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1.0 INTRODUCTION

Estuaries and coastal regions are regarded as complex ecosystems
influenced by physical and chemical factors both temporally and spatially (Mc
Cluskey, 1989). They are among the most productive ecosystems in the world
(Mc Cluskey, 1989). They form the dynamic boundary between ffesh and salt
water and are thought to be an important interface for biological reactions
(Zimmermann, 1977). They are often characterized by wetlands, marshes
and swamps mostly with mangrove vegetation submerged in water for a
greater period of the day (Odum, 1988). Large number of aggregates, which
are fragile, amorphous microscopic particles of different forms and sizes
(Grossart and Simon, 1993), in the water body are a conspicuous feature of
the estuarine environment (Eisma, 1992). Particles are defined as
biogeochemical molecuies or subdivisions of matter characterized by
properties of mass and observable position in space and time. These particles
in aquatic ecosystems may be classified as “organic” comprising viruses (0.02
— 0.3um), bacteria (>0.22-1 um), picoplankton (<5 um), polysaccharide strings
and sheets (3 to >100 um) and detritus (0.5 — 2500 um) and “inorganic’
comprising clay minerals (200-1000 nm), aluminosilicates (200-1000 nm) and
iron colloids (100 — 500 nm) or a combination of both. Most aggregates are
formed by the physical coagulation of smaller particles including
microaggregates, phytoplankton, fecal pellets, organic debris and clay mineral
particles (Alldredge, 1989). They also include organisms, like bacteria,

protozoans and metazoans which are components of the aggregates in
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estuaries (Goulder, 1976, 1977; Grieser, 1988; Eisma, 1992; Laybourne-Parry
et al, 1992, Rogerson and Laybourne-Parry, 1992a, b; Kies 1995;
Zimmermann and Kausch, 1996), ea/ch with their own communities of
attached micro-organisms in various nutritional states. This physical
aggregation process may be enhanced by exudates, exop’olymérs_ and
products of cell lysis generated by attached microorganisms which increase
the stickiness of colliding particles and form a mucilaginous matrix in which
many components become embedded (Aildredge, 1989). Flocculation is an
important process in controlling the settling velocities of particles and during
the tidal cycles there may be changes in the particle size distribution in
estuaries (Dyer, 1986). Most of the aggregated materials are in the turbid |
zone where the freshwater in the river mixes with seawater (Kies, 1995). In
estuarine waters, phytoplankton, plankton detritus and heterotrophic
consumers provide an obvious source of suspended particles (Laane, 1982).
The organisms living in and on aggregates form an important part of the
plankton ecosystem, aggregating small particles and breaking down
preferentially larger ones (Jackson et al., 1987; Gorsky et al., 2000). The
nature of particles and their adsorption capacities determine the magnitude of
the bacterial colonization (Hoppe, 1984). By providing a substrate for
organisms, the aggregates may influence heterotrophic turnover of organic
material. Their abundance may be a sign that there is a more complex food
web in pelagic waters. Caron et al., (1982) thought that aggregates are

important loci of microbial activity in the water column, similar to the much



larger oceanic ‘marine snow’ aggregates. Particles play a significant role as
transport agents as microorganisms associated with them sink at rates, which
are potentially several orders of magnit’ude higher than a single unattached
cell. However, the abundance and size of aggregates show considerable
seasonal (Kies, 1995; Zimmermann and Kausch, '1996) and spatial variation

(Kies, 1995).

Particle associated bacteria may be considered as a separate
population in estuaries. The proportion of total bacterial abundance attached
to particles is generally less than 10% (Zimmerman, 1978; Kirchman and
Mitchell, 1982) but can vary from a few percent to 98% of total bacterial
abundance in different aquatic regions (Iriberri et.al., 1987). Such large
variations in the percentage of the attached bacteria are being attributed to
physical (viz. turbidity, salinity, temperature, light, turbulence) and chemical
characteristics (distribution of nutrients) of the water column (Almeida and
Alcantara, 1992). Particle bound bacteria are also relatively numerous in
some fresh water and estuarine environments (Ducklow, 1982). Evidence is
accumulating in studies on rivers, that as the freshwater flows into the sea the
degree of attachment decreases with increasing salinity (Goulder et al., 1980;

Wright, 1978).

Bacteria attached to particles are considered to be very important for at

least three reasons. First, the metabolic activity of associated bacteria differs



from that of the unattached bacteria (Crump et al, 1998). These particle-
associated bacteria are generally larger and more active per cell than
unattached bacteria (Gouider, 1977, Kir;:hman and Mitchell, 1982; Unanue ef
al., 1992). Secondly, particle bound bacteria may contribute to re-
mineralization of particulate carbon. Particies are known to be favorable
microenvironments for bacteria compared to the surrounding water because
of the availability of potential substrates for growth which is facilitated by
organic components of particles, adsorbed matter and possibly an increased
flux of the dissolved nutrients during sinking (Reviewed by Fletcher, 1991;
Kirchman, 1993). It is an important step for bacteria to attach to the surface of
particle in the degradation of particