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Abstract

In-situ measurements of benthic fluxes were made in the subtidal region of Mandovi Estuary during premonsoon
and monsoon season to understand the role of sediment-water exchange processes in the estuarine ecosystem.
Mandovi Estuary is a shallow, highly dynamic, macrotidal estuary which experiences marine condition in
premonsoon and nearly fresh water condition in monsoon season. Benthic flux of nutrients exhibited strong
seasonality being higher in premonsoon compared to monsoon season which explains the higher ecosystem
productivity in the dry season in spite of negligible riverine nutrient input. NH," was the major form of released
N comprising 70-100% of DIN flux. Benthic respiration rate varied from -98.91 to -35.13 mmol m™ d”', NH," flux
from 5.15 to 0.836 mmol m™ d”!, NO; +NO,  from 0.06 to -1.06 mmol m™ d”', DIP from 0.12 to 0.23 mmol m? d’!
and SiO4* flux varied from 5.78 to 0.41 mmol m™ d” between premonsoon to monsoon period. The estuarine
sediment acts as a net source of DIN, but changed to a net sink in monsoon. Variation in salinity seemed to
control NH; flux considerably. Macrofaunal activities especially bioturbation enhanced the in-situ observed
fluxes by 2-25 times. The estuarine sediment was observed to be a huge reservoir of NH4+, PO,* and SiO,* and
acts as a net sink of combined N because of high rate of benthic denitrification as it removes 22% of riverine DIN
influx thereby protecting the system from eutrofication and consequent degradation of the ecosystem. The
estuarine sediment was responsible for 30-50% of the total community respiration. Benthic supply of DIN, PO,
and SiO,* can potentially meet 49 %, 25 % and 55 % of algal N, P and Si demand respectively in the Estuary.

Based on these observations we hypothesize that it is mainly benthic NH," efflux that sustains high estuarine

productivity in the NO; depleted dry season.
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1. Introduction:

Benthic realm is an integral and very important part of shallow water systems such as estuaries, lagoons
and continental shelves. Unlike the open ocean, estuarine and coastal systems receive nutrients not only
from riverine discharge, land run-off and atmospheric deposition, but also from underlying sediments.
Thus coastal systems are much more productive as compared to the open ocean. Although continental
marginal systems such as estuaries, nearshore and continental shelves occupy just about 10 % of the
global oceanic area, between 30-50 % of the marine primary production occurs in these regions
(Romankevich, 1984; Walsh, 1991) which also sustains about 90 % of the fisheries resource. Coastal
and continental margin sediments receive about 80 % of the freshly produced organic matter that
reaches the sediment in the world’s oceans; this amounts to 10-50 % of the annual primary production
in the overlying waters (Jorgensen, 1983). Estuarine sediments receive comparatively high
concentrations of organic matter than the open ocean (Santschi et al., 1990) and the burial of plankton
derived organic carbon in the shallow sediments has the potential to provide a significant sink for

atmospheric CO..

Microbially mediated benthic mineralization of this material is a major recycling pathway of biogenic
elements. Transport of remineralised nutrients from sediment to water takes place mainly through
molecular diffusion (Li & Gregory, 1974), macrobenthic activities (Kristensen, 1985), resuspension of
surficial sediment (Hammond et al., 1977), transport through bubble tubes (Klump & Martens, 1983)

and advective transport of porewater (Marinelli et al., 1998)

Benthic inputs can contribute significantly to the pelagic nutrient inventory and can potentially meet the
algal nutrient demand in shallow environments (Callender & Hammond, 1982). Thus sediments play a
significant role in the biogeochemistry of such systems. Without benthic supply of nutrients, a shallow
system could lose its feedback and the primary production would solely be dependent on pelagic

regeneration and thus the system would be as less productive as the open ocean (Rowe et al., 1975).

Several methods have been followed for direct measurement of benthic exchange of oxygen and
nutrients during last three decades. Out of them mostly used method are in-situ incubation (Hammond
et al., 1999; Jahnke et al., 2000) and intact core incubation (Hopkinson Jr et al., 2001; Sundback et al.,
2003). However in estuarine systems in-sSitu incubation by benthic chamber method has been found to
be the best and most sensitive technique for accurate measurement of benthic flux (Hammond et al.,

1985).

Presence of Western Ghats results enormous rainfall along west coast of India during monsoon season.

Goa receives an average rainfall of 3000 mm of which 80 % occurs in June-August. Estuaries along



Indian west coast receive large amount of fresh water in monsoon and river run-off supplies a large
amount of nutrients to the coastal sea. However in non-monsoon periods these Estuaries remain tidally
dominated due to negligible riverine flow thus becoming virtually a part of the coastal sea. The
Mandovi Estuary of Goa has been subjected to numerous investigations that has led to a fairly good
understanding of general physico-chemical-biologial and hydrographical processes operating in the
Estuary (Qasim & Sen Gupta, 1981; De Souza, 1983; Devassy & Goes, 1988; Ansari & Parulekar,
1993; Shetye et al., 1995; Pradeep Ram et al., 2003) and it is one of the very well studied estuarine
systems in the country. Benthic-pelagic coupling assumes importance in such a shallow system to
understand the functioning of its ecosystem. However benthic biogeochemical processes in this Estuary
have not been given due attention in past. No systematic study has been undertaken so far to quantify
benthic respiration rate, nutrient exchange rates and to understand their implications for primary

productivity not only in this Estuary but also elsewhere along the west coast of India.

