the bottom waters and
surface sediments up to its inner shelf during this period, though
its concentration was not measured. But Naqvi et al. (2009) have
reported build-up of H,S as high as 15.4 M in these anoxic
shallow regions during September. The near-absence of transient
reduced forms like NO,~ and N,O in the nearshore waters off
Mangalore indicated complete denitrification to molecular N;
(Sudheesh et al., 2016).

CH4 Distribution

Dissolved CH4 concentrations over the Kochi (Figure 2D)
and Mangalore (Figure 3D) shelves were generally in excess
of saturation values with a gradual decrease from the inner
shelf toward the outer shelf. Over the annual cycle, CHy
concentrations off Kochi ranged from 10.6 to 152 nM (52.5 4= 34.3
nM) in the nearshore, from 2.3 to 23.6 nM (7.6 & 5.0 nM) over
the inner shelf, from 2.1 to 13.4 nM (3.5 & 1.8 nM) over the
mid-shelf and from 2.1 to 5.0 nM (3.0 & 0.7 nM) over the
outer shelf. Similarly, CH4 concentration off Mangalore varied
from 8.9 to 133 nM (39.5 4+ 34.2 nM), from 5 to 17 nM
(10.0 £ 3.4 nM), from 1.8 to 6.2 nM (3.0 & 1.1 nM), and
from 1.8 to 4.0 nM (2.6 & 0.6 nM) for the nearshore, inner
shelf, mid-shelf and outer shelf regions, respectively. Relatively
high CH4 concentrations were recorded in the mid-shelf and
outer shelf regions during the peak SM upwelling (June-July),
but the nearshore regions showed high concentrations during
non-upwelling periods except in April off Mangalore. High tide
conditions during the sampling time in April could have resulted
in lower contribution of CH4 from the adjoining Netravati
estuary to the nearshore region off Mangalore.

Between April and September, when upwelling occurred
over both the shelves, the cooler bottom waters (24-26°C)
of the outer shelf characterized by somewhat elevated CHy
concentrations (>3 nM) shoaled up from ~80 to 20 m
(Figures 2D, 3D), but returned back following the retrieval of

TABLE 1 | Monthly variation in temperature, salinity, and CH,4 saturation and fluxes in the surface waters of SEAS.

S. No. Month Temperature (°C) Salinity CHj4 conc. (nM) Saturation (%) Air-sea flux (xmol m~—2 d~7)
Kochi

1 April 30.1-30.7 33.9-34.9 3.3-152.4 116-7456 0.5-170
2 May 26.7-29.6 34.5-35.1 - - -

3 June 26.0-27.3 32.9-34.6 4.2-22 195-1003 3.8-35.8
4 July 25.9-27.1 33.8-34.9 3.0-31.5 144-1432 2.2-66.7
5 September 25.9-27.4 31.6-34.0 3.2-50.4 150-2253 1.4-62.3
6 October 27.4-29.3 34.3-34.9 3.2-103 164-4918 1.4-120
7 November 29.5-30.2 33.0-34.7 2.1-87.3 101-4195 0.04-111.7
8 December 29.5-29.9 34.5-35.3 2.1-105 102-5135 0.1-115.1
Mangalore

9 April 30.1-31.4 34.6-35.2 2.1-40.7 107-2055 0.2-32.2
10 September 26.8-27.5 27.1-33.1 2.1-14.9 101-660 0.1-20.9
ihl December 29.3-29.9 34.6-35.2 2.2-133 106-6436 0.03-30.3
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upwelling. This upliftment of subsurface waters led to relatively
high CH4 supersaturation in the upper water column of the
outer shelf during the summer monsoon (148 £ 25%) than
non-monsoon periods (120 & 22%). This is consistent with the
results of earlier studies that reported high CH4 supersaturation
(124-286%) during the summer monsoon due to offshore

upliftment of subsurface CH4 maxima (Owens et al., 1991; Bange
et al, 1998; Patra et al, 1998; Upstill-Goddard et al., 1999;
Shirodkar et al., 2018).

