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Abstract

The southwest coast of India is known to experience two concurrent processes during the southwest
monsoon, namely,coastal upwelling and mud banks at selected stretches such as that in off
Alappuzha. Since the mud bank sediments contain very high concentrations of phosphorus (ave.
22551278 ug/g), changes in the elements such as carbon, phosphorus, iron, and manganese were
measured in the Alappuzha mud banks to understand the influence of upwelling on the cycling of
these elements. The results showed that the upwelling brought hypoxic waters into the mud bank
region during the peak southwest monsoon to induce significant changes in the phosphorus fractions
in the sediment. There was an enrichment of easily reducible iron (Fe extracted by dithionite), caused
by the efflux of reactive Fe from the subsurface sediment layers and depletion of manganese due to
its release as a result of the reductive dissolution of Mn oxides. The low molar ratios of total organic
carbon to total nitrogen (9+1) and total organic carbon to organic phosphorus (118+57)generally
indicated that the organic matter was relatively fresh and derived from marine plankton.Sedimentary
phosphorus also exhibited wide fluctuations in its geochemical forms during hypoxia. Five
geochemical forms of P such as exchangeable P (Ex-P), Fe and Mn bound P (Fe-P), P from Al
oxides, non-reducible Fe bound P and organic P (Non Red-P), calcium bound P (Ca-P) and
refractory P (ROP) were extracted adopting sequential extraction procedure. The ranges of various P
forms were Ex-P(2-11%), Fe-P(4-25%), Non Red-P (4-10%) and ROP (4-12%), respectively. The
fractionation study revealed that precipitation of vivianite and apatite are the major pathways of
phosphorus enrichment in mud bank sediments. The significance of the study is that the enrichment
of the labile fractions could be influencing an enhanced biological production in the Alappuzha mud
banks during the southwest monsoon.
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1. Introduction

Phosphorus plays an important role in the growth of planktonic and other organisms as a
structural component, an essential part of the energy source (ATP), and macro-nutrient (Lomas et al.,
2010). The major source of P is rock weathering (Ruttenberg and Berner, 1993; Yang et al., 2017)
and its fate in the coastal environment depends on various processes including physical (upwelling),
chemical (adsorption/desorption, precipitation/dissolution) and biological (bioturbation, uptake and
release by bacteria, excretion by microfauna) interactions or a combination of the above(Slomp et al.,
1996; Garcia and de lorio 2003; Gireeshkumar et al., 2013). The oxygen deficiency in aquatic
systems may favor diagenetic processes in sediments to increase phosphorus content of pore waters
(Gireeshkumar et al., 2013)that is then precipitated as apatite under oxic conditions (Kraal et al.,
2010; Jilbert et al., 2011; Kraal et al., 2015).

The southwest coast of India draws special attention due to the occurrence of mud banks in the
littoral waters during the southwest monsoon (CMFRI 1984). These mud banks are of exceptional
biological productivity and remain unique in their formation and functions (Nair, 1978). Mud banks
are usually found in a semi-circular shape extending up to about 8 km from shore at a water depth of
about 7-15 m and about 4 km alongshore (Balachnadran, 2004). The mud banks exhibit remarkable
wave attenuation to enable safe fishing grounds towards the shore during southwest monsoon, while
the high waves make fishing almost impossible outside of the mud banks (Jyothibabu et al., 2018).
Another process occurring along the entire southwest coast during monsoon is the upwelling (Gupta
et al., 2016; Hareeshkumar and Anand, 2016), which brings hypoxic waters inducing substantial
changes in the water column and benthic environment (Gireeshkumar et al., 2017). Since mud bank
sediments are highly enriched in phosphorus, the changes brought by hypoxia on the cycling of such
elements are very important (Sheshappa et al., 1953; Nair et al., 1990; Dinesh and Jayaprakash,
2008). In view of the above, the present study examines the influence of hypoxia on phosphorus

cycling in the Alappuzha mud banks.
2. Materials and methods
2.1 Time series sampling