In order to fill up this gap, here, we present here the first ever results of benthic flux measurements
along coastal environment of eastern Arabian Sea. The fluxes were measured by in-situ deployment of
benthic chamber at a fixed site in Mandovi Estuary during three different seasons in 2004 especially
targeting premonsoon and monsoon where salinity changes dramatically owing to varying riverine

flow.
2. Materials and Methods

2.1 Description of Study area

Mandovi Estuary is a well mixed coastal plain Estuary situated between 15° 27" to 15° 31'N and

longitude 73° 45" to 73° 59°E in Goa along west coast of India (Fig.1). The Mandovi River has its
source in Western Ghats and runs ~75 Km through the state of Goa before falling into the Arabian Sea.
The Estuary covers an area ~29 Km?” and its width widens from 0.25 Km at the head to 3.2 Km at the
mouth. The depth of the Estuary varies from 8-10 m at the mouth to <2 m at the fresh water end. The
average depth of the Estuary is usually considered 4 m.

Basically the Estuary remains tidally dominated in dry season (October-May) as rain fall and riverine
flow remain considerably low and saline water intrudes up to nearly 55 Km upstream. However in
southwest monsoon season (June-September) Goa receives an average monthly rainfall of 500 mm
during southwest monsoon. As a result the Estuary receives a large amount of fresh water from
monsoonal precipitation and also due to land run-off from its catchment areas of 1150 Km” and forest

land.

[Position for Figure 1]



For the details of physical, chemical and biological features of the estuary, the readers are suggested to
refer Qasim & Sen Gupta (1981), De Souza, (1983), Parulekar & Dwivedi (1986), Devassy & Goes
(1988), Ansari & Parulekar (1993), Shetye et al. (1995), Krishna Kumari et al. (2002), Pradeep Ram et
al. (2003) and Qasim (2003)

2.2. Benthic Chamber Deployment and sampling

An indigenously fabricated acrylic made benthic chamber (Fig. 2) was used for this flux study. Flanges
are attached to two opposite outer walls of the chamber in order to restrict excess penetration of
chamber into the sediment during emplacement. Average depth of penetration of the chamber to the
sediment is 15 cm. The chamber covers an average area of 0.15 m” of the sediment surface during
deployment. Total volume of the chamber is ~54 L and it encompasses an average ~31 L of water when
deployed. Enclosed water was mixed by an acrylic stirrer mounted on a shaft fixed to the chamber
through two opposite walls so that it remained approximately 15 cm above the sediment. The stirrer
was coupled to a sprinkler (fixed outside) through the shaft. The sprinkler was connected to a pump
which takes ambient water and pumps into the sprinkler. The water comes out through the sprinkler
arms as fine jet thereby making the sprinkler rotate. To regulate speed of the stirrer, water flow into the
sprinkler was controlled by a tap fixed to the outlet tube of the pump i.e. between the sprinkler and the
pump. To decrease the stirring, more water was released though the tap and vice versa. The speed of the

stirrer was adjusted so that it did not disturb the surficial sediment but mixed the enclosed water well.
[Position for Figure 2]

The chamber was deployed by divers in the month of February, March, April and August in the subtidal
zone of the Estuary i.e. at COP jetty, Panaji (Fig.1). This site was chosen because of availability of
logistic facilities. During emplacement of the chamber, utmost care was taken to minimize disturbance
of the surficial sediment. A pair of metallic weights was attached to two opposite sides of the chamber
to prevent its lateral displacement by the current during incubation. During the incubation period ~1m
water remained over the chamber even at the lowest tide. The tidal rhythm during the incubation period
is presented (Fig.3). In April after first deployment, the chamber was again deployed ~5 m away from

the regular site (away from the coast) to measure the spatial variability of fluxes.
[Position for Figure 3]

Samples were collected by syringes through a nylon tubing inserted to the chamber and replaced by
ambient water enclosed in a collapsible plastic bag attached to the outer wall of chamber. First sampling
was done immediately after deployment of the chamber i.e. at time 0. Then sampling was continued in

4 hour interval for at least 24 hours. The sampling tube was ensured to be air bubble free before the



sampling. Samples for dissolved oxygen were collected in a gastight Hamilton glass syringe and were
immediately fixed by adding Winkler’s A and Winkler’ B solutions (Grasshoff et al., 1983) through a
fine needle attached to 1 ml BD syringe containing Winkler’s solutions. Nutrient samples were
collected through B-D plastic syringes and immediately kept at -20°C until analysis. At each sampling
atmost 150ml of sample was withdrawn. So considering its replacement by same amount sample from
the plastic bag, the dilution was 0.4 % which is very negligible as compared to volume of enclosed

water.
2.3. Collection of sediment cores:

After 24-48 hrs of the in-situ incubation experiment, benthic chamber was removed and three sediment
cores, one for porosity and other two for pore water profiling were collected from the same site in 30
cm long, 54 mm ID acrylic liners. These liners were inserted into sediment slowly with simultaneous
removal of headspace air through a syringe attached to the top cap, in order to minimize compaction of
sediment column. After collection, the cores were kept in dark and at 4 °C until further analyses.

Sediment cores could not be collected in February due to logistic reasons.
2.4. Chemical Analysis:

Samples collected for various parameters, were analyzed within 24 hours after the collection. Dissolved
oxygen was determined spectrophotometrically at wavelength 456 nm (Pai et al., 1993) by a Shimadzu
UV-visible spectrophotometer with an accuracy of +£0.03 pM. Pore water oxygen profile was obtained
by a Unisense oxygen profiler equipped with a microelectrode (Revsbech, 1983) which gives resolution

in micrometer scale. Oxygen profiling could not be done in February, March and April due to logistic

reason. NO; + NO,, NO,, PO,* and SiO,* and NH," were analyzed by a SKALAR segmented flow
Autoanalyzer following colorimetric method (Grasshoff et al., 1983) and the precision of the
measurement was +0.06, £0.006, +£0.06, £0.003, £0.01 pM respectively. Porosity was measured as the
loss of sediment weight at 110 °C and was expressed as the ratio of volume of empty spaces in the
sediment to the total volume of sediment. For extraction of porewater sediment cores were sectioned at
each 1 cm interval and filled into N, flushed centrifuge centrifuge tubes inside a glove box,
continuously being flushed with N,. These sediments samples were then centrifuged at 4000 rpm for 20
minutes and after that pore water was immediately filtered and transferred to plastic vials in the glove
box and analyzed for nutrients as described earlier. Porewater salinity was measured by a portable
ATAGO salinometer (accuracy: + 0.1 %) after calibrating with deionised water and standard seawater
(35 PSU). 10g of surficial sediment (upper 10cm) was oven dried and the granulometric analysis was

carried out as per the methodology by Folk (1968).



