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Abstract

The present study examined the seasonal cycling of phosphorous (P) along the southwest coast
of India (SWCI) based on two cruises during the southwest monsoon (SWM) and northeast monsoon
(NEM) of 2018. During SWM, the entire SWCI experienced intense upwelling manifested by the
incursion of cold, nutrient-rich, and hypoxic waters. During NEM, the region was transformed into a
warm, well-oxygenated and nutrient-deplete environment. Dissolved inorganic phosphorus (DIP) was
significantly high in the subsurface during SWM due to its release from sediments. The sediment P
was high and showed an increasing trend towards the south, principally dependent on the sediment
texture, organic carbon, and Fe concentrations. Bioavailable P, the sum of exchangeable (Pex) and
reducible (Pee) fractions, was almost consistent (5-20%) over seasons, though Pre showed a marked
reduction during SWM. Authigenic fraction (Paut) was the most dominant (46%), followed by detrital
(Ppet 41%) and residual (Pres 8%) fractions. Principal Component Analysis (PCA) of geochemical
parameters for SWM was indicative of the high dissolution of Fe (oxy)hydroxides under hypoxia
releasing P and its complexation with organic matter and Fe. PCA results for the NEM was different,
as it indicated increased preservation of P associated organic matter and Fe, alternately favouring the
formation of Payt in sediments. The study's significance is the observation that the bottom water oxygen
concentration can significantly influence sedimentary P cycling in tropical coastal upwelling zones.
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1.Introduction

Phosphorous (P) is one of the essential nutrients that limit the primary productivity in marine
ecosystems (Carpenter et al., 1998: Tyrrell, 1999). Sediments are commonly regarded as the source
and sink of P, while its excess concentration in water can lead to eutrophication (Sgndergaard et al.,
1996; Jarvie et al., 2005; Huang et al., 2015). Most of the P derived anthropogenically or naturally,
reaches the aquatic environment, where it is adsorbed onto sediments (Withers and Jarvie, 2008; Méarz
et al., 2014) to become the sink and source of P (Spivakov et al., 1999) causing eutrophication
(Sendergaard et al., 2003; Schindler, 2006; Lewis et al., 2007). Therefore, quantification of P fractions
in sediments is essential to understand its geochemical cycling. Geochemistry of P depends
significantly on the sediment quality and depositional environment (Sendergaard et al., 1996). P
released from sediments can substantially impact the aquatic ecosystems (Malecki et al., 2004; Reddy
et al., 2007), though its availability depends on the relative proportion of its fractions in sediments.
The dominant fractions (Fe or Al oxides, CaCOs) of P are either adsorbed or precipitated as apatite or
Ca-phosphate (Khare et al., 2007; Filippelli, 2008). Calcareous sediments also concentrate apatite
(Berg et al., 2004), whereas P adsorption to metal oxides predominates in non-calcareous sediments
(Berg et al., 2004). The adsorption of P by metal oxide occurs at pH<6.5, while it is adsorbed onto
calcium carbonate at higher pH (Wang et al., 2010; Yin et al., 2013). Factors such as redox condition,
sedimentation rate, grain size and metal (oxy)hydroxides have a significant impact on the dynamics of
P. Authigenic P called phosphorites (Cook, 1984) are found to be rich in sediments of upwelling areas
like Oman margin (Schenau et al., 2000), the continent margin of Peru (Froelich et al., 1988) and shelf

of Namibia.

The southwest coast of India is characterised by coastal upwelling during the SWM (May to
September) and by downwelling during the NEM (November to February) (Shetye et al., 1989; Shetye
et al., 1990; Shah et al., 2019). The biogeochemistry of SWCI is influenced by seasonal changes in the
mixed layer dynamics caused by the southwest monsoon and northeast monsoon (Gupta et al., 2016).
During SWM, the cold nutrient-rich and oxygen-depleted waters brought by upwelling make the SWCI
one of the most productive regions, while well oxygenated and nutrient-depleted conditions prevail
during the NEM (Qasim, 1982; Naqvi et al., 2006, 2009; Sudheesh et al., 2016). However, the
upwelling also leads to the incursion of hypoxic waters through the bottom, which influences the P
dynamics substantially (Jacob et al., 2010). There are only a few studies on the P fractions in sediments
along the SWCI (Babu and Nath, 2005; Jacob et al., 2010; Sudheesh et al., 2017; Linsy et al., 2018),
whereas all other studies focused on total sedimentary P (Murthy et al., 1966; Setty and Rao, 1972;

Rao et al., 1978, 1987; Paropkari, 1990). Hence, a comprehensive study on P fractionation in sediment



was undertaken to explain the P dynamics in a productive coastal environment. The different P

fractions were quantified in the sediments along the SWCI during two seasons of SWM and NEM.
2 Materials and Methods
2.1 Study Area

The present study mainly covered the inner shelf (10-50 m) of the southeastern Arabian Sea
(SEAS) between ~9° and 13° N (Fig. 1). The SWCI bordered on the east by the Western Ghats and
the Arabian Sea on the west. More than 40 small west-flowing rivers (streams) originating from the
western Ghats debouch into the Arabian Sea through several lagoons and backwaters in the coastal
belt (Murthy, 1975; Mallik et al., 1987). Intense rainfall (approximately 250 cm) during the SWM
induce freshwater plumes over the inner shelf of SWCI. The low saline waters protrude out of the
estuarine mouth into the nearshore region floats over the high saline oceanic water. The outward
extension of these freshwater patches depends on a number of factors including volume of outflow,
inlet width, tidal actions, winds, and bathymetry (Nair et al., 1989; Seena et al., 2019). The monsoonal
freshwater discharge brings a high amount of nutrients, heavy metals, organic matter, and sediments
into the coastal environment. India’'s west coast is densely populated, and the coastal waters are likely
to be altered by anthropogenic interventions such as heavy metal pollution, acidification, and
eutrophication (Laluraj et al., 2005; Cheriyan et al., 2015; Sreekanth et al., 2015). The intense
upwelling during SWM makes SEAS one of the world's highly productive regions (Prakash and
Ramesh, 2007; Gupta et al., 2016). Consequently, the upwelling induced hypoxia increases the oxygen
demand for organic matter mineralisation due to high surface production (Gupta et al., 2016; Sudheesh
etal., 2016).

2.2 Sampling

Water and sediment sampling was carried out across six transects of Alappuzha (A), Cochin
south (C), Cochin North (N), Kozhikode(K), Payyannur (Y) and Mangalore (M) onboard the coastal
research vessel Sagar Purvi during 11-18 September 2018 (late SWM) and 19-25 December 2018
(NEM) along the southwest coast of India (Fig. 1). Each transects covered three stations at a water
depth 10m, 30m and 50m, respectively. Water samples collected from standard depths using a Niskin
sampler were sub-sampled for nutrients and dissolved oxygen (DO) measurements. Water column
temperature and salinity were recorded using a CTD profiler (SEABIRD 19 plus). Surface sediments
were collected using a Van Veen grab and subsampled into acid cleaned high-density polyethene

bottles, capped, sealed and kept frozen till analysis.