Fortnightly observations were carried out at three locations (M1, M2, M3) in and around the
Alappuzha mud banks covering the monsoon and non-monsoon periods of 2016 (Fig. 1). Station M2
(7 m water depth) was in the mud banks, while stations M1 and M3 were the two non-mud bank
stations located 7 km north (7 m water depth) and at an offshore area (13 m) to the west of M2. The

salinity (accuracy+0.001) and temperature (accuracy+0.0001) were recorded using a CTD profiler



(Seabird 19 plus). Water samples were collected from different water depths using a 5 L Niskin
sampler and subsamples were taken to measure dissolved oxygen (DO), dissolved inorganic P (DIP)
and dissolved organic P (DOP). Sediments were collected using a Van Veen grab (0.04 m? surface
area), the surface layers (0-3 cm) was transferred to an acid cleaned HDPE bottles in an inert

atmosphere and kept frozen till analysis.
2.2Analytical methods
2.2.1 Water chemistry

DO was analyzed following Winkler’s method (Winkler, 1888) using an automatic titration
system (detection limit 2 uM). Samples for inorganic phosphorus were filtered through glass fiber
filter paper (GF/F) and analyzed using an auto-analyzer (Skalar, SAN++). A UV attached digester
was used for the estimation of total dissolved P (Grasshoff et al., 1983) and the dissolved organic
phosphorus (DOP) was calculated from the difference (detection limit 0.07 uM). Aliquots (500 ml)
of seawater was filtered through GF/F filter paper (0.7 um) and extracted for chlorophyll a using
90% acetone in the dark at 4°C. Chlorophyll a was estimated (detection limit 0.02 mg/m®)using a

Trilogy Turner Fluorometer following the standard protocol (JGOFS 1994).
2.2.2 Geochemistry

Textural characteristics of sediments were determined using pipette analysis (Folk 1980).
Sediments were freeze-dried, homogenized and powdered using an agate mortar and pestle and
analyzed for total organic carbon (TOC), total nitrogen (TN), and total sulfur (TS). Prior to TOC
analysis, the powdered samples were treated with 1 M HCI to remove carbonates, washed with Milli-
Q water to remove salts and were finally freeze-dried. The TOC, TN and TS were estimated using a
Vario EL 1ll CHNS Analyzer. Samples were always run with empty tin/silver cups to correct the
carbon and nitrogen in the cups. Acetanilide standards were used to calibrate the instrument. The
detection limits for TOC, TN and TS were 0.07%, 0.01% and 0.01% respectively. Sediments were
acid digested with a mixture of HCI-HNOs-HF in a microwave digester (Milestone Ethos Easy) and
analyzed for Fe (detection limit 12.50 pg/g) and Mn (detection limit 3.50 pg/g) using an Inductively
Coupled Plasma-Optical Emission Spectrometer (ICP-OES; Thermo Scientific i-CAP 7000 Series).

2.2.3 Fractionation of phosphorus

Sediments were subjected to P fractionation following Jensen and Thamdrup (1993) modified
by Lukkari et al. (2007) (Fig. 3). Freeze-dried and powdered sediments were treated with 0.46 M
sodium chloride (NaCl) solution in an orbital shaker to extract exchangeable P. The residue was

treated with 0.11 M sodium dithionite (Na2S204) in the presence of sodium bicarbonate buffer
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(NaHCO3) at pH 7 to extract the redox-sensitive P (oxides and hydroxides of Fe and Mn). The
residue from the above was treated with 0.10 M sodium hydroxide (NaOH) to extract the P bound to
the non-reducible fraction (oxides of Al, Fe, alkali-soluble organics). The fourth fraction (apatite
bound P) was extracted using 0.5 M Hydrochloric acid (HCI), while the fifth fraction (residual P)
was extracted by heating with 1 M hydrochloric at 550°C in a muffle furnace. All extracts were
filtered through GF/F filters (0.45 um) and analysed following the standard procedure (Grasshoff et
al., 1983) using an auto-analyser (Skalar SAN++). Extracts from Step 2 (NaBD extraction) were
bubbled with purified air to remove dithionite. For estimation of organic phosphorous, the samples
were oxidized using sodium peroxodisulphate and irradiated by UV light. Each analysis was
accompanied by blank and standards (in triplicates) to minimize the contamination from chemicals