2.5. Flux calculation

Dilution inside the chamber due to intrusion of water from the attached collapsible bag during sampling
was negligible (0.4 %) and hence no correction was applied for the dilution. Moreover, since average
change in the volume of water column at the end of the experiment was only 3 %, the plot between
concentrations against time was found to be linear (Fig. 4, 5, 6 & 7) and thus benthic flux was

calculated as follows.
F (mmol m? d™) = (V/A) x (dC/dt) x (24/1000)
Where V is the volume of the water in the chamber
A is the surface area of the sediment enclosed in the chamber
dC/dt is the slope of the linear regression of concentration (uM) versus time plot.

As per the convention, here negative flux denotes flux from overlying water to sediment and positive

flux denotes flux from sediment to overlying water. NO; influx rate was considered as benthic

denitrification rate.
3. Results:
3.1. Oxygen flux:

Oxygen uptake pattern remained nearly linear at the beginning of the experiment, but once oxygen level
in overlying water comes down to 100 uM, it started decreasing in a polynomial fashion (Fig.4a, 5a, 6a,
7a). The pattern has also been observed by Sundby et al. (1986) in Gullmarsfjorden and Revsbech et al.
(1988) in Aarhus Bay. The polynomial fit described the concentration changes with time better than the
logarithmic or linear fit. Though the oxygen concentration never increased towards the end of
experiments as the polynomial fit showed in some cases, the flux calculation becomes easier using this

equation. In this case the slope of the polynomial fit at time 0 (dC/dt - () was taken for flux calculation.
[Position for Figure 4, 5, 6 &7]

Dissolved oxygen flux was always directed towards the sediment during the study period. It increased
from 63.37 mmol m™ d”' (February) to a maximum value: 98.91 mmol m™ d”' in (April) but decreased
further to 35.13 mmol m™ d” (August). Oxygen influx did not show any significant correlation with
oxygen concentration in the overlying water (r = -0.63, p < 0.05) (Fig.8a). Though pore water oxygen
profiling could not be done in February, March and April, a ~0.5 c¢m thick brown (oxic) layer was

conspicuous in the top part of the collected sediment by visual observation.

3.2. Nutrient fluxes



A very good linear correlation (r*>0.9) was observed between nutrient concentration and incubation
time in most of the cases (Fig.4, 5, 6, 7). In August, because of some mechanical problem, the stirrer
stopped for some time which probably resulted in a dip in the concentration between 16-32 h (Fig.7).
This happened due to stagnation in the water which caused a vertical concentration gradient in the water

column. However resumption of stirring afterwards again brought back the linearity in the trend.

NO; flux started from a low efflux in February but became downward from March onwards and it
attained maximum negative value in August (Table.1). Benthic NO; influx showed a significant

positive correlation with NO; concentration of overlying water (r = 0.99, p > 0.001; Fig. 8b). Similar
correlation has also been observed by Boynton & Kemp (1985) in Chesapeake Bay and Niencheski &
Jahnke (2002) in Pattos Lagoon. NH," flux was always directed to the overlying water. NH," efflux
increased from February, attained peak in March and became lowest in August (Table.1). NH;" flux

was not significantly correlated with NH;" concentration in the overlying water (r = 0.5, p<0.05)

(Fig.8c). DIN flux was the resultant effect of NO;+NO, and NH, fluxes. It also increased from
February, maximized in March and decreased slightly in April and attained lowest value in August

(Table.1).
[Position for Table 1]

PO,> showed a positive flux in all the months. Flux did not undergo much change from February to
April though it attained a peak in March but increased to a maximum value in August (Table.1) and like
NH," flux, it showed a very insignificant correlation (r = 0.5, p<0.05) with PO, concentration of

overlying water (Fig.8d).
[Position for Figure 8]

We did not observe a good correlation between SiO," concentration and incubation time in August
(Fig.7f) which could be due to weakening of concentration gradient between surficial pore water and
overlying water (as heavy riverine flow increased SiO,* concentration considerably in the estuarine
water) and turbidity. However significant correlation was observed in other months. SiO,* always
released to the overlying water in all the months. It increased modestly from February, reached
maximum value in March, further decreased slightly in April and became lowest in August (Table 1).
Interestingly, it showed a significant correlation (r = -0.85, p>0.05) with SiO4* concentration in the

overlying water (Fig.8e)
3.3. Diffusive flux:

The flux occurring by molecular diffusion induced by concentration gradient across sediment-water



interface is termed as the diffusive flux which was estimated using a modification of Fick’s first law of

diffusion appropriate for sediment (Berner, 1980)
F =-¢. D;.(6C/ 8X)x=0
Where F is the diffusive flux (mmol m?h™")
¢ is the the porosity of the surficial sediment (dimensionless),
(0C/ 8x) -9 is the concentration gradient at the sediment-water interface (mmol/l/m)

and Dy is the whole sediment diffusion coefficient after temperature correction and tortuosity (8) (Krom

& Berner, 1980).
D, = Dy/0’

where 6 is sediment tortuosity and can be expressed in terms of porosity i.e.
0 = (1-In & ?) (Bourdreau, 1996)

Dy is the diffusion coefficient measured at infinite dilution (Boudreau, 1997)

Diffusive fluxes calculated from pore water concentrations are presented in Table.1. Diffusive flux data

are not available for February as the core was not collected.