The CHy distribution generally showed a sharp decrease
away from the coast (Figures 2D, 3D). Our parallel studies
(unpublished) from the Cochin estuary (CE, Figure 1), a
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wetland eutrophic ecosystem, showed that CHy levels in its
lower estuary were consistently high in April (SIM): 300 £ 246
nM, September (SM): 334 + 277 nM and December (WM):
217 + 93 nM (Supplementary Figure S1). Sediments of
CE in these regions have been found to contain organic
carbon in high concentrations (3-5%) associated with high
clay fraction (60-90%) (Martin et al, 2011) and its high
decomposition rate (Gupta et al., 2009; Rao and Sarma, 2016)
results in substantially high benthic CH4 fluxes to overlying
water column (2.54-210 mg m~2 h™!, Verma et al, 2002).
CHy exported out of the CE through tidal exchange and
runoff can influence its adjoining nearshore and inner shelf
concentrations. This effect is significantly seen during dry
non-upwelling periods, for example, in April and December
when Kochi coastal waters are warm and saline (Figure 2
and Table 1), its nearshore waters are observed with higher
surface concentrations of CHy (152 and 105 nM) compared
to bottom (110 and 70 nM) (Figure 4). In contrast, such
estuarine effect is not significantly pronounced during monsoon
as upwelling brings about 100 times lower CHy4 concentrations
(3.5 £ 0.5 nM; Figure 2) compared to estuarine concentrations
(334 £ 277 nM; Supplementary Figure S1), thereby the
nearshore CHy4 concentrations (35 £+ 21 nM; Figure 4) are
significantly diluted by these two source waters. It must be
noted that the significant thermohaline stratification prevailed
during monsoon (Figure 2) will prevent the surfacing of
upwelling waters. But there used to be spells of weak stratification
when wind induced vertical mixing brings low CHy4 subsurface
waters to surface.

Significant correlations of CH4 with Chla (p< 0.001) and
POC (p< 0.005) in nearshore waters during non-upwelling

msurface B
M Bottom

A 15

CH, (M)

April June July Sept Oct Nov Dec April  Sept  Dec

FIGURE 4 | CH4 concentrations in the nearshore waters of (A) Kochi and
(B) Mangalore.

periods (Figure 5) indicate that apart from the estuarine inputs
high phytoplankton production can also lead to water column
methanogenesis (Owens et al, 1991; Karl et al, 2008). It
can also be argued that tidal export flux of nutrients, apart
from CHy, from the CE promotes phytoplankton production
in the nearshore region; and this unrelated phenomenon is
being “misrepresented” as a correlation between CH4 and Chla.
The oligotrophic environments, as observed at mid and outer
shelves during the non-upwelling period, may also favor CHy
production as reported elsewhere. For example, Karl et al.
(2008) have argued that CHy is produced aerobically through
decomposition of methylphosphonate that might serve as a
source of phosphorus in phosphate poor environments. However,
Damm et al. (2010) reported CHy4 production in nitrate-depleted
systems that contained sufficient phosphate.

Consistently high concentrations of CHy in bottom waters
over both the shelves irrespective of season (Figures 2D, 3D)
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FIGURE 3 | Seasonal distribution of (A) temperature (°C), (B) salinity, (C) dissolved oxygen (1M), and (D) methane (nM) off Mangalore.
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clearly pointed to its benthic origin. Karisiddaiah and Veerayya
(1994, 1996) reported large reservoir of CHy few meters beneath
the sediments of western continental shelf of India. During dry
periods, the seepage of this CH4 probably maintains high levels in
the overlying waters due to stable and less turbulent conditions.
Sediment methanogenesis and CHy diffusion to the overlying
waters, augmented through sedimentary disturbances by benthic
organisms, is expected to be the main source of CHy in bottom
waters (Reeburgh, 2007; Naqvi et al., 2010; Borges et al., 2016).
This is in agreement with high CH4 production rates (0.2-3.1
pg CHy g=! d™') measured in the upper 25 cm of nearshore
sediments of the central west coast of India (Gonsalves et al.,
2011). Significantly high CH4 concentrations over the inner shelf
observed in the present study are supported by the results of
Gireeshkumar et al. (2017) who reported up to 400 nM of CHy in
the nearshore bottom waters of Alapuzha region (~9.2°N), south
of present study area.