2.3 Analytical methods
2.3.1 Dissolved oxygen (DO) and dissolved inorganic phosphorus (DIP)

Dissolved Oxygen was analysed following Winkler's method (Grasshoff et al., 1999) using an
automatic titration system (Metrom 865 Dosimat plus; detection limit 2 uM). Samples for DIP were
filtered through glass fibre filter paper (GF/F) and estimated following standard procedure (Grasshoff
et al., 1999) using an auto-analyser (Skalar, SAN++). A UV lamp attached to the autoanalyser was
used to oxidise the samples for total dissolved P (Grasshoff et al., 1999). Dissolved Organic P (DOP)
was calculated by subtracting DIP from total dissolved P (detection limit 0.07 uM). The precision of

these analyses is ensured by measuring standards and triplicates and was within +3%.
2.3.2 Sediment texture and other geochemical parameters

Sediment texture (sand, silt and clay) was estimated by pipette analysis of wet sediment after
removing inorganic carbon by 1M HCI and organic matter by 30% H.O> (Folk 1974). The texture was
analysed using a Laser Particle Size Analyser (Mastersizer 3000), and accuracy was +0.7% for
polystyrene latex standards. Total Organic Carbon (OC) was analysed using a Vario EL 1l CHNS
analyser after treating the freeze-dried homogenised samples with 1M HCI to remove inorganic carbon.
Acetanilide was used as the standard which yielded a detection limit of 0.07 %, and accuracy was
within £2%. Fe was quantified by digesting the sediment in a mixture of HNO3: HCI: HF (7:2:1) acids
in a microwave digester (Milestone Ethos Easy, USA) and analysing the extract using Inductively
Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES, Thermo Scientific-CAP 7000

Series).
2.3.3 Fractionation of phosphorus

Sediment samples were subjected to P speciation using the SEDEX sequential extraction procedure
modified by Ruttenberg et al. (2009). The five P fractions sequentially extracted by this method are i)
exchangeable or loosely adsorbed (Pex) ii) Fe-(oxy) hydroxide (Pre) iii) authigenic apatite (Paut) iV)
detrital apatite (Ppet) and (v) residual organic (Pres). Pex Was quantified using bicarbonate-dithionite
(BD) reagent suggested by Jensen and Thamdrup (1993), because i) citrate ion may dissolve Ca bound
P also to overestimate Pex and ii) BD can minimise the interference due to molybdate complex. All
extracts were filtered (GF/F, 0.7 pum pore size) and analysed following the standard procedure
(Grasshoff et al., 1999) using an autoanalyser (Skalar SAN++). The extract from step ii (NaBD) was
purged with purified air to remove dithionite. For estimation of organic phosphorous, samples were

oxidised using sodium persulphate and irradiated by ultraviolet light. Each analysis was accompanied



by blanks and standards (in triplicates) to minimise contamination from chemicals and other laboratory

practices, and the standard deviation was £3% (Pex, Pre and Pres.) and £5-6%(Paut and Ppet).
2.3.4 Statistical analysis

One-way Analysis of variance (ANOVA), correlation analysis and factor analysis were done
using 'Statistical Package for Social Sciences (SPSS), version-24'. Spatial and seasonal variations were
assessed using ANOVA with season and space (stations) as the source of variation. The log (x+1)
transformation was used to obtain a normal distribution of the data set, and normality was checked
using Webster's criteria, 2001. Principal component analysis (PCA) was used to extract information
from the most meaningful parameters which better described the overall data and afford data reduction
with minimal loss of information (Katsaounos et al., 2007). Factor loading was considered significant

if they were >0.50.
3 Results
3.1 Temperature and salinity

The water column was warm (>28°C) and vertically mixed with a deep mixed layer (ML)
during NEM, whereas the SWM season experienced a drastic change due to upwelling that leads to a
shallow ML of <5 m (Fig. 2). It can be noted that the depth of 26°C isotherms (D2s), considered as the
progression of upwelling (Gupta et al., 2016) closely indicated the bottom of the ML. An upsloping of
D26 was noticed along the southwest coast with varying intensities. In Alappuzha transect, D2s was at
6m in the coastal station (20m), which deepened to 10m in the offshore (40m). The upsloping of D2s
was also evident in the south Cochin transect, though a layer of warm freshwater from the Cochin
estuary restricted the upwelling to the subsurface. Further north, the intensity of upwelling gradually
was found to increase between Calicut and Mangalore. D2g was as shallow as at 4-5 m along Calicut,
while it almost reached the surface in Payyannur and Mangalore transects. From the vertical salinity
profiles, the progression of upwelling over the entire study domain is evident (Fig. 3). The salinity was
generally high during SWM due to Arabian Sea high saline waters and low during NEM due to the
incursion of Bay of Bengal waters.

3.2 Dissolved oxygen

The entire water column along the southwest coast of India remained well-oxygenated (6-8
mg/l) during NEM. An upwelling induced incursion of hypoxic waters was the dominant feature of
the SWM (Fig. 4). In Alappuzha, the oxygen deficiency during SWM was not so acute at 10 m (1.79
mg/l), but it was hypoxic (0.8 mg/l) at 50m depth. The coastal waters of Cochin (south) were hypoxic



(0.4 mg/l) up to 30 m in the bottom waters, but remained less oxygen-deficient (2.1 mg/l) at 50 m. The
bottom oxygen deficiency was a common feature of SWM from between Cochin and Mangalore. The
hypoxia was less intense in Alappuzha and Cochin(S) but increased towards Mangalore, reaching
suboxic in Payyannur and Mangalore transects.

3.3 Dissolved inorganic and organic P

DIP and DOP were in general, low during NEM due to the lower terrestrial inputs, absence of
upwelling and intrusion of BoB waters (Fig. 5). DIP and DOP ranged from 0.26 to 1.2uM and 0.10 to
0.50uM respectively in all the transects. During SWM, the upwelling was found to induce a four-fold
enrichment of DIP (0.50 to 2.37uM) over the entire study domain (Fig. 5). The bottom DIP levels
showed a steady increase towards Mangalore (M), in accordance with the intensity of hypoxia in the
region. DOP also showed an increase (0.20 to 2.00 uM) in the surface, especially at Calicut (K),
Payyannur (Y) and Mangalore (M) (Fig. 6). Enrichment of DOP in the bottom was observed from
Cochin north (N) till Payyannur (Y) during SWM. A northward increase in DIP enrichment, especially

in the bottom, could be due to the release of P from sediments under hypoxic conditions.
3.4 Sediment characteristics

With a change in the season from SWM to NEM, the sediment texture generally exhibited a
clear transition from silt to clay. The nearshore (10m) stations were silty, except in Alappuzha, where
the sediments were clayey. The sediments in the Cochin shallow region remained clayey silt during
both seasons. In the mid-shelf (30m), silt was predominant in Cochin, Payyanur, and Mangalore,
whereas Kozhikode and Cochin North were sandy. In the offshore region (50m), clay dominated in all
transects. Although there was only a slight seasonal variation in the textural composition, significant
spatial variation was evident. In the nearshore region(10m), there was a change from clayey sediment
in Alappuzha to silty sediment in Mangalore. The offshore area (50m) was clayey silt in Alappuzha,

whereas it was clayey in Mangalore.

Sediment organic carbon generally showed both spatial and seasonal variations and exhibited
a positive correlation with clay and negative correlation with sand (Fig.7). In Alappuzha, OC was 1-
2.2% during SWM and 2-7.91% during NEM. In Cochin south, OC varied from 3.23-7.04% during
SWM and 2.2-6.22% during NEM. In Cochin north, the lower OC values (0.5-6%) were observed
during SWM and the highest values (1.5-6%) during NEM. In Kozhikode transect, OC was 0.1-3.45%
and 0.2-6.8% during SWM and NEM, respectively. In Payyanur, OC increased from 1.67-5.69%
during SWM to 2.3-6.5% during NEM. Similarly, in Mangalore, OC increased from 1.9-5.25% during
SWM to 1.43-6% during NEM.