Monthly variation of diffusive nutrient fluxes were mainly regulated by combined effect of porosity and
water column and pore water nutrient concentration. NO; influx increased to a maximum from March
to August. PO,* flux behaved similarly but the peak value in monsoon. NH, value attained the lowest
in August from the highest value in April. SiO,* flux was highest in March and reached at 0.26 mmol

m™ d” in August through a minimum in April.
3.4. Spatial variability of fluxes

Variation in uptake or release pattern of oxygen and nutrients between two site was found to be
insignificant (p>0.05) except PO,> which showed relatively significant (p = 0.02) spatial variability
(Fig. 9). 22-72 % variation in the flux rate was observed on spatial scale. Hammond (1985) observed a
spatial variability of 20-40 % in benthic fluxes of nutrients over a few meters in San Fransisco Bay due
to difference in macrofaunal abundance. Spatial variation in benthic exchange rates were also observed
by Berelson et al. (1998) in Port Phillip Bay and Hopkinson Jr et al. (2001) on US continental Shelf
which exists due to spatial heterogeneity of porosity, organic matter content and pore water
concentrations of oxygen, nutrients and abundance of macrobenthos in sediments. High macrofaunal
abundance during the premonsoon season in the estuarine sediment and their spatial variation (Ansari &

Parulekar, 1993) may dominantly control the observed the spatial variation in benthic fluxes in the



Estuary.

[Position for Figure 9]

4. Discussion

4.1. Benthic respiration rate (BRR)

Benthic respiration includes both the oxygen consumption by aerobic organisms and microbial
mediated oxidation of reduced compounds (Mackin & Swider, 1989) and closely reflect the rates of
oxic and anoxic decomposition in the sediment overlain by oxic waters. BRR depends on factors such
as oxygen content of overlying water, organic load, benthic biomass and temperature. Oxygen
penetrates to a few mm in the estuarine and coastal sediments (Serensen et al., 1984). The observed
peak in oxygen flux in April can be explained as follows. The Estuary remains highly productive in
premonsoon season (March-May). This could lead to high rate of sedimentation of organic debris and in
turn increased labile organic content of the sediment. Trimmer et al. (1999) observed a substantial
increase in benthic respiration rate following a spring bloom. Total organic carbon content of surficial
sediment of the Estuary varies between 0.1-3% and the sediment becomes organic rich in premonsson
(Alagarsamy, 1991). Moreover temperature of the estuarine water reached to a peak value (31°C).
Increase in temperature can significantly increase BRR (Bartoli et al., 1996). A significant positive
correlation (r = 0.9, p>0.05) was observed between BRR and temperature of estuarine water (Fig. 8f).
So the high organic load and its subsequent decomposition stimulated by higher temperature seem to
cause the higher BRR in premonsoon. Taking average of oxygen flux in all seasons, aerobic
mineralization rate was calculated to be 607.66 umol C m™ d'. Pradeep Ram et al. (2003) reported the
integrated community respiration rate to be 75.3 mmol C m? d’'. Thus corresponding pelagic
respiration rate would be the same as C : O as 1 : 1 in the organic matter decomposition process
(Alvarez-Borrego et al., 1975) considering low nitrification rate in the Estuary. As average oxygen flux
during premosoon was 74.17 mmol m™? d™' it implies that benthic respiration shares 49.6 % of total
community respiration. However it reduced to 29.6 % in monsoon. Boynton & Kemp (1985) observed

sedimentary oxygen demand to be 25-48 % of the total community respiration in Chesapeake Bay.
4.2. Nutrient Exchange across sediment-water interface

Nutrient fluxes were found to be very significant particularly in dry season attaining maxima in March-
April (Table 1). Except in February, NH;" was the only form of released DIN from sediment. Overall it
comprised 70-100% of benthic DIN efflux. NH," can constitute a substantial portion of benthic nitrogen
flux in estuarine and coastal environments (Blackburn & Henriksen, 1983). Lower nitrification rate in

this illuminated site (Horrigan et al., 1981) may partly account for such high NH," flux. Water column



NH," concentration apparently did not control the flux as the latter was weakly correlated with the
former parameter (Fig. 8c). However the lowest flux observed in August can be related to salinity
change. The Estuary remains highly saline (33 PSU) in premonsoon but almost fresh water condition (1
PSU) prevailed in monsoon. We observed significant penetration of low saline water into the sediment.
The porewater salinity steadily increased from 1 from interface to 10 at 20 cm (Fig.10c). This decrease
in salinity could have profound effect on NH4" flux. Gardner et al. (1991) experimentally proved that
increasing salinity can enhance benthic NH," release. They explained that at low salinity condition a
major portion of pore water NH," remains bound to sediment particles as exchangeable NH," and

undergoes substantial nitrification in the upper oxic layer ultimately reducing benthic NH," release.

Net DIN exchange across sediment-water interface was a balance between rate of benthic NO; influx
and rate of NH," efflux. DIN flux underwent dramatic variation as it attained peak in March and
became negative in August (Table 1). This indicated that the estuarine sediment was a net source of

DIN in premonsoon and a sink in monsoon. But in both the seasons sediments behaved as a sink for

NOs. In August loss of DIN to the sediment was 229 pmol m> d”'. As the Estuary receives 10256
moles of DIN per day in monsoon period
(http://data.ecology.su.se/MNODE/Asia/India/Mandovi/Mandovibud.htm) the loss of DIN through
benthic denitrification was 22.3 % of the riverine DIN supply.