and laboratory practices.
3. Results
3.1 General hydrography

The study region generally remained warm and vertically mixed during April -May (30-
32°C), though it started cooling (23-26°C) from June to September due to the coastal upwelling (Fig.
3a). Salinity did not exhibit wide fluctuations (Fig. 3b), except for a few low saline patches, which
are erroneous values of CTD in contact with the fluid mud (Muraleedharan et al., 2017).There was a
sharp decrease in the dissolved oxygen levels at M3 for a long period (2"week of June to end of
September) due to upwelling as compared to intermittent decrease atM1 and M2(2"week of June to
1%week of August and in September, Fig.3c). The Chlorophyll a (ave.21+6 mg/m®) was markedly
high at M2 (Fig.4) compared to the chlorophyll a(>5 mg/mq) levels atM1 and M3.

3.2 Dissolved phosphate

The dissolved inorganic phosphorus (DIP)concentrations were comparatively low during
April and May (0.10 to 0.50 puM) which gradually increased in June to reach a maximum in
September (1-3 uM), which decreased thereafter. Similarly, DOP also showed a sudden increase in

July (=3 uM)but decreased from July onwards (Fig.5).
3.3 Sediment characteristics

The surface sediments in the Alappuzha mud banks were predominantly clayeyorsilty clay
with moderateTOC (2.42+2.85%), TN (0.27£0.41%) and TS (1.04+1.30%, Table 1). Fe
concentration were relatively steady (ave.61.37£2.68 mg/g at M1, 63.50+6.11 mg/g at M2 and
59.50+3.98 mg/g at M3) with a slight decline during hypoxia.However, Mn concentration showed a



sharp decline (149.51 to 70.4ug/g) during the same period. Molar ratios(Fe/TP)ranged from 12.97 to

37.53 whereas TS/Fe ratio showed a sharp decrease from 23 to <1 from 14" June onwards(Table 1b).
3.4 Geochemistry of phosphorus

The total phosphorus(TP) in sediments varied from 1790 to 2436 ug/g, 1641 to 3008 ug/g
and 2097 to 2779 pg/g at M1, M2, and M3 respectively (Fig.6). Ex-P accounted for 2-11%
(ave.86.66+26 pg/g) of TP at M1, 2-6% (ave.71+19 ug/g) at M2 and 2-5% (ave.62+21 pg/g) at M3.
Fe-P fraction accounted for 4-16% at M1 (ave.207+£113 pg/g), 4-18% at M2 (ave.265+96 pg/g) and
4-25% at M3 (ave.260+167 pg/g) (Fig. 6). Fe-P was very high during the upwelling period,
especially at M3. The third fraction (Non Red-P) accounted for 4-10% at M1 (ave.15+35 pg/g), 7-
10% at M2 (ave.174+38 pg/g) and 6-9% at M3 (ave.169+24 pg/g). Ca-P was the major fraction
contributing 62-75% of TP at M1 (ave.1489+160 pg/g), 64-78% at M2 (ave.1519+311 ug/g) and 65-
77% at M3 (ave.1583+130 pg/g). The contribution of ROP(ave. 184+39 pg/g)was very less(4-12%)
at all stations (Fig. 6).

In the Ex-P fraction, inorganic P (Ex-IP) was consistent (40 to 60 pg/g) throughout the study
area compared to organic P (Ex-OP) that ranged from 1-110 pg/g with a peak during upwelling. Fe-
IP and Fe-OP also followed a similar trend with values ranging from 85 to 250 pg/g and 12 to 200
pa/g respectively with marked enrichment during monsoon. The Non-redP was rich in organic form
(16 to 182 pg/g) followed by inorganic form (22-82 ug/g, Fig. 7). Ca-P (1230-1900 ug/g) form
(apatite) was very high (61-76%) with a maximum(2396 pg/g)at M2 in July, probably due to the
formation of apatite (Ca-P). ROP was also relatively consistent throughout the study(Fig. 7).