Diagenesis of phosphorous in the marine environment can also be studied using changes in the
Fe and Mn concentrations in sediments (Alvarez-Iglesias et al., 2003). The result of Pearson correlation
analysis of seasonal geochemical data was presented in Table 1. Mn exhibited significant spatial
variation (p<0.05), though there was no correlation with P fractions. Fe showed a significant positive
correlation with TP (p<0.01) during both seasons, indicating Fe's influence in the enrichment of P in
sediments. Bioavailable P fractions (Pyio) Which is the sum of Pexand Pre Showed a significant positive
correlation with exchangeable Fe fraction (Feex) (p<0.05) showing the strong relation of Ppio With Feex.
The negative correlation of Pypio with total Fe (p<0.05) indicated that there were no significant
contributions by the persistent Fe fractions, even though stable Fe fractions were a significant factor

in the enrichment of P in sediments.

Total Phosphorus (TP) in sediments did not vary seasonally (Fig 8a), though there was a
marginal reduction in Mangalore. TP was in the range 260-1686pg/g (Alappuzha), 504-1439ug/g
(Cochin south), 174-1707ug/g (Cochin north), 75-1170ug/g (Kozhikode), 585-873ug/g (Payyanur)
and 389-957ug/g (Mangalore). TP was high in the nearshore regions (278-1707ug/g) and decreased
towards mid-shelf (174-975ug/g) and offshore (331-799.24ug/g) and towards the north (Mangalore).
The low TP in the mid-shelf region could be due to increased sand content, and its reduction towards
Mangalore could be due to hypoxia. TP also showed a positive correlation with clay and negative

correlation with sand.
1.5 Phosphorous fractions

The variations in the different P fractions are illustrated in Fig 8b. Exchangeable fraction (Pex)
ranged from 13.2 -58.73 ug/g and comprised 2-12% of TP during SWM. During NEM, Pex ranged
from 12.68-84.79 pg/g and on an average comprised 5% of TP. Pex in the nearshore region increased
from 1.5-7.67% of TP during NEM to 3-11.37% of TP during SWM. Pex was lowest in Mangalore
during both seasons. In the mid-shelf region, Pexwas high (3.12-18.6%) during SWM and low (1.63-
7.84%) during NEM. High Pex in Cochin north and Kozhikode are associated with a sandy texture. In
the offshore region, Pex varied from 2-5.42% of TP during the SWM to 2.49- 7.84% during NEM.
Overall, Pexshowed an evident spatial variation with a decreasing trend towards Mangalore and away
from the coast during both seasons.

Fe bound fraction (Pre) is bioavailable since it is bound to Fe (oxy)hydroxides and the sum of
Pex and Pre, constitute the total bioavailable (Pyio) fraction. Pre ranged from 2 -79 pg/g and comprised
0.2-10% of TP during SWM. During NEM, Pee ranged from 0.9-79 pg/g and on an average comprised
3% of TP. In the nearshore region (10m), Prewas low (0.31-4.63%) during SWM and high (1.6-7.15%)



during NEM. In the mid-shelf region (30m), it was low (0.19-3.48%) during SWM and high during
NEM (0.5-1.35%). In the offshore region (50m), it was low (0.26-2.76%) during SWM and high (0.85-
10%) during NEM. The high values in Cochin south, north and Mangalore during SWM may be due
to increased fluvial supply that altered the texture. A decline in Pre 0bserved during SWM was also

following hypoxia.

Authigenic P (Paut) was one of the dominant fractions in all transects, which on an average was
339.8 + 281 pg/g and 343 + 263 pg/g during SWM and NEM respectively. The nearshore region
accounted for 21.3-53.4% of TP during SWM, 20 -51.9% in the mid-shelf and 25- 64.3% in the
offshore. During NEM, Payt accounted for 29-74% in the nearshore, 38-59.8% in the mid-shelf and
20.4-43% in the offshore region. A decreasing trend of Pau from Alappuzha to Mangalore observed
during SWM was absent during NEM. Payt exhibited a negative correlation with the detrital fraction
during both the seasons (p<0.01). Detrital fraction (Ppet) was the second most abundant after Paut ,
which on an average was 386.6 + 267 pug/g and 340 + 204 ug/g during SWM and NEM respectively.
In regions of high Pau, the Ppet was low and vice versa. In the nearshore region, Ppet Was 30-63% of
TP during SWM and 12-60% during NEM. In the mid-shelf, it was in the range 33.07-49.82% of TP,
whereas it was accounted for 34-73% in the offshore during both seasons. Both Ppetand Paut remained

almost constant without any spatial and seasonal variations due to their high concentrations.

Residual organic fraction (Pres) On average was 34 + 25 pg/g and 52 + 35 pg/g during SWM
and NEM, respectively. Pres accounted for 0.8-14% of TP in the nearshore and mid-shelf regions with
an increasing trend towards Mangalore, whereas the offshore area exhibited a decreasing trend (1.01-
13.62%) towards Mangalore. Pres Were relatively low in the offshore region than the shallow area and

did not show seasonal variations.
4 Discussion

The coastal upwelling is the main causative factor that significantly lowers the temperature,
dissolved oxygen, and increases the nutrient concentration along India's southwest coast (Banse, 1959;
Shah et al., 2019; Gupta et al., 2016). This region receives freshwater influx from more than 40 small
rivers (stream) originating from the Western Ghats. The coastward impact of these rivers is minimal,
probably in the nearshore region and depends on as number factors including volume of outflow, inlet
width, tidal actions, winds, and bathymetry (Nair et al., 1989; Seena et al., 2019). Previous literature
has revealed that the impact of freshwater plumes along the southwest coast of India was observed in
short spatial scales in the adjoining river mouths (Lallu et al., 2014; Vinita et al., 2015; Santhikrishnan
et al., 2021). Therefore, the impact of land derived phosphorus content has a significant effect in the



nearshore region (maximum up to 5-10 m water depth), beyond which upwelling induced nutrient

enrichment is the main contributing factor.

The variation observed in the P distribution is generally in accordance with the seasonal
changes in the hydrography along the southwest coast of India. The nutrient-deplete (DIP ~ 0.50 puM)
water environment during NEM was drastically changed to the nutrient-replete environment (DIP
range 1.5-4.4uM) during SWM due to intense coastal upwelling and re-mineralisation (Schenau and
De Lange, 2001). The nutrient enrichment during SWM subsequently enhanced the plankton
productivity, which on decomposition intensified the oxygen deficiency in the water column
(Gireeshkumar et al., 2017; Jyothibabu et al., 2018), facilitating the growth of anaerobic bacteria (Anas
etal., 2018). Fe likely entrained from deeper anoxic sediment layers during the dissolution of Fe oxides
may re-precipitate and enriched in the surface sediments (Krom and Berner, 1980; Jensen et al., 1995;
Slomp et al., 1996). Such a condition may not arise in hypoxic waters, since all the excess P released

are immediately used for enhanced biological production.
4.1 Geochemical forms of Phosphorous

Phosphorous geochemistry of coastal marine systems in India are well documented. The
dominance of organic P, as well as the immobilisation of P in the form of authigenic, detrital and humic
acid, bound P is the primary process behind P cycling in mangrove ecosystem in the southeastern and
southwestern coast of India (Bala Krishna Prasad and Ramanathan, 2009; Ranjan et al., 2010; Joseph
et al., 2010; Resmi et al., 2016). The estuarine dynamics of P in the southwest and southeast coast of
India largely depends on the strong seasonal heterogenicity of Fe bound P concerning the prevailing
salinity fluctuations and emphasised the internal loading of P in estuaries (Ashraf et al., 2006; Renjith
et al., 2011; Gireeshkumar et al., 2012; Renjith et al., 2015; Barik et al., 2018). Therefore, this study

describes the P dynamics with respect to the varying redox conditions in the sediment-water interface.