Methane Cycling Under Hypoxia/Anoxia

One of the most important factors that control biogeochemical
cycling of CHy is the redox state of the environment, which
is primarily determined by the ambient oxygen concentration.
Hypoxic/anoxic shelf waters, in general, serve as significant
source for CHy to the atmosphere (Nagvi et al., 2010). The
shift in the redox state of the waters from oxic to anoxic
(reducing) has been found to have a variable effect on CHy
accumulation (Naqvi et al, 2010, and references therein).
This is more important in case of highly productive coastal
upwelling systems, including SEAS, where the hypoxic/anoxic
conditions prevailed seasonally. High CH4 accumulation up to
52 uM in the nearshore bottom waters has been reported
in the upwelling waters off Namibia during intense anoxia
(Monteiro et al., 2006; Briichert et al., 2009; Table 2). Though
the biological production in these upwelling waters (1.8 g C
m~2 day!) is comparable with that in the SEAS (up to
22 g C m~2 day~!; Shirodkar et al, 2018, and reference
therein), the massive outbreaks of gases - mostly H,S and
CHy - from its anoxic seafloor have long been known to
occur (Emeis et al., 2004), making this region different from
the SEAS. The other upwelling systems like off Peru and Chile

are also well known for acute oxygen deficiency including
sulphidic conditions (Dugdale et al., 1977; Schunck et al., 2013)
due to extremely high sediment organic carbon, especially off
Peru (20-40%: Fossing, 1990) compared to the SEAS (<4%;
Shirodkar et al., 2018, and references therein). This can fuel
sedimentary CHy4 production and elevate its concentrations in
the overlying water column, though to our knowledge CHy
data is not available from these nearshore waters. But from a
deeper Chilean shelf site (~92 m) high CH4 concentrations
of ~80 nM were recorded (Farias et al., 2009). However,
contrary to expectation, the present study showed significant
reduction in CH4 concentrations in the nearshore waters of
both the shelves, when hypoxic/anoxic conditions associated with
upwelling prevailed (Figure 4). Upwelling enhances biological
production and the reworking/remineralisation of this fresh
organic matter may significantly elevate the sedimentary CHy
production (Gonsalves et al, 2011); this is expected to be
more at Mangalore than Kochi shelf due to relatively intense
upwelling and elevated phytoplankton production in the former
region (Sudheesh et al., 2016). Yet, in September, lowest CHy
concentrations from entire study were recorded in the sub-
pycnocline anoxic waters off Mangalore up to the inner shelf
(13.9 + 2.7 nM) compared to those over the hypoxic shelf oft
Kochi (39.0 £ 14.8 nM) (Figures 2, 3, 6). Such extreme low
concentrations of CHy are in consistent with those reported
earlier from the same region/season (Naqvi et al., 2009).

The lower than expected CHy levels in bottom waters
over both the shelves during SM is possible due to mixing
with relatively low CHy4 concentrations in upwelling waters
(Figures 2D, 3D). The upwelling intensity and associated dilution
effect over the Kochi is at peak during peak SM (June-July),
resulting in low concentrations of CHy in its nearshore waters
(Figure 2). But by late SM (September), the upwelling is in
its recession thereby the weak dilution effect has facilitated
accumulation of CHy in the shallow stations near to the coast.
However, unlike at Kochi, the upwelling over the Mangalore shelf
during September is still sustained thereby the continued dilution
effect has reduced the CHy concentrations (Figure 3). Despite
this intra-seasonal variability, the degree of dilution effect over
both the shelves is expected to be similar, if so, the mixing alone

180 1

y=44.13x+4.36

150 A1 .
R?=0.62

y=2.34x+11.37

2_
N R*=0.16 °

¢ o, °

0 2 4 6 8 10
Chl a (mg m3)
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TABLE 2 | Comparison of CH,4 concentration from natural coastal hypoxic
systems.

Sea to air flux References

(wmolm=2d-1)

Surface/mixed
layer con. in nM

Region

Eastern Tropical 3.2-5.7 0.5-2.7 Sansone et al.,
North Pacific 2004

Mexican Margin

(open)

Mexican Margin 3-4.5 0.5-5.9 Sansone et al.,
(Gulf of California 2004

Basins)

Eastern Tropical 3.1-29.2 0.05-59.5 Farias et al.,
South Pacific (Off 2009

central Chile)

Eastern Tropical 2-5.0 0.5-0.8 Kock et al.,
North Atlantic (Off 2008
Mauritinia)

Eastern Tropical 2.2-2870 3-752 Monteiro et al.,
South Atlantic (Off 2006

Namibia)

Bay of Bengal (East 3.2-38.3 0.22-24.9 Berner et al.,
coast of India) 2003

Bay of Bengal (East 1.9-23.6 26.5 +31.9 Rao and

coast of India) Sarma, 2017
Eastern Arabian 2.6-47.6 0.568-63.7 Jayakumar,
Sea shelf 1999

Eastern Arabian 1.7-19.8 -0.562-26.56 Shirodkar et al.,
Sea shelf 2018
Southeastern 2.1-152 0.03-170 Present study

Arabian Sea shelf

cannot explain the observed lowest concentrations of CHy off
Mangalore during September.