4. Discussion

The results show that upwelling was mainly responsible for the development of coastal
hypoxia in the study region. Dissolved P (~1.5 uM) present in moderate levels increased up to 4 uM
during peak southwest monsoon due to intense upwelling and re-mineralization (Schenau and De
Lange, 2001).There was an enrichment of nutrients (N, P,and Si), leading to high organic production
during the monsoon, which on decomposition intensified the hypoxic conditions (Gireeshkumar et
al., 2017; Jyothibabu et al., 2018) favoring the growth of facultative an aerobicbacteria (Anas et al.,
2018). The high TOC/TS ratio (2.1 to 3.5) during hypoxia was also suggested an organic
enrichment(Raiswell et al., 1987).Fe(ll)entraining from the deeper layers through the dissolution of
Fe oxides, may re-precipitated as vivianite (Krom and Berner, 1980; Jensen et al., 1995;Slomp et al.,
1996) to enrich the Fe levels in the surface sediments.In the case of Mn, under oxic water condition

the oxidation of organic matter removes electrons (oxygen) in the sediment surface, whereas



reduction of Mn** to Mn?* takes place in the deeper layers to release electrons that diffuse and re-
oxidize Mn?* to Mn** in the surface (Froelich et al., 1979, Schulz and Zabel, 2006). However, during
the periods of upwelling, the bottom water hypoxia in the study region was favorable for the
reduction of Mn** to Mn?* which was released to the water column leading to a sharp decline in the

Mn concentrations in the sediment surface.
4.1 Geochemistry of phosphorus

TP in mud bank sediments is far higher(1641-3008 ng/g) than those reported from other
locations (209 to 1081 ug/g) along the west coast of India(Acharya et al., 2016; Sudheesh et al.,
2017; Table 2). The incursion of coastal upwelling into themud banks makes Alappuzha coastal
environment, a unique region to study the biogeochemical cyclingof phosphorus. The most preferred
form of phosphorus by phytoplankton is found to be the exchangeable fraction produced during early
diagenesis (Andrienx-Loyer and Aminot, 2001; Kaiserli et al., 2002;Yang et al., 2017). Therefore,
the enrichment of Ex-P in the mud banks during monsoon period was due to the increased diagenetic
activity under hypoxic conditions (Schenau and De Lange, 2001). The increase in the labile organic
fractions (Ex-OP, Fe-OP, and Non Red-OP) during monsoon indicates their algae origin (Uhlman et
al., 1990; Hupfer et al., 1995). It is well accepted that algae and bacteria can utilize dissolved organic
P (Nausch and Nausch 2004, Li and Brett 2013) and regenerate orthophosphate (Tarapchak and Moll
1990) which is substantiated by the enrichment of OP in sediment and a subsequent increase in DIP
in the water column. However, P associated with the Non Red (IP) and mineral lattice fractions did
not exhibit any significant variation.

It is widely known that Fe oxides are the major scavenger of P (Slomp et al., 1996; Yang et
al., 2016;Linsy et al., 2018), but is released during the dissolution of Fe(oxy) hydroxides under
hypoxia (Kraal et al., 2017; Sudheesh et al., 2017).In the present study, a rapid increase in the Fe-P
fraction obtained during hypoxia was not associated with a corresponding increase in the organic
production (Fe-P vs.OC,p< 0.05; Fe-P vs.OP,p< 0.05). Although reducing condition can cause
dissolution of Fe(oxy) hydroxides releasing Fe(ll)to the water column (Ruttenberg, 2003), the high
concentration of Fe-P during the present observation is probably due to the formation of the mineral
vivianite (Jilbert and Slomp, 2011; Slomp et al., 2013;Egger et al., 2015). Vivianite precipitation is
substantiated by a very low TS/Fer ratio <1.1 (Rothe et al., 2015) indicating Fe enrichment due to
reduced sulphate reduction. Anaerobic oxidation of methane (AOM) could be another mechanism to
support the above (Egger et al., 2015; Gireeshkumar et al., 2017), though it requires further

corroboration.



P enrichment in sediments can also be studied from Fe/TP ratios (Sondergaard et al., 2003;
Coelho et al., 2004). In general,high Fe/TP ratio during oxic condition is indicative of high
removal/scavenging of P by Fe oxides, which is released (both Fe and P) during the dissolution
(Caraco et al., 1993; Sgndergaard et al., 2003). Thus, the Fe/TP(>24), in the present study is much
higher than the threshold value (15) and shows high P retention capacity. However, the values fall
behind (>12) indicates reductive dissolution of Fe-P during hypoxia. The increasing DIP during peak
upwelling also reveals the subsequent release of P into the water column. In addition, a negative
correlation of Fe-P fraction with OP indicates its labile character.