The variation in TP (174-1707 ug/g) observed in the present study is comparable with previous
reports from the same region (Acharya et al., 2016; Sudheesh et al., 2017). Since the hydrography of
the SWCI undergoes distinct changes from SWM (hypoxic) to NEM (oxic), the biogeochemical
properties are expected to change substantially. Thus, Paut (41-92%) was the major fraction in
sediments followed by Ppet (12-73%) and Pres (0.8-14%), whereas the contributions of Pex (1.5-8%)
and Pre (0.5-7%) were relatively minor. Pex is a bioavailable fraction usually released during early
diagenesis (Andrienx and Aminot, 2001; Kaiserli et al., 2002; Yang et al., 2017). In the present study,
Pexwas relatively high in the nearshore than the offshore regions, especially in Alappuzha. The positive

correlation of Pre with labile Fe (reactive Fe) indicates their common origin. Paut was low during



SWM and high during NEM in an earlier study (Edwin and Meenakumari, 2006), which was not
observed during the present study. Moreover, the Pres in this study is also lower than that of the east
coast of India. Studies on the mangrove intertidal systems have identified Pre as a significant fraction
and attributed this to the absence of hypoxia and low productivity along India's east coast
(PrakashBabu and Ramaswamy, 2017; Prasad and Ramanathan, 2010; Mohanty et al., 2018).

4.2 Influence of Fe on P fractions

Fe (oxy) hydroxides are major scavengers of P under oxic condition (Slomp et al., 1996), while
dissolution of Fe (oxy) hydroxide during hypoxia can release of more P to water (Kraal et al., 2017;
Sudheesh et al., 2017). Since the bioavailable fraction of P is immediately used for biological
production, Pre is expected to be low in the study region during SWM. However, there were locations
such as Cochin and Mangalore where Pre was high (Fig 9), indicating that there may be several factors
influencing the dissolution and entrapment of Pre. P enrichment can also be observed using Fe/P ratios
(Sondergaard et al., 2003; Coelho et al., 2004). High Fe/P ratio (>20) during oxic conditions points out
a high removal of P by Fe oxides, while a low ratio indicates its release through dissolution under
oxygen-deficient conditions (Caraco et al., 1993; Sendergaard et al., 2003). Accordingly, during
SWM, Fe-P was very low over the entire study region (Fig 9), while the high ratios at Cochin (<15)
and Mangalore (>30) were indicating high retention of P in sediment. Enrichment of DIP in the bottom
during upwelling may also be due to its release from sediment. Pre concentrations showed a spike in
sandy sediments of Cochin North during SWM and Kozhikode during NEM. There was a significant
correlation for Fe with silt (p<0.01) throughout the study domain. Overall, a decrease in Pre was evident
during SWM, except in regions of sandy substrates or hypoxic conditions. The significant positive
correlation of Pee (p<0.05) with organic P (OP) indicates its biogenic origin. Pau was the major
component in sediments followed by Ppet and did not show any spatial or seasonal variations. During
both seasons, the average percentages of Paut (46, 41) and Ppet (45, 43) were almost comparable, while

Pres varied from 0.8 to 14 % and were independent of sediment texture.
4.3 Influence of organic carbon on phosphorus fractions

The biogenic fluxes in the northern Arabian Sea are consistently high due to intense upwelling
during SWM and convective mixing during NEM (Gauns et al., 2005). Consequently, most of this
biogenic flux gets oxidised in the oxygen minimum zone, and only a fraction reaches the bottom. In
the absence of productivity data and P flux in the present study, OC/OP ratio (Fig. 9) was used to
quantify the residual organic (Pres) fraction (Babu and Nath, 2005). OC/OP higher than Redfield
OC/OP values have been linked to the preferential regeneration of OP compared to OC during
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decomposition (Filippelli and Cowie 2017; Ingall et al., 1993; Andrieux-Loyer and Aminot, 2001;
Monbet et al., 2007; Jordan et al., 2008; Gikuma-Njuru et al., 2009; Reimer et al., 2010). In the present
study, C/Preswas > 106 during SWM suggesting an active removal of P, whereas it was lower (159 +
88) or close to Redfield OC (106) during NEM indicating an active degradation of OC. P released
during degradation is either bound to oxides or transformed as Paut (Slomp et al., 1996; Ruttenberg and
Berner 1993).

4.4 Principal Component Analysis

Principal component analysis (PCA) was carried out to delineate the important biogeochemical
processes regulating the P cycling in the study region. The results showed a significant difference in
the geochemistry P over the season. The prominent loading of parameters as Principal Components
(PCs) and their clustering are used to explain their geochemical interactions in sediments (Table 2 a &
b).

PCA for the SWM season resolved five PCs that explained 91% variance. PC1 could alone
explain 24% variance (eigen value-4.81) and was mainly contributed by Ppio (Pex + Pre) and
environmental factors such as DO, salinity and temperature. Thus, PC1 indicates the redox sensitivity
of Pre release during the dissolution of Fe (oxy) hydroxides. Similarly, PC2 (22% variance; eigen
value-3.51) is contributed by OC, Fe and TP indicating the role of organic matter and Fe in the
deposition of P. PC3 accounted 18% of the variance (eigen value-2.08) and composed of Ppe, silt and
clay indicate its lithogenic contribution. PCA results for the NEM season also yielded five PCs that
could explain 82% variance. But there was a difference in the loading parameters indicating the
seasonal influence on the biogeochemical cycling of P. PC1 accounting 24% variance (eigen value-
4.69) was positively loaded with TP, silt, OC and Fe. PC2 accounting 19% variance (eigen value-2.47)
had positive loading of Pau, TOP and OC. PC2, therefore, indicated the preference of P accumulation
by organic matter and Fe, alternately favouring re-mineralisation to form Payt as a major pathway of P

cycling in sediments.
5 Conclusion

The present study examined the changes in the P fractions in sediments along the SWCI over
two seasons. The water column was hypoxic and nutrient-replete during the SWM, while NEM was
characterised by an oxic and nutrient-depleted water column. The enrichment of DIP in the subsurface
during the SWM was due to its release from sediments. P fractionation showed that texture, organic
matter, and Fe are the major factors controlling the P cycling in sediments. The dissolution of Pre

releasing P into the overlying water column was a significant process during the SWM. In contrast, an
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increased re-mineralisation leading to the formation of Paut was the dominant pathway during the
NEM.

Acknowledgements

The authors thank the Director, CSIR-National Institute of Oceanography, Goa and the
Scientist in Charge, Regional Centre- Kochi, for the encouragement and support. This study was
carried out under the SWQM/MEDAS program of the Ministry of Earth Sciences (MoES), India. We
thank Dr M V Ramanamurty, Director, National Centre for Coastal Research (NCCR), Chennai, India
and Dr G VV M Gupta, Director, Centre for Marine Living Resources and Ecology (CMLRE), Kochi,
India for their wholehearted support and encouragement. The authors thank Mr Rajasekhar and Mr
Sundar, Vessel Management Cell, National Institute of Ocean Technology (NIOT), Chennai, India,
and the Captain and crew of the CRV Sagar Purvi cruise in September 2018 to complete the field
measurements under a hostile sea environment. The critical comments given by reviewers have

considerably helped to improve the clarity of the manuscript. This is NIO contribution No. ............

12



References

Acharya, S.S., Panigrahi, M.K., Kurian, J., Gupta, A.K., Tripathy, S., 2016. Speciation of phosphorus
in the continental shelf sediments in the Eastern Arabian Sea. Cont. Shelf Res. 115, 65-75.