Earlier studies by Naqvi et al. (2009) and our parallel studies
by Sudheesh et al. (2016) reported that during upwelling the
Mangalore shelf witnessed shifting from suboxic conditions in
peak SM to anoxic conditions by late SM (Figure 3), which
led to significant N loss through heterotrophic denitrification
during peak phase but switched to autotrophic denitrification
during late phase (Pratihary et al, 2014) when sediments of
nearshore and inner shelf turned to sulphidic (Naqvi et al., 2009).
Such autotrophic denitrification under sulphidic conditions has
reduced NO3~ to molecular N; leading to complete loss of N with
near absence of intermittent reduced forms like NO, ™ and N,O
in the subpycnocline waters up to inner shelf. Similar absence
of NO3~ and NO,~ were also reported recently off Goa (just
north of present study) due to complete denitrification supported
by labile sediment organic matter and intense sulfate reduction
rates (Naik et al.,, 2017). Coincidentally, CH4 concentrations in
these sulphidic waters are also distinctly low (Figures 3, 6),
inferring either a lower sedimentary eftflux or greater loss through
oxidation under intense reducing conditions.

It has been shown recently that high rates of CHjy
oxidation are sustained in the intensely oxygen depleted coastal
environments (Steinle et al., 2017) and the CH4 removal through
anaerobic oxidation is supported by complete denitrification
(Ettwig et al., 2010; Haroon et al, 2013). The sedimentary
CHy has also been stated to undergo microbially mediated
anaerobic oxidation by NO,~, Fe**, Mn?*, and sulfate

(Boetius et al., 2000; Beal et al., 2009; Haroon et al., 2013). The
marked low concentrations of CHy coinciding with extremely
low concentrations of NO,~ and N,O (Figures 6, 7) under
excessive presence of H,S (Naqvi et al., 2009) over the Mangalore
shelf are therefore possibly infer that greater loss of CHy is
augmented by complete denitrification and/or intense sulfate
reduction. Gas charged sediments with pockets of CHy were
observed in the inner shelf regions of SEAS (Mazumdar et al.,
2009) and the accumulation of H,S has been attributed to the
oxidation of CHy by sulfate in these shallow sediments (Naik
et al,, 2017), as well as from coastal sediments off Namibia
and elsewhere (Fossing et al., 2000; Briichert et al., 2003). The
recent finding on significant influence of anaerobic oxidation
of CH,4 driven sulfate reduction across the sulfate-methane
transition zone in the sediment cores of SEAS (Fernandes et al.,
2020) has further strengthened above arguments. Indeed, a
careful examination of annual climatology developed based on
monthly/fortnightly averaged records over the Goa inner shelf
(see Plate 2 of Naqvi et al., 2009) clearly depicted intra-seasonal
shift during SM: NO,~ (~4 wM) and N,O (~200 M) were
enriched under no sulphidic conditions during peak SM (August)
but by late SM (September-October) they were down by an
order of magnitude when the waters turned to sulphidic; many
times CH4 enrichment was not experienced under such intense
sulphidic and denitrified conditions (Shirodkar et al., 2018).
Similarly, Mangalore shallow waters were also observed with
substantial low concentrations of NO, ™ and N,O (<2 uM and
~40 nM, respectively) under intense sulphidic conditions (up to
~15 pM of H,S) during September 2001 (Naqvi et al., 2009),
which is also the case from the present study (Figures 6, 7).
There were also occasions at off Goa and Mangalore when
maximum CHy enrichment occurred under strong reducing
conditions without being sulphidic (Shirodkar et al., 2018).
Though the role of anoxia in CH4 accumulation/removal is
not straightforward (Shirodkar et al., 2018) as was also seen
from our data (figure not shown), the co-occurrence of poor
CHy4, and NO,~ and N,O (Figure 7) along with high H,S
concentrations (Naqvi et al., 2009) can infer that CHy removal
is succeeded by anaerobic oxidation. Recent studies suggest
that nitrite-dependent anaerobic CH4 oxidation (n-damo) is
an important pathway for its loss in aquatic systems (Ettwig
et al.,, 2010; Hu et al., 2014). However, Shirodkar et al. (2018)
based on their incubation experiments of anoxic waters with
15N-labeled NO,~ in the presence/absence of CHy have found
that n-damo is not significant off Goa. If this is true, we expect
very high accumulation of N,O as n-damo is known to bypass
its formation. But the present as well as earlier studies (Naqvi
et al, 2009) have clearly showed no substantial build-up of
N,O (Figures 6, 7) during sulphidic periods in September,
implying that the role of n-damo in CHj sink cannot be
ruled out completely.