Variation in PO,” concentration in the overlying water did not control the benthic PO,” release
(Fig.8d). Lessening of oxic layer (~2mm) and consequent reduction of Fe oxyhydroxides in monsoon
season could be reason behind the higher phosphate release in monsoon. Low SiO4* efflux in monsoon
could be because of lessening of concentration gradient between porewater and overlying water since
estuarine water was highly enriched with SiO4* (89 uM). SiO4* flux showed a significant negative
correlation with water column silica concentration (Fig.8¢). Similar trend was also observed by

Niencheski & Jahnke (2002) in Patos Lagoon.
4.3. Stoichiometry of fluxes

A very important aspect of the mineralization process in the sediment is the release of nutrients back to
the overlying water, which is essential for primary production and thus maintains the element cycles of
the ocean. The ratio at which C, N and P are assimilated into the algal cell and the ratio, at which these
biogenic elements are released back through remineralization, usually remain very close to the Redfield
ratio in the water column in a steady state. Although the sinking organic matter to the sediment contains
C, N and P in Redfield ratio, benthic release of these elements does not necessarily follow the same
ratio because of fractionation (Suess & Muller, 1980), authigenic production or interaction with

sedimentary solids (Suess, 1979) and other biogeochemical processes like benthic nitrification and
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denitrification.

In-situ flux ratios of NH,4": PO43' - Si0,* widely differs from that of diffusive fluxes in summer months
(Table.2). This indicates the role of other factors particularly bioturbation in enhancing the measured

fluxes. Such a large departure from the expected Redfield value (16:1) can be attributed to several
geochemical processes which distort the release ratio such as adsorption of NH4+onto clay minerals
(Rosenfeld, 1979), coupled nitrification and denitrification (Jenkins & Kemp, 1984) in the sediments,
adsorption of PO,” onto ferric oxides and also its co precipitation with ferric oxyhydroxides in the
upper oxic zone of the sediment (Krom & Berner, 1980). The benthic flux ratio between NH4+ and

PO43' varies from 3.5 in August to 39 in March. O: NH4+ ratio varied from 7.1 to 29 in premonsoon but

deviates considerably in August (60.5). Deviation of this ratio from the expected value (13.25) indicates
the loss of NH4+ in coupled nitrification-denitrification system in premonsoon but higher ratio in
monsoon can be attributed to suppressed NH, release due to reduced salinity (Gardner et al., 1991).

NH4+: SiO44_ shows a linear increase from 0.6 in February to 2.01 in August. The proximity of the ratio
in premonsoon to its theoretical value (1:1) indicates that the Estuary was dominated by diatoms during
this period but the population decreased towards August in turn reducing biogenic silica flux to the
sediment. The decrease in diatom population has been observed in the Estuary by Devassy & Goes
(1988). DIN:DIP ratio also showed a wide range of variation being high (24-31) during the premonsoon

season but decreased to -1.7 in August showing net consumption of combined N and relatively higher
release of PO43' in monsoon. The increase in NO; fuels higher denitrification rates and the decrease in

salinity favors low benthic release of NH4+ thereby making the estuarine sediment a net sink of N in

monsoon.

[Position for Table 2]
4.4, Pore water nutrients

Pore water nutrient concentrations particularly in the upper sediment layer varied considerably from

premonsoon (March-April) to monsoon (August). Variation was also observed between March to
April. NOs concentration in the pore water was low and did not vary considerably with depth (Fig. 10d)
.This also applies for NH4+ and Si044', particularly in March. But in April the observed trends were
much regular for NH4+ and SiO," and overall increasing trends with depth was noticed. In March pore

water NH4+ and SiO44" concentration in the surficial sediment layer were found to be higher than those
observed in April (Fig. 10f and 10h). This resulted in weaker concentration gradient between pore water

and overlying water leading to lower diffusive flux. This agrees with the flux data that show decreases

11



in NH4+ and SiO, " efflux from March to April. Similarly there was negligible change in pore water
PO, in the surficial layer between March to April (Fig. 10g) which could account for similar flux rates
in these months. Irregular pattern of NO3_, NH4+ and SiO44' distribution in the sediment column in
March may be attributed to higher abundance of benthic macrofauna (Ansari & Parulekar, 1993) which
probably proliferated in response to higher organic matter loading, following spring bloom in March
(Pradeep Ram et al., 2003). These benthic organisms create burrows in the sediment through which the
oxic overlying water penetrates to the deeper sediment layer. Some part of NH4+ must have been
nitrified to NO; which is reflected in sudden increase in NO; and decrease in NH4+ in the pore water.
Other benthos mix up the upper few cm of sediment. Regular increasing trend of NH4+ and SiO," in
April may be due to relative decrease in macrofaunal population probably because of decrease in fresh
organic matter flux to the sediment. However pore water concentration of NH4+ and SiO44' showed
overall increases and NO; + NO, exhibited overall decrease with depth in both the months. Basically,
apart from the vertical trend, sharp gradient was between pore water concentration of NHj', PO,” and

SiO44' and there water column concentration that induced diffusive flux from sediment to water.
[Position for Figure 10]

In august increase in river flow resulted almost a fresh water condition in the Estuary and consequently
this affected the pore water profile. Salinity of the pore water was considerably low which indicates
significant penetration of low saline riverine water to the sediment. Porosity increased considerably in
the sediment layer being 98 % at the surface (Fig. 10a) because of significant increase in silt and clay

content in the sediment (Table 3) because of higher riverine flow in monsoon.