The high fish availability in the mud banks (Rao et al., 1984, Jyothibabu et al., 2018)could be
one reason for the accumulation of fish debris that yields an immobile pool (sum of Ca-P andROP)
of P in sediment (Schenauand De Langue,2001).1t is, therefore, possible that hypoxic region scan
undergo phosphorus enrichment in sediments through the formation of authigenic mineral sand

refractory materials (Michalopoulos and Aller, 2004).
4.2 Sources of organic P in sediments

The TOC/TN ratio (8-12; ave. 9+1)in the mud bank sediments indicate the dominance of
marine-derived organic matter. TOC/OP ratio can explain the transformation of organic matter in an
environment (Kraal et al., 2012; Sekula-Wood et al., 2012; Yang et al., 2017), which is 106 for
marine phytoplankton (Redfield, 1963) and 800-2050 for terrestrial plants (Likens et al., 1981,
Simpson, 1996). In the present study, the TOC/OP ratio (ave.118+57) was very close to the Redfield
ratio, confirming that the organic P is purely derived from marine plankton. It also suggests that
despite being a coastal area, the contribution of terrestrial input in this region is quite insignificant.
Moreover, the TOC/OP ratio also infers that the organic matter in the mud banks is relatively fresh

due to increased microbial activity (Vadstein et al., 1988; Ruttenburg and Goni, 1997).
5. Conclusion

This study elaborates the P cycling in the Alappuzha mud banks experiencing seasonal
hypoxia due to the monsoon induced upwelling. The mud bank sediments are highly enriched in
phosphorus due to the increased precipitation of phosphorus as authigenic/detrital apatite (Ca-P). The
enrichment of Fe-P fraction is also high in sediments due to the formation of vivianite under
hypoxia. The low TOC/OP values indicate that the labile organic P derived from marine plankton are
relatively fresh due to very high microbial activity in sediments. Future studies should, therefore,
focus more on how the dynamics of phosphorus such as its uptake and release influence the

biological productivity of the mud banks.
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Figure Captions

Figurel Time Series locations off Alappuzha (mud bank region), southwest coast of India. The white
discourteous line indicates mud bank area. M1, M2,and M3 (dotes in red) denote the time
series locations and stations.

Figure2 Schematic representation of the sequential extraction procedure adopted for the study

Figure3 Seasonal variations in temperature, salinity and dissolved oxygen in the Alappuzha mud
banks.

Figure4 Distribution of Chlorophyll a in the Alappuzha mud banks.

Figure5 Seasonal variations in Dissolved Inorganic Phosphorous (DIP) and Dissolved Organic
Phosphorous (DOP) in the Alappuzha mud banks.

Figure6 Different P fractions in surface sediments of the mud banks. (I denote Ex-P; lldenote Fe-P;
I11denote Non Red-P; IV denotes Ca-P and V denote ROP).

Figure7 Seasonal variability in exchangeable P (Ex-IP& Ex-OP; a&b), Fe bound P(Fe-IP & Fe-OP;

¢ &d), non-reducible P bound to Al and Fe (Non Red-IP and Non Red-OP; e and f), Ca
bound P (Ca-IP and Ca-OP; g &h) and residual organic P (i) in the surface sediments.
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Table 1a: Distribution of texture (clay/sand/silt), total organic carbon (TOC), total nitrogen (TN) and total sulphur (TS) in surface sediment
Sampling
date Clay (%) Sand (%) Silt (%) TOC (%) TN (%) TS (%)