On the other hand, Kochi shelf being remained at hypoxic
conditions has prevailed with anoxic sediments only at ~20
cm below the surface at nearshore (unpublished data) when
such sediments exist even close to sediment-water interface
at Mangalore (Pratihary et al,, 2014; Naik et al, 2017). This
restricts to the occurrence of non-sulphidic and weak sediment
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denitrified/reduced conditions at Kochi (Sudheesh et al., 2016),
as evidenced by relatively higher concentrations of NO,~ and
N, O, which does not support significant loss of CHy relative to
Mangalore (Figures 6, 7).

Apart from anaerobic oxidative loss of CHy, its low
concentrations during SM are also possible to some extent due
to less sedimentary diffusive efflux by the benthic fauna. In the
SEAS shelf, macro infaunal communities are overwhelmingly
dominated by deposit feeding opportunistic polychaetes (Abdul
Jaleel et al., 2015). During the SM, the density and diversity
of larger benthic fauna (prawns, crabs, molluscs, etc.) become
insignificant and groups which are sensitive to hypoxia, like
echinoderms, are either absent or least abundant (Parameswaran
et al,, 2018). Summer monsoon being the recruitment period
for many marine organisms, the benthic fauna from the SEAS
shelf is characterized by proliferation of juveniles but their
abundance depends on the intensity of hypoxia (Abdul Jaleel
et al,, 2015). As stated earlier, unlike at Mangalore, Kochi surface
sediments are just short of being anoxic in nature. Accordingly,
benthic fauna in less stressful (hypoxic) environment off Kochi
are able to survive and function, albeit at lower abundance
and diversity, thereby contributing to sediment-water exchanges
through bioturbation (Sivadas et al., unpublished). In contrast,
the more stressful anoxic (sulphidic) conditions off Mangalore
are expected to cause exclusion of the macro and megafauna,
impacting ecosystem functions such as bioturbation and bio-
irrigation (Levin et al., 2009). Our recent studies (unpublished)
showed that even meiofaunal density in these anoxic regions
have suffered maximum with almost an order of less magnitude
compared to those in hypoxic regions. A significant reduction
in sediment reworking (~75%) by the less abundant burrowing
organisms in such intense reducing environment (Sturdivant
et al, 2012) is expected to cause lower CHy diffusion rate
(Bonaglia et al., 2017) at Mangalore relative to Kochi.

It has been shown that CHy accumulation in the oxygen
depleted waters over the eastern Arabian Sea shelf during late
SM is gradually decreasing southwards from ~22 to 104 nM off
Goa, 14-70 nM off Karwar (between Goa and Mangalore) and
10-18 nM off Mangalore but increased to 80-84 nM oft Kochi
(Shirodkar et al., 2018). Though this trend is matching with the
present results, it is unclear of what controls such trend. Our
study, therefore, offers a plausible explanation that the reduction

in CHy4 concentrations in the nearshore anoxic/hypoxic waters
of Mangalore/Kochi during SM can largely be defined by the
degree of CHy loss through its anaerobic oxidation and to some
extent by its differential sedimentary diffusion rates controlled by
the benthic bioturbation potential. Though the oxygen depleted
coastal upwelling regions are the largest source of greenhouse
gasses to the atmosphere amongst the world oceans, intense
anoxic/sulphidic periods at times are beneficial in naturally
reducing the potential impact of this greenhouse effect by
converting CHy to CO;, and/or bypassing N, O production.