[Position for Table 3]

NO; was depleted within 1 cm indicating high benthic denitrification. NO, was low between 1-4 cm,
but sharp peaks were observed below that which probably due to bioirrigation resulting in nitrification
of pore water NH4+. Substantial decrease in NH4+ concentration was evident as compared to
premonsoon values. This probably happened due to considerable decrease in pore water salinity
(Gardner et al., 1991) which in turn resulted in a very low NH,  flux in August. Considerable increase
in pore water NH,  concentration owing to increase in bottom water salinity and consequent
enhancement in benthic NH,' release has also been observed in Parker Estuary (Hopkinson Jr et al.,
1999). PO,” and SiO," showed an approximately linear increase up to 4 cm but showed peaks below at
same depth interval which could be because of macrobenthic activities. Pore water PO43' concentration

increased significantly in August probably due to the greater reductive dissolution of Fe-oxyhydroxides
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as oxygen penetration was limited to 2 mm which in turn explains the higher flux in monsoon. Pore
water SiO," did not undergo much change from April to August in the upper layer however the
significant increase in overlying water in August reduced the concentration gradient across sediment-

water interface which resulted in much lower flux. Though the sediment became highly porous in
monsoon other biogeochemical factors suppressed its effect resulting higher NO; and PO,” flux and
much lower NH4+ and SiO44' release. However the estuarine sediment was found to be a huge reservoir

of NH4+, PO43' and SiO44' in all the seasons.
4.5, Diffusive flux versus In-situ flux

Diffusive fluxes calculated from pore water concentrations are lower than those measured by direct
incubation of sediment-water by benthic chamber. This indicates an apparent enhancement of benthic
exchange rate across the sediment-water interface as observed by McCaffrey et al. (1980) in
Narraganset Bay. Various possible mechanisms that may be responsible for increasing the fluxes, are
physical stirring by currents (Hammond et al., 1977), benthic macrofaunal activity i.e. bioirrigation and
bioturbation (Mortimer et al., 1999), transport through abiogenic bubble tube structures (Martens et al.,
1980) and advective flows arising from bottom unevenness (Huettel et al., 2003). Physical reworking of
the sediments whether by benthic organisms or waves and tidal, can also enhance the exchange of
nutrients with the overlying water by increasing the mixing intensity of the sediment and pore water
with the overlying water (Santschi et al., 1990). Directly measured fluxes can be 2-10 times greater than
the calculated diffusive fluxes under oxic condition, but under anoxic condition, diffusive fluxes can be
closer to the measured benthic fluxes (Rutgers van der Loeff et al., 1984). Studies carried out by Ansari
et al. (1986) and Ansari & Parulekar (1993) show that sediments of the Mandovi Estuary are inhabited
by several groups of benthic macrofauna and meiofauna such as polychaetes, copepods and
tuberllarians with the highest abundance (60 %) in the top 0-2 cm of the sediment. They found faunal
population showing pronounced seasonality with maximal population during premonsoon and post
monsoon periods in response to increased salinity. Burrows created by benthic organisms were also
conspicuous by visual observation at the chamber deployment site in March and April. Above authors
reported an average density of the meiofauna 1702 x 10°/m” at a station very close to the deployment
site. High rate of bioturbation and bioirrigation by such a large population of benthic organisms in the
estuarine sediment seems to make in-situ measured flux rate much higher than the diffusive flux. In

March diffusive flux contributed 4.8 % of NO; , 38.9 % of NH,", 12.3 % of PO,” and 21 % of SiO44_ to

the corresponding in-situ measured fluxes. In April diffusive flux of NO;, NH4+, PO43' & SiO44_ were

6.7%, 64.5 %, 14 % and 5.3 % of the corresponding in-situ fluxes respectively. In August diffusive
fluxes of NO5, NH, , PO,” and Si044' contributed respectively 3.9 %, 46 %, 64.2 % and 62.7 % to the
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corresponding measured fluxes. Callender & Hammond (1982) found diffusive fluxes of NH4+, PO43'

and SiO44' to be 66 %, 30 % and 15 % of the corresponding in-situ measured flux rates in Chesapeake
Bay. Several other authors such as McCaffrey et al. (1980), Hammond et al. (1985) and Miller-Way et
al. (1994) also reported similar results. Other factors such as advective flow and transport through

bubble tubes could possibly enhance the flux. The enhancement factors (ratios between measured fluxes
and calculated diffusive fluxes) were 18.5, 2.56, 8.12 and 4.73 for NO;, NH4+, PO43' and SiO44_
respectively in March and 14.85, 1.55, 7.05, 18.65 for NOs, NH4+, PO,” and SiO44_respectively in
April. Fluxes of NO5, NH,", PO,” and SiO44_ were enhanced by 25.4, 2.17, 1.55, 1.59 times in August

which indicates that macrofaunal activities were still prevalent in monsoon to a smaller extent.
Callender & Hammond (1982) reported a 20-fold increase in ammonium and silicate fluxes due to
bioirrigation by polychaetes and oligochates in Potomac Estuary. Kristensen et al. (1991) observed that

macrofaunal activites elevated the fluxes of DIN compounds 2-4 times in an Estuary near Norsminde
fjord. Pelegri et al. (1994) found a 5 fold increase in NH4+ and NOs fluxes in Norsminde fjord. Qu et al.
(2005) also observed 1.9, 1.1 and 4.4 times enhancement of NO3 + NOZ_, NH4+ and PO43' flux

respectively in Lake Illawara.
4.6. Benthic turnover time

The turnover time is the time required in days for benthic fluxes to replenish water column
concentration of a nutrient and is calculated by dividing water column inventory of a nutrient by benthic
flux of that nutrient. Average turnover time of DIN in premonsoon period was calculated to be 6.3 days
(Table. 4) which means that the benthic flux can replenish the whole pelagic DIN inventory in ~6 days.