M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3
20-Apr-16 | 40.92 | 76.48 | 70.19 | 1.07 | 0.73 1.60 | 58.01 | 22.79 | 2821 | 242 2.82 2.48 - 0.41 0.33 - 0.81 0.95
11-May-16 | 36.25 | 39.15 | 60.17 | 8.85 7.58 0.44 | 54.89 | 53.27 | 39.39 | 254 2.85 2.85 031 | 0.38 0.34 1.06 | 081 0.93
08-Jun-16 | 67.28 | 61.64 | 70.27 | 0.78 1.89 0.15 | 31.94 | 36.47 | 2958 | 2.63 2.57 2.76 027 | 034 | 036 121 | 086 | 0.88
14-Jun-16 | 7350 | 61.78 | 68.64 | 136 | 0.29 0.04 | 2515 | 37.93 | 31.33 | 288 2.88 2.85 032 | 041 0.38 117 | 084 | 0.83
24-Jun-16 | 67.08 | 62.02 | 84.90 | 0.01 | 0.29 0.50 | 3291 | 37.68 | 1460 | 3.16 2.83 2.57 036 | 0.37 0.36 125 | 083 | 095
10-Jul-16 | 87.07 | 82.96 | 7822 | 052 | 0.35 152 | 12.41 | 1669 | 2026 | 3.13 | 3.19 2.71 034 | 034 | 036 1.27 1.31 0.95
27-Jul-16 | 87.72 | 80.63 | 86.10 | 3.34 1.05 2.61 8.94 | 1832 | 11.29 | 3.19 274 | 277 034 | 0.37 0.33 1.3 0.84 | 0.95
10-Aug-16 | 8543 | 87.23 | 9237 | 034 | 344 | 064 | 1423 | 933 6.99 3.01 2.38 2.59 - - - - - -
26-Aug-16 | 92.41 | 3567 | 3044 | 060 | 0.36 0.76 6.99 | 63.98 | 68.80 3.1 2.86 2.59 033 | 0.37 0.36 1.04 0.9 0.93
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Table 1b: Distribution of Fe,Mn, Fe/TP and TS/Fe ratio in surface sediment

Sampling date Fe (mgg™) Mn (ugg™) Fe/TP TS/Fe

M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3
20-Apr-16 62.85 67.41 62.85 - 128 148 34.97 36.06 28.24 8.32 8.16 23.22
11-May-16 61.14 74.34 59.13 142 136 135 28.07 271.77 24.59 0.82 8.91 9.11
08-Jun-16 59.85 65.28 66.6 150 119 113 48.53 37.53 24.61 0.72 0.55 11.09
14-Jun-16 66.99 69.93 53.34 122 93 92 28.53 35.67 - 0.87 0.56 0.56
24-Jun-16 58.9 58.94 59.3 89 94 91 26.03 12.97 14.25 1.00 0.56 0.66
10-Jul-16 59.45 56.06 62.2 95 91 77 24.12 13.99 16.19 1.15 1.18 0.89
27-Jul-16 58.34 58.3 59.11 85 83 91 13.50 28.17 | 22.10 1.00 0.72 0.85
10-Aug-16 62.27 59.85 57.45 - - - 26.23 24.61 20.44 - - -
26-Aug-16 62.56 61.36 55.56 70 72 74 - - - - 0.91 0.92
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Table 2 : Comparison of TP data in the present study with those reported in other coastal systems.

Location

TP (ng/9)

Reference

GBR continental shelf, Australia

167.25- 464.56

Monbet et al., 2007

Continental shelf of NS China sea

157.96- 581.98

Yang et al ., 2018

East China sea shelf 324-810.4 Zhou et al ., 2016
Bohai and Yellow sea 232.61-554.42 Liu et al., 2004
Adriatic sea 88- 271 Giordani and Astorri., 1986

NE Mediterranean sea

268.56- 275.12

Gunduz et al., 2011

KielerBucht

157.96- 771.23

Balzer., 1986

Gulf of Gdansk

54.20- 1424.758

LukawskaMatuszewska and Bolalek, 2008

Admiralty Bay

713.62- 1323.48

Berbel and Braga, 2014

Gulf of Saint Lawrence

1300.87- 1982.27

Sundby et al., 1992

Gulf of Mexico

47441 - 103563

Adhikari et al., 2015

Continental shelf of eastern Arabian sea

743.35- 2570.75

Acharya et al., 2016

Eastern Arabian sea

1300.86- 2942.43

Linsy etal., 2018

South west coast of India 969- 2496 Babu et al., 2005
Continental shelf of SE Arabian sea 209- 1081 Sudheesh et al., 2017
Mud banks, south west coast of India 1641- 3008 Present study
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