Anas, A., Sheeba V. K., Jasmin. C., Gireeshkumar. T. R., Mathew. D., Krishna, K., Nair, S.,
Muraleedharan, K.R., Jayalakshmy, K. V., 2018. Upwelling induced changes in the abundance
and community structure of archaea and bacteria in a recurring mud bank along the southwest
coast of India. Reg. Stud. Mar. Sci. 18, 113-121.

Anderson, L. D., Delaney, M., Kristina, F., 2001. Carbon to phosphorus ratios in sediments:
Implications  for  nutrient  cycling.  Global  Biogeochemical  Cycles.15. 65
79.10.1029/2000GB001270.

Andrieux-Loyer, F., Aminot, A., 2001. Phosphorous forms related to sediment grain size and
geochemical characteristics in French coastal areas. Estuar. Coast. Shelf Sci. 52, 617-629.

Ashraf, M.P., Edwin, L., Meenakumari, B., 2006. Studies on the seasonal changes of phosphorus in
the marine environments off Cochin. Environ Int 32, 159-164.

Babu, C.P., Nath, B.N., 2005. Processes controlling forms of phosphorus in surficial sediments from
the eastern Arabian Sea impinged by varying bottom water oxygenation conditions. Deep Sea
Res. Part 11: Top. Stud. Oceanogr. 52 (14-15),1965-1980.

Banse, K., 1959. On upwelling and bottom-trawling off the southwest coast of India. Journal of the
Marine Biological Association of India, 1 (1), 33-49.

Barik, S.K., Bramha, S., Bastia, T.K., Behera, D., Mohanty, P.K., Rath, P., 2018. Distribution of
geochemical fractions of phosphorus and its ecological risk in sediment cores of a largest brackish
water lake. Int. J. Sedim. Res., 34 (3), 251-261.

Berg, U., Neumann, T., Donnert, D., Nuesch, R., Stiiben, D., 2004.Sediment capping in eutrophic
lakes—efficiency of undisturbed calcite barriers to immobilise phosphorus. Applied
geochemistry, 19 (11), 1759-1771.

Caraco, N. F., Cole, J. J.,, Likens, G.E., 1993. Sulfate control of phosphorus availability in lakes- A
test and re-evaluation of Hasler and Einsele's model. Hydrobiologia, 253 (13), 275-280.

Carpenter, S. R., Caraco, N.F., Correll, D.L., Howarth, R.W., Sharpley, A.N., Smith, V.H., 1998.
Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological applications, 8(3),
559-568.

Cheriyan, E., Sreekanth, A., Mrudulrag, S.K., Sujatha, CH, 2015. Evaluation of metal enrichment and
trophic status on the basis of biogeochemical analysis of shelf sediments of the southeastern
Arabian Sea, India. Cont. Shelf Res. 108, 1-11.

Coelho, J.P., Flindt, M.R., Jensen, H.S., Lillebo, A.l., Pardal, M.A., 2004. Phosphorous speciation and
availability in intertidal sediments of a temperate estuary: relation to eutrophication and annual
P-fluxes. Estuar. Coast. Shelf Sci. 61, 583-590.

Cook, P.J., Shergold, J.H., 1984. Phosphorus, phosphorites and skeletal evolution at the
Precambrian—Cambrian boundary. Nature, 308 (5956), 231-236.

13



D. W. Schindler., 2006. Recent advances in the understanding and management of eutrophication.
Limnol. Oceanogr., 51(1, part 2), 2006, 356-363 ¢ 2006, by the American Society of Limnology
and Oceanography, Inc.

Dunne, E.J., Smith, J., Perkins, D.B., Clark, M.W., Jawitz, J.W., Reddy, K.R., 2007.Phosphorus
storages in historically isolated wetland ecosystems and surrounding pasture uplands. Ecological
Engineering, 31(1), 16-28.

Edwin, L. and Meenakumari, B., 2006. Studies on the seasonal changes of phosphorus in the marine
environments off Cochin. Environment international, 32 (2), 159-164.

Filippelli, G. M., 2008. The global phosphorus cycle: past, present, and future. Elements, 4(2), 89-95.

Filippelli, G. and Cowie, G., 2017. Carbon and Phosphorus Cycling in Arabian Sea Sediments across
the Oxygen Minimum Zone. J. Oceanogr. Mar. Res, 5 (171), 10-4172.

Froelich, P.N., 1988. Kinetic control of dissolved phosphate in natural rivers and estuaries: a primer
on the phosphate buffer mechanism 1. Limnology and oceanography, 33(4part2), 649-668.

Gauns, M., Madhupratap, M., Ramaiah, N., Jyothibabu, R., Fernandes, V., Paul, J.T., Kumar, S.P.,
2005.Comparative accounts of biological productivity characteristics and estimates of carbon
fluxes in the Arabian Sea and the Bay of Bengal. Deep Sea Research Part Il: Topical Studies in
Oceanography, 52(14-15), 2003-2017.

Gikuma-Njuru, P., Hecky, R.E. and Guildford, S.J., 2010. Surficial sediment phosphorus fractions
along a biogeochemical gradient in Nyanza (Winam) Gulf, northeastern Lake Victoria and their
possible role in phosphorus recycling and internal loading. Biogeochemistry, 97 (2), 247-261.

Gireeshkumar, T.R., Deepulal, P.M., Chandramohanakumar, N., 2013.Phosphorous speciation in
surface sediments of the Cochin estuary. Environ. Monit. Assess., 2535-2552.

Gireeshkumar, T.R., Mathew, D., Pratihary, A.K., Naik, H., Narvekar, K.U., Araujo, J., Balachandran,
K.K., Muraleedharan, K.R., Thorat, B., Nair, M. and Naqvi, S.W.A., 2017. Influence of upwelling
induced near shore hypoxia on the Alappuzha mud banks, South West Coast of India. Continental
Shelf Research, 139, 1-8.

Grac, A. B., Bolale, K. J., 1998. Forms of phosphorus in sediments from the Gulf of Gdansk. Applied
Geochemistry, 13 (3), 319-327.

Grasshoff, K., Ehrhardt, M., Kremling, K., 1983.Methods of seawater analysis, 2nd edition. Verlag
Chemie, Weinheim.

Gupta, G.V.M., Sudheesh, V., Sudharma, K.V., Saravanane, N., Dhanya, V., Dhanya, K.R., Lakshmi,
G., Sudhakar, M., Nagvi, S.W.A., 2016.Evolution to decay of upwelling and associated
biogeochemistry over the southeastern Arabian Sea shelf. Journal of Geophysical Research:
Biogeosciences, 121 (1), 159-175.

Huang, W., Huang, W., Li, H., Lei, Z., Zhang, Z., Tay, J.H., Lee, D.J., 2015.Species and distribution
of inorganic and organic phosphorus in enhanced phosphorus removal aerobic granular
sludge. Bioresource technology, 193, 549-552.

14



Ingall, E.D., Bustin, R.M. and VVan Cappellen, P., 1993. Influence of water column anoxia on the burial
and preservation of carbon and phosphorus in marine shales. Geochimica et Cosmochimica
Acta, 57 (2), 303-316.

Jacob, J., Jayaraj, K. A., HabeebRehman, H., Chandramohanakumar, N., Balachandran, K.K.,
Raveendran, T. V., Thresiamma, J., Maheswari, N., and Achuthankutty, C. T.,2009.
Biogeochemical characteristics of the surface sediments along the western continental shelf of
India, Chem. Ecol. 25, 135-149.

Jacob, J., Ghosh, P., Balchandran, K.K., George, R., 2010. Impact of seasonal oxygen deficiency on
the phosphorus geochemistry of surface sediments along the Western Continental Shelf of India.
Biogeosciences Discuss. 7 (4), 6089-6119.