Quantification of CH4 Emissions

The CHy saturation levels off Kochi ranged from 101% to
7456% (Table 1) with maximum values in the nearshore region
(2839 + 1965%) followed by inner shelf (464 & 183%), mid-shelf
(148 £ 32%), and outer shelf (145 + 27%). Similar saturation
levels (101-6, 435%) were recorded oft Mangalore where they also
decreased drastically from nearshore (2011 £ 2132%) to inner
shelf (546 + 285%) and then to mid-shelf (156 4= 38%) and outer
shelf (115 & 16%). Relatively high nearshore saturation levels of
CHy off Kochi compared to those off Mangalore are attributed to
greater CHy contribution from the adjoining highly eutrophic CE
relative to the Netravati estuary. The saturation levels observed
over the mid and outer shelves were within the range reported
earlier from the continental shelf of India by Jayakumar et al.
(2001) and Shirodkar et al. (2018).

The air-sea CHy emissions from SEAS (7-14°N) ranged from
3 to 170 pmol m~2 d~! in the nearshore, 2.3-23.5 pmol m~?2
d~! in the inner shelf, 0.04-3.9 wmol m~2 d~! in the mid-
shelf and 0.03-3.8 jtmol m~2 d~! in the offshore regions. The
computed fluxes from the mid and outer shelves are comparable
with earlier studies from the Arabian Sea (Owens et al., 1991;
Patra et al., 1998; Jayakumar et al, 2001; Shirodkar et al.,
2018) and other coastal upwelling systems (Table 2). However,
significantly higher fluxes from the nearshore region underscore
the importance of these regions in contributing to the global
CHy4 flux as reported from elsewhere (Borges et al., 2016). On
an annual basis, the air-sea CH4 emissions from the near-shore
region of the SEAS (57.7 + 45.4 pmol m~2 d~ 1) are 2-3 times
higher than the global average for the continental shelves (22-
37 pmol m~2 d~! by Bange et al, 1994; 30 umol m~2 d~!
by Borges et al., 2016) and ~200 times higher than the global
average of open oceanic waters (0.2-0.5 wmol m~2 d~! by
Rhee et al., 2009).

The annual sea-air flux of CHy from the SEAS shelf (7-
14°N) was estimated following a zonal and gridded extrapolation
method (Sudheesh et al., 2016). Accordingly, the SEAS shelf
was divided into two zones viz. 7-11°N and 11-14°N latitudes,
which represent the Kochi and Mangalore shelves respectively.
In addition, each of these shelf zones were subdivided into six
grid boxes according to the water depth (viz. 0-15, 15-25, 25-35,
35-45, 45-75, 75-200 m), which correspond to six monitoring
stations respectively from each transect. The fluxes from each grid
box were computed by multiplying the surface area of each grid
box with the corresponding station CHy flux density. The sum of
these grid box fluxes yielded CHy flux of 2.6 and 0.6 Gg y~! to
the zones 7-11°N and 11-14°N, respectively. Combining these
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zones, CHy efflux from the SEAS shelf (7-14°N) is estimated at
3.2 Gg y~ !, which is equivalent to ~16% of total emission from
the Arabian Sea (~20 Gg y~!; Bange et al., 1998 - flux computed
according to Wanninkhof, 1992). The CH4 emissions from the
offshore regions of Arabian Sea have been reported to account for
<1% of its global oceanic emissions (Naqvi et al., 2005), however,
the inclusion of emissions from the coastal Arabian Sea would
elevate the contribution to global oceanic fluxes. It is suggested
that the zonal integration approach followed in this study should
be undertaken all along the western continental shelf of India
to reduce uncertainties in estimation of CHy emissions from
the Arabian Sea.

CONCLUSION

The present study shows that the SEAS is a significant source
of CHy to the atmosphere. Higher CH4 concentrations were
recorded in the nearshore region which gradually decreased
toward offshore. Significantly high CH4 concentrations in the
nearshore waters during non-upwelling period are presumably
due to its combined inputs from sediments, in-situ production
and estuarine export flux through tidal flushing. Contrary to
expectation, increase in CHy concentrations during seasonal
hypoxic/anoxic periods was not observed. Instead, a decrease in
CHy4 concentration occurred in nearshore region of Mangalore
during bottom water anoxic events in late summer is largely
attributed to its greater sedimentary loss through anaerobic
oxidation and in part by its reduced supply from sediment due
to weak bioturbation. The estimated CHy efflux varied between
0.03 and 170 wmol m~2 d~! with an annual emission of 3.2
Gg from the SEAS (7-14°N), which is ~16% of the previously
reported total CHy emission from the Arabian Sea. However,
further studies are needed to understand the changes in CHy
emissions from the Indian continental shelves arising from the
ongoing regional (e.g., eutrophication) and global (e.g., warming)
environmental changes.
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