But since the net DIN flux during the monsoon season is directed to the sediment it could not be
calculated for DIN as a whole. However if only NH4+ efflux is taken into consideration without
considering high downward flux of NO; + NOz-during the monsoon, it can replace the water column N

stock in ~13 days. Since NH4+ comprises a dominant fraction of net DIN efflux in premonsoon with an
average turn over time 5.6 days, it has a high potential to supply a major part of N required by

phytoplankton in that period. Since DIN flux was negative in monsoon, its turnover time could not be

calculated. The turnover time for PO, and SiO44_ vary considerably from an average value of 26.6 and

10.2 days in premonsoon to ~6 and 864 days in the monsoon season respectively. The long turnover
time of SiO44_ in monsoon is due to higher silicate in the water column supplied through riverine flow
and consequent low benthic SiO44_ release. Callender & Hammond (1982) observed the benthic

turnover times of N, P and Si to be 14, 26 and 3 days respectively in Potomac Estuary.

[Position for Table 4]
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4.7. Coupling of Benthic flux and primary productivity

The Mandovi Estuary has been found to be net autotrophic in premonsoon and post monsoon season
and net heterotrophic in monsoon season (Pradeep Ram et al., 2003). Excessive loading of
allochthonous organic matter entering in the Estuary through heavy land and river runoff and significant
drop in primary production due to high turbidity and cloud cover during monsoon period, cause
community respiration to exceed gross primary production. Net ecosystem production (NEP) in the
Estuary is 54, -34 and 47 mmol C m™” d" in the premonsoon, monsoon and post monsoon season
respectively (Pradeep Ram et al., 2003). Assuming overall dominance of diatoms in the system and
considering average benthic fluxes for the premonsoon, the contribution of benthic fluxes to primary
production was calculated and is presented in Table 5. Similarly nutrient demand in gross primary
productivity (GPP) and contribution of benthic fluxes in premonsoon and monsoon are also presented in
in the table. During the premonsoon period, benthic efflux can meet 49 %, 25 % and 55 % of the N, P
and Si demands of algal community respectively in the Estuary. However since the gross primary
production (GPP) is 112.4 mmol m™ d”' in premonsoon (Pradeep Ram et al., 2003), the contributions of
DIN, PO,” and SiO44_ fluxes were found to be 23 %, 12 % and 26 % respectively (Table.5). Callender
& Hammond (1982) found that benthic NH, and PO,” supply can support 35 % and 27 % of the gross
primary production in the Potomac Estuary. Billen (1978) reported that benthic N release could meet 75
% of phytoplankton nitrogen demand in the North Sea. In the Narragansett Bay benthic NH4+ and PO,
efflux contributed 25 % and 50 % of N and P requirements for primary production (Nixon, 1981).
Similarly, Boynton et al. (1980a) concluded that benthic flux of NH4+ and PO, could supply between 0-
190 % and 52-330 % of the estimated daily algal N and P demands in the Patuxent Estuary. However
since in the monsoon season, there is net respiration (Pradeep Ram et al., 2003), net DIN flux becomes
negative and SiO44' flux is suppressed considerably because of high riverine SiO44' input. Though PO,”
flux remains significant, the released PO,” remains unutilized owing prevailing unfavorable condition

for algal productivity. Only it enriches the pelagic P inventory of the estuarine water column.
[Position for Table 5]
4.8. Ecological significance of benthic fluxes in the Estuary:

One of the most striking features of the Mandovi Estuary is strong seasonality i.e. during dry season
(October-May) the river flow is almost negligible and the tidal domination makes the Estuary an
inseparable part of the coastal sea and whereas during wet season (June-September), on the other hand,
the Estuary becomes almost like a freshwater body. Heavy riverine discharge brings in large amounts of

nutrients not only to the Estuary but also to the coastal sea. Thus the estuarine system remains well
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coupled to the adjacent coastal system throughout the year and seasonally contrasting features can exert
a large impact on the estuarine and coastal biogeochemistry. Since similar physical-hydrographical
conditions prevails in other parts of the west coast, Mandovi Estuary represents of average

biogeochemical condition of coastal ecosystems of western India.

Benthic fluxes of dissolved oxygen and nutrients appear to be controlled mainly by temperature, river
runoff and activities of benthic organisms. Large variations in these parameters/processes on the annual
scale introduce large seasonality in the fluxes, with the largest difference occurring between the
premonsoon and monsoon seasons. The fluxes attained maxima in April and became negligible when
peak monsoon conditions prevailed in the Estuary which indicates the possible role of fresh water flow,

temperature and labile organic load and macrobenthic activities.

Higher fluxes of nutrients in premonsoon shows the efficiency of remineralization of planktonic organic
matter in the sediment which is essential for sustenance of estuarine productivity particularly in dry
season i.e. 2/3 of a year. Though the calculated turn over time of NH4+, PO43' and SiO44_ (6,26 & 10
days respectively) remain slightly long due to assumption of steady state condition, the benthic released
nutrients could quickly be distributed in the water column as the Estuary remains well mixed in this
period. Benthic nutrient fluxes show a huge potential in contributing to net ecosystem productivity
particularly in pre-monsoon period when algal nutrient demand remains high and riverine nutrient

supply remains negligible thereby preventing estuarine productivity from nutrient limitation.

Though the Estuary remains almost depleted in NO3 except in monsoon, still the system remains more

productive in dry season. Benthic fluxes also shows that the estuarine sediment acts as a sink (or a very
minor source) of NO; but a major source of NH," in this period which implies that the source of N to
the phytoplankton, is NH, " rather than NO5 (as previously thought). Unfortunately no seasonal data on

NH," in the estuarine water is available. Our observation reveals that benthic NH, flux appears to

satisfy algal N demand and sustains estuarine productivity in non-monsoon period. Since diatom which
mainly takes up NO;, dominates the estuarine water, it is perplexing how it thrives in such a low NOs
condition. Presumably it takes up NH, " which is the single major N source in dry season. This remains

a subject of future research.