Jarvie, H.P., Neal, C., Withers, P.J., Wescott, C., Acornley, R.M., 2005. Nutrient hydrochemistry for
a ground water-dominated catchment: the Hampshire Avon, UK. Science of the Total
Environment, 344 (1-3), 143-158.

Jensen, H.S., Thamdrup, B., 1993. Iron-bound phosphorous in marine sediments as measured by
bicarbonate-dithionite extraction. Hydrobiologia, 253, 47-59.

Jensen, H.S., Mortensen, P.B., Anderson, F.O., Rasmussen, E., Jensen, A., 1995. Phosphorus cycling
in a coastal marine sediment, Aarhus Bay, Denmark. Limnol. Oceanogr. 40, 908-917

Jordan, T.E., Cornwell, J.C., Boynton, W.R. and Anderson, J.T., 2008. Changes in phosphorus
biogeochemistry along an estuarine salinity gradient: The iron conveyer belt. Limnology and
Oceanography, 53 (1), 172-184.

Jyothibabu, R., Balachandran, K.K., Jagadeesan, L., Karnan, C., Arunpandi, N., Naqvi,S.W.A,
Pandiyarajan, R.S., 2018. Mud Banks along the southwest coast of India are not too muddy for
plankton. Sci. Rep. 8, 1-13.

Kaiserli, A., Voutsa, D. and Samara, C., 2002. Phosphorus fractionation in lake sediments—Lakes
Volvi and Koronia, N. Greece. Chemosphere, 46 (8), 1147-1155.

Katsaounos, C.Z., Giokas, D.L., Leonardos, I.D., Karayannis, M.l., 2007. Speciation of phosphorus
fractionation in river sediments by explanatory data analysis. Water Research, 41(2), 406-18.

Khare, N., Martin, J.D., Hesterberg, D., 2007. Phosphate bonding configuration on ferrihydrite based
on molecular orbital calculations and XANES fingerprinting. Geochimica et Cosmochimica
Acta, 71(18), pp.4405-4415.

Kraal, P., Dijkstra, N., Behrends, T. and Slomp, C.P., 2017. Phosphorus burial in sediments of the
sulfidic deep Black Sea: Key roles for adsorption by calcium carbonate and apatite
authigenesis. Geochimica et Cosmochimica Acta, 204, pp.140-158.

Krom, M.D., Berner, R.A., 1980. Adsorption of phosphate in anoxic marine sediments. Limnol.
Oceanogr. 25, 797-806.

Lallu, K.R., Fausia, K.H., Vinita, J., Balachandran, K.K., Kumar, K.N. and Rehitha, T.V., 2014.
Transport of dissolved nutrients and chlorophyll a in a tropical estuary, southwest coast of
India. Environmental monitoring and assessment, 186(8), 4829-4839.

15



Laluraj, C.M., Nair, S.M., 2006. Geochemical index of trace metals in the surficial sediments from the
western continental shelf of India, Arabian Sea. Environ. Geochem. Health 28(6), 509-518.

Laluraj, C.M., Gopinath, G. and Dineshkumar, P.K., 2005. Groundwater chemistry of shallow aquifers
in the coastal zones of Cochin, India.

Lewis, G.N., Auer, M.T., Xiang, X., Penn, M.R., 2007. Modeling phosphorus flux in the sediments of
Onondaga Lake: Insights on the timing of lake response and recovery. Ecological Modelling, 209
(2-4), 121-135.

Linsy, P., Nath, B.N., Mascarenhas-Pereira, M.B.L., Vinitha, P.V., Ray, D., Babu, C.P., Rao, B.R.,
Kazip, A., Sebastian, T., Kocherla, M. and Miriyala, P., 2018. Benthic cycling of phosphorus in
the Eastern Arabian Sea: Evidence of present day phosphogenesis. Marine Chemistry, 199, 53-
66.

Malecki, L.M., White, J.R., Reddy, K.R., 2004. Nitrogen and phosphorus flux rates from sediment in
the lower St. Johns River estuary. Journal of environmental quality, 33(4), 1545-1555.

Mallik, T.K., Vasudevan, V., Verghese, P.A. and Machado, T., 1987. The black sand placer deposits
of Kerala beach, southwest India. Marine Geology, 77(1-2), 129-150.

Mérz, C., Poulton, S.W., Wagner, T., Schnetger, B., Brumsack, H.J., 2014. Phosphorus burial and
diagenesis in the central Bering Sea (Bowers Ridge, IODP Site U1341): perspectives on the
marine P cycle. Chemical Geology, 363, 270-282.

Mohanty, A.K., Bramha, S.N., Satpathy, K.K., Padhi, R.K., Panigrahi, S.N., Samantara, M.K., Kumar,
S.B., Sarkar, S.K. and Prasad, M.V.R., 2018. Geochemical distribution of forms of phosphorus
in marine sediment of Bay of Bengal, southeast coast of India.

Monbet, P., McKelvie, 1.D. and Worsfold, P.J., 2007. Phosphorus speciation, burial and regeneration
in coastal lagoon sediments of the Gippsland Lakes (Victoria, Australia). Environmental
Chemistry, 4(5), 334-346.

Murty, P.S.N., Reddy, C.V.G., Varadachari, V.V.R, 1966. Distribution of Total Phosphorus
in the Shelf Sediments off the West Coast of India. NIO 34, B No3.

Murty, P.S.N., Reddy, C.V.G., Varadachari, V.V.R., 1968.Distribution of total phosphorus in the shelf
sediments off the west coast of India. Proc. Nat. Inst. Sci. India (Vol. 34, No. 3, pp. 134-141).

Nair, R.R., Ittekkot, V., Manganini, S. and Ramaswamy, V., others. 1989. Increased particle flux to
the deep ocean related to monsoons. Nature, 338, 749-751.

Nair, S.M. and Balchand, A.N., 1993. Phosphate-phosphorus (AD-) sorption characteristics of
sediments from a very high productive coastal zone. Toxicological & Environmental
Chemistry, 39 (1-2), 81-95.

Nagvi, S., Naik, H., Jayakumar, A., Pratihary, A.K., Narvenkar, G., Kurian, S., Agnihotri, R., Shailaja,

M.S., Narvekar, P.V., 2009. Seasonal anoxia over the western Indian continental shelf. Indian
Ocean Biogeochemical Processes and Ecological Variability, 333-345.

16



Nagvi, S. W. A., Naik, H., Jayakumar, D. A., Shailaja, M. S., Narvekar, P. V., 2006. Seasonal oxygen
deficiency over the western continental shelf of India, in: Past and present water column anoxia.
edited by: Neretin, L. N., (NATO Sci. Ser. IV: Earth and Environ. Sci; 64), Springer, Dordrecht,
Netherlands, 195-224.

Paytan, A., McLaughlin, K., 2007. The oceanic phosphorus cycle. Chemical reviews, 107(2), 563-576.

Paropkari, A.L., 1990. Geochemistry of sediments from the Mangalore—Cochin shelf and upper slope
off southwest India: geological and environmental factors controlling dispersal of elements.
Chem. Geo. 81, 99-119.

PrakashBabu, C. and Ramaswamy, V., 2017. Phosphorus accumulation associated with intense
diagenetic metal-oxide cycling in sediments along the eastern continental margin of
India. Current Science, 113 (3), 473-478

Prakash, S., Ramesh, R., 2007. Is the Arabian Sea getting more productive? Curr. Sci. 92(5), 667-670.

Prasad, M.B.K. and Ramanathan, A.L., 2010. Characterisation of phosphorus fractions in the
sediments of a tropical intertidal mangrove ecosystem. Wetlands Ecology and Management, 18
(2), 65-175.

Prasanna Kumar, S., Gauns, M., Sarma, V. V. S. S., Muraleedharan, P. M., Raghukumar, S., Dileep
Kumar, M., Madhupratap, M., 2001. Physical forcing of biological productivity in the northern
Arabian Sea during the northeast monsoon, Deep Sea Res. Part 11, 48, 1115-1126.

Qasim, S.Z., 1982. Oceanography of the northern Arabian Sea. Deep Sea Research Part A.
Oceanographic Research Papers, 29(9), 1041-1068.

Ranjan, R.K., Ramanathan, A.L., Chauhan, R. and Singh, G., 2011. Phosphorus fractionation in
sediments of the Pichavaram mangrove ecosystem, south-eastern coast of India. Environmental
Earth Sciences, 62 (8), 1779-1787.

Rao, C.M., Paropkari, A.L., Mascarenhas, A., Murty, P.S.N., 1987. Distribution of phosphorus and
phosphatisation along the western continental margin of India. Journal of the Geological Society
of India. 30, 423-438.

Rao, C.M., Rajamanickam, G.V., Paropkari, A.L., Murty, P.S.N., 1978. Distribution of phosphate in
sediments of the northern half of the western continental shelf of India. Indian J. Mar. Sci., 7,
146-150.

Reimer, J.J. and Huerta-Diaz, M.A., 2011. Phosphorus speciation and sedimentary fluxes in
hypersaline sediments of the Guerrero Negro salt evaporation area, Baja California Sur,
Mexico. Estuaries and coasts, 34 (3), 514-528.

Renjith, K.R., Chandramohanakumar, N. and Joseph, M.M., 2011. Fractionation and bioavailability of
phosphorus in a tropical estuary, Southwest India. Environmental monitoring and
assessment, 174 (1), 299-312.

Resmi, P., Manju, M.N., Gireeshkumar, T.R., Movitha, M., Shameem, K. and Chandramohanakumar,
N., 2016. Phosphorous fractionation in mangrove sediments of Kerala, south west coast of India:
the relative importance of inorganic and organic phosphorous fractions. Environmental
monitoring and assessment, 188 (6), 1-16.

17



Ruttenberg, K.C., Berner, R.A., 1993. Authigenic apatite formation and burial in sediments from non-
upwelling, continental margin environments. Geochim. Cosmochim. Acta, 57,420 991-1007.

Ruttenberg, K.C., Goni, M., 1997. Phosphorus distribution, C:N:P ratios and 13C (OC) in arctic,
temperate and tropical coastal sediments: Tools for characterising bulk sedimentary organic
matter. Marine Geology. 139, 123-145.

Schenau, S.J., De Lange, G.J., 2001. Phosphorus regeneration vs. burial in sediments of the Arabian
Sea. Marine Chemistry, 75 (3), 201-217.

Schenau, S. J., De Lange, G. J., 2000. A novel chemical method to quantify fish debris in marine
sediments, Limnol. Oceanogr. 45, 963-971.

Seena, G., Muraleedharan, K.R., Revichandran, C., Azeez, S.A. and John, S., 2019. Seasonal spreading
and transport of buoyant plumes in the shelf off Kochi, South west coast of India-A modeling
approach. Scientific Reports, 9 (1), 1-15.

Setty, MGAP., Rao, C.M., 1972. Phosphate, carbonate and organic matter distribution in sediment
cores off Bombay-Saurashtra coast, India. Twenty-fourth International Geological Congress,
Canada, 182-191.

Shah, P., Sajeev, R., Thara, K.J., George, G., Shafeeque, M., Akash, S. and Platt, T., 2019. A holistic
approach to upwelling and downwelling along the South-West Coast of India. Marine
Geodesy, 42 (1), 64-84.

Santhikrishnan, S., Jyothibabu, R., Albin, K.J., Alok, K.T., Karnan, C., Arunpandi, N., Camey, M.F.
and Kumar, T.G., 2021. Biophysical implications of the freshwater influx over small spatial scale
in the coastal waters along the southwest coast of India during the Southwest
Monsoon. Continental Shelf Research, p.104337.

Shetye, S.R., Gouveia, A.D., Shenoi, S.S.C., Sundar, D., Michael, G.S., Almeida, A.M. and Santanam,
K., 1990. Hydrography and circulation off the west coast of India during the southwest monsoon
1987. Journal of Marine Research, 48 (2), pp.359-378.

Slomp, C.P., Van der Gaast, S.J., Van Raaphorst, W., 1996. Phosphorus binding by poorly crystalline
iron oxides in North Sea sediments. Mar. Chem. 52, 55-73.

Sendergaard, M., Windolf, J., Jeppesen, E., 1996. Phosphorus fractions and profiles in the sediment of
shallow Danish lakes as related to phosphorus load, sediment composition and lake
chemistry. Water Research, 30 (4), 992-1002.

Sendergaard, M., Jensen, J.P., Jeppesen, E., 2003.Role of sediment and internal loading of phosphorus
in shallow lakes. Hydrobiologia, 506 (1-3), 35-145.

Spivakov, B.Y., Maryutina, T.A., Muntau, H., 1999. Phosphorus speciation in water and
sediments. Pure and Applied Chemistry, 71 (11), 2161-2176.

Sreekanth, A., Mrudulrag, S.K., Cheriyan, E., Sujatha, CH., 2015. Trace metal enrichment and organic

matter sources in the surface sediments of Arabian Sea along southwest India (Kerala coast). Mar.
Pollut. Bull. 101 (2), 938-946.

18



Sudheesh, V., Gupta, G.V.M., Sudharma, K.V., Naik, H., Shenoy, D.M., Sudhakar, M., Naqvi,
S.W.A., 2016. Upwelling intensity modulates N20 concentrations over the western Indian shelf.
J. Geophys. Res.: Oceans. 12/2016; 121(12).

Sudheesh, V., Movitha, M., Hatha, AAM, Renjith, KR, Resmi, P., Rahiman, M., Nair, S.M., 2017.
Effects of seasonal anoxia on the distribution of phosphorus fractions in the surface sediments of
southeastern Arabian Sea shelf. Cont. Shelf Res. 150, 57-64.

Tyrrell, T., 1999. The relative influences of nitrogen and phosphorus on oceanic primary
production. Nature, 400 (6744), 525-531.

Vinita, J., Lallu, K.R., Revichandran, C., Muraleedharan, K.R., Jineesh, V.K. and Shivaprasad, A.,
2015. Residual fluxes of water and nutrient transport through the main inlet of a tropical estuary,
Cochin estuary, West Coast, India. Environmental monitoring and assessment, 187 (11), 1-13.

Wang, Y.P., Law, RM., Pak, B., 2010. A global model of carbon, nitrogen and phosphorus cycles for
the terrestrial biosphere. Biogeosciences, 7(7).

Webster, R., 2001. Statistics to support soil research and their presentation. European J. Soil Sci., 52,
331-340.

Winkler, L. W., 1888.The determination of dissolved oxygen in the water. Ber Dtsch Chem Ges Berlin.
21, 2843-2854.

Withers, P.J.A., Jarvie, H.P., 2008. Delivery and cycling of phosphorus in rivers: a review. Science of
the total environment, 400 (1-3), 379-395.

Yin., Yan., Liang., Cheng-Hua., 2013. Transformation of phosphorus fractions in paddy soil amended
with pig manure. Journal of soil science and plant nutrition. 13. 809-818.

Zhang, X., Liu, X., Zhang, M., Dahlgren, R.A., Eitzel, M., 2010. A review of vegetated buffers and a
meta-analysis of their mitigation efficacy in reducing nonpoint source pollution. Journal of
environmental quality, 39(1), 76-84.

19



Figure captions:

Figure 1 Map of the study region showing locations of sampling stations along the southwest coast of
India (Five coastal transects; Alappuzha, Cochin South, Cochin North, Kozhikode, Payyannur and
Mangalore. Three stations were sampled at each transect at a water depth of 20m, 30m and 50 m and
the red dote indicate these station locations).

Figure 2 Seasonal distribution of temperature in the coastal transects along the southwest coast of
India.

Figure 3 Seasonal variability of salinity in the coastal transects along the southwest coast of India.

Figure 4 Distribution of Dissolved Oxygen (DO) in the coastal transects along the southwest coast of
India.

Figure 5 Cross shelf variations of dissolved inorganic P (DIP) in the coastal transects.
Figure 6 Cross shelf variations of dissolved organic phosphates (DOP) in the coastal transects
Figure 7 Seasonal variation of total organic carbon (TOC) and sediment texture in the study region.

Figure 8 (a) Seasonal variations of TP and (b) relative abundance of various geochemical forms of P
during southwest monsoon (SWM) and northeast monsoon (NEM).

Figure 9 (a) Seasonal variation in OC/OP and Fe/TP ratio during southwest monsoon (SWM) and
northeast monsoon NEM.
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Table 1.

a. Result of Pearson correlation analysis of geochemical data for SWM

Pex Pre Paut Poet PRes DO SAL TEMP OP Sand _ Silt clay OC DOP DIN pH Eh TP Fe Mn
Pex 1.00
Pre 0.75  1.00
Paut -0.17 -010 1.00
Poet -024 -024 -084 1.00
Pres 049 045 -018 -0.36 1.00
DO 039 023 017 -029 -0.30 1.00
SAL 0.67 042 -0.22 0.77  1.00
TEMP 034 046 003 -030 -013 047 0.60 1.00
OP -0.16 0.87 -0.76 -0.04 -0.28 -0.19  1.00
Sand 044 069 028 -020 0.21 053 1.00
Silt -0.27  -0.47 0.13 -038 -0.75 1.00
clay -036 -052 -035 020 -0.25 016 -0.11 -0.15 -0.38 -068 0.03 1.00
ocC 010 031 -017 -0.30 0.20 0.17 045 -0.28 -015 041 -022 1.00
OP 012 -011 -011 021 -033 -0.34 0.13 020 -0.34 025 1.00
DIN 033 017 -031 -0.12 -0.15 058 044 022 -031 -012 -025 046 011 -0.39 1.00
pH 0.15 010 -010 -025 042 0.10 039 016 020 -055 030 -0.36 -0.12 034 1.00
Eh -0.15 -011 010 025 -043 -0.10 -0.39 -016 -020 05 -030 038 013 -036 -1.00 1.00
TP -0.65 -0.29 -0.33 -026 -0.41 017 -0.16 -042 038 022 052 032 -014 -014 015 1.00
Fe -0.39 -026 -013 010 -0.15 -0.28 -0.10 0.11 -0.27 -049 071 075 008 -0.14 -050 052 067 1.00
Mn -0.17 -024 -052 075 -0.08 -0.40 -0.23 -048 -040 -0.23 0.27 -0.34 -049 050 015 033 1.00

Bold-Correlation is significant at the 0.01 level; italics-Correlation is significant at the 0.05 level
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b. Result of Pearson correlation analysis of geochemical data for NEM

Pex Pee Paut Poet Pres DO SAL TEMP  OP Sand Silt clay OC DOP DIN pH Eh TP Fe Mn
Pex 1.00
Pre 0.81 1.00
Paut -0.25 1.00
Ppet -042 -0.28 -093 1.00
Pres 0.88 0.76 -0.43  1.00
DO -0.08 0.10 -0.10 1.00
SAL -0.12 -027 -044 053 -0.36 1.00
TEMP 0.64 0.58 -0.30 0.66 -0.36 1.00
OP 0.35 0.46 054 -0.72 0.40 -0.34 0.21 1.00
Sand 090 0.77 -0.35  0.93 062 0.29 1.00
Silt -062 -0.38 031 -0.48 0.23 -0.36 -0.51 -0.57  1.00
clay -0.34 -045 -031 044 -0.52 -0.23 0.35 -0.39 -050 -0.42 1.00
oC -0.40 -0.45 059 -0.36 -0.27 0.41 -0.52 0.11 -039 0.66 -0.26 1.00
OP -061 -041 0.36 -0.43 0.29 -0.35 -0.26 -045 066 -020 0.69 1.00
DIN 031 0.18 038 -044 0.19 0.24 -0.32 036 044 022 -0.11 -0.13 1.00
pH -0.20 -0.27 0.19 -0.15 -0.69 0.66 -0.42 -028 044 -034 -0.08 -0.30 1.00
Eh 050 052 -0.40 0.47 0.26 046 -0.49 -0.35 -0.20 1.00
TP -049 -053 041 -0.48 -0.26 -0.47 0.48 034 021 -1.00  1.00
Fe -0.53 -0.52 0.26 -0.36 0.28 -0.28 -0.25 -008 -046 062 -015 0.74 0.69 -0.25 -034 034 1.00
Mn -0.35 -0.33 -0.20 -0.51 0.23 -0.14 -030 010 0.22 0.20 042 -020 022 036 1.00

Bold-Correlation is significant at the 0.01 level; italics-Correlation is significant at the 0.05 level
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Table 2

a. Result of principal component analysis of geochemical parameters in the SWM

Parameters PC1 PC2 PC3 PC4 PC5
Pex 0.631 -0.468 -0.024 -0.065 0.551
Pre 0.654 -0.101 -0.640 -0.043 0.185
Paut 0.012 0.064 -0.018 0.915 -0.107
Ppe 0.153 0.336 0.650 -0.613 0.155
Pres -0.098 0.036 0.037 -0.085 0.944
DO 0.889 -0.148 0.237 0.001 -0.205
Salinity 0.912 -0.191 0.166 -0.063 0.106
Temperature 0.836 0.253 -0.183 0.085 -0.075
TOP 0.020 -0.081 -0.234 0.897 0.023
TP -0.335 0.825 0.140 0.076 -0.347
Silt 0.108 0.530 0.779 -0.149 0.177
Clay 0.072 0.264 0.879 -0.222 -0.056
oC 0.073 0.904 0.364 0.018 0.078
Fe -0.075 0.900 0.221 -0.163 0.072
% of variance 24 22 18 15 11

Extraction Method: Principal Component Analysis; Rotation Method: Varimax with Kaiser Normalization.
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b. Result of principal component analysis of geochemical parameters in the NEM

Parameters PC1 PC2 PC3 PC4 PC5
Pex -0.681 0.230 0.352 0.227 0.111
Pre -0.013 -0.123 0.937 0.153 -0.023
Paut 0.191 0.911 -0.257 -0.007 0.064
Ppe -0.047 -0.905 -0.229 -0.192 -0.063
Pres 0.192 0.233 0.111 0.732 -0.4
DO 0.184 0.057 -0.074 -0.023 0.902
Salinity -0.139 -0.366 -0.437 -0.551 -0.501
Temperature -0.258 -0.051 0.060 0.773 0.131
TOP 0.210 0.566 0.570 -0.116 -0.199
TP 0.756 0.179 -0.012 -0.126 -0.014
Silt 0.802 0.219 0.319 -0.005 0.223
Clay -0.866 -0.182 -0.238 -0.076 -0.172
oC 0.505 0.592 -0.224 0.375 0.32
Fe 0.662 0.150 -0.302 0.433 0.151
% of variance 24 19 14 14 11

Extraction Method: Principal Component Analysis; Rotation Method: Varimax with Kaiser Normalization.
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