The downward flux of NO; in premonsoon and monsoon season imply that the estuarine sediments

serve as a significant sink of NOj; (especially when the overlying water is NO; -rich) in most part of the

year. Thus the estuarine sediments hold the potential to get rid, at least partially, of the extra load of

NO; entering the Estuary from anthropogenic sources, river discharge or land run off thereby

preventing eutrophication and consequent ecosystem degradation.
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5. Conclusions:

Benthic respiration rate and fluxes of nutrients across sediment-water interface in the Mandovi Estuary
exhibit strong seasonality with large differences between the premonsoon and monsoon seasons owing
to variations in temperature, salinity, macrobenthic activities, etc. Fluxes of oxygen and nutrients attain
peak values during premonsoon and reach minima in the monsoon season. Benthic respiration rate
comprise ~30-50 % of the total community respiration and 607.66umole of organic carbon is

aerobically remineralized per square meter in a day.

Ammonium is the dominant species of benthic regenerated N in premonsoon comprising 70-100 % of
the benthic DIN flux. The estuarine sediment serves as net source of DIN during the premonsoon period
mainly in the form of NH4+, but act as a net sink of DIN in the monsoon season owing to suppressed
flux of NH4+ and enhanced benthic denitrification. The net loss of DIN to the sediment is found to be
229 umol m-2d-1 during the monsoon season which is 22 % of the riverine DIN supply. The estuarine
sediment seems to be an active site for benthic denitrification removing NO3-+ NO2- at a rate of 1065
umol m-2 d-1 and has a potential to remove excess NO3- added to the Estuary due to natural or
anthropogenic processes during other seasons as well. NO3- and SiO44- fluxes were strongly
influenced by the overlying water concentration whereas NH4+and PO43- seem to be mainly controlled

by salinity and dissolution of Fe oxyhydroxides respectively.
Macrobenthic activities could cause ~2-25 times enhancement in nutrient fluxes.

The estuarine sediment efficiently recycles the organic matter received from the water column during
the premonsoon as nitrogen, phosphorus and silicate are recycled from sediment into the water column

on time scales of 6, 26 and 10 days respectively.

The estuarine sediment supplies a major fraction of the nutrients utilized by primary producers in the
water column. The coupling of benthic fluxes with net estuarine productivity appeared to be very
significant as benthic supply has potential of meeting 49 %, 25 % and 55 % of algal N, P and Si

demands, respectively, during the most productive season of the year. m
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1. Map of the study area. Circle mark denotes the site where chamber was deployed.

2. Schematic diagram of the benthic chamber.

3. Tidal rhythm during the sampling periods. (Courtesy: Indian Tide Tables 2004, Surveyor general of

India, Government of India). | marks on the X-axis denote the sampling time.

4. Variation of oxygen and nutrients with time inside the chamber in February.

5. Variation of oxygen and nutrients with time inside the chamber in March.

6. Variation of oxygen and nutrients with time inside the chamber in April.

7. Variation of oxygen and nutrients inside the chamber with time in August.

8. Correlation of benthic fluxes with concentration in water column and temperature

9. Spatial variation in benthic exchange rates. © marks represent the values at regular deployment site
and e marks for the values at a site ~5Sm away.

10. Seasonal changes in the pore water profiles in the Estuary.
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Table 1.

Dhtfusve fluxes and in-zitw fluxes in the Estnary. Diffusive fluxes were calenlated from
pore water concentation gradient and ix-sitw flux measured direcily by benthie

chamber incubation. All fluxes are expressed in mmel m™ 4.

February Alarch April Angust

Diffusive fm-sime Diffasive  Th-sing Diffusive  Mp-siw Diffusive In-simg

wo, 0.06 -0002 0037 -0.007 0104 005 -1.267
MH, 277 1008 5130 1581 4.002 0336 0830
DI N ingd L] LI 1T - b 3917 L. B .pI0
po,” -t 0.128 0018 013 nolg 0.127 0163 0234
50, — 4603 1.221 578 0.167 3116 0.26 0413

* Parewater profile could not be obtained. * fler could not be caloulsted,

Table 2.

Ctoichiometric ratios of WH, - PO - 210" in calewlated diffusive fluxas and

fn-zitu benthic fluxes in the Estuary.

Aonth Difisive -z

Fabh e " 21:1:35
MMarch 125:1:76 EL R
April 143:1:% 31:1:24
Aungmst 23:1:15 33:1:1.6

d'pl:una water mamieat data could not be obtamed.
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Takle 3.

Seazonal vanation mn granulometric compeosition of the estuarine sediment.

Month Sand (%) Silt (%a)  Clay (&)

Warch GE.30 26.01 5.6
August 34.68 4412 iy
Table 4.

Benthie turnover time and Percent conmbution of bentlue fluxes to primmary

production i Mandovi Estuary in diffarent saazons.

Ilowth Integrated PP* Tumover time (day) % contribution of

immel Cm™ d™") Benthic flux

D DIF S5i0,Y DIV L= 510"

Feb 75.0 5.7 08 1487 2726 1815 4068
Mar 1882 4.2 157 101 1724 T.20 20.35
Apr Q0.0 g4 itgd 104 2628 1335 2085
Ans 1.0 - 59 £64.4 17.05 3112 R8s

* Data from Pradeep Ram et al, (2003)

? could not be calculated since DIN flux was nagative I Augms.
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Table 3.

Percant contribution of average benthic fiux to Gross Pnmary Productrvity (GPF) and

Wet Ecosystem Productivity (WEF) m the Mandown Estuary dunng premonsoon.

Averaze flux Demand in Confribution Demand in Conrribnation
(mmolm=d") forNEP of Beathic e of Benthic

(mmol m~ &'y  flux to NEP (mmeol m~ 4y flux o GPP

(%u) (%)
D 4036 815 49.52 16.96 23.7
PO, 0.128 0.50 25.16 1.08 12.0
510, 4.50 8.15 55.21 lass 26.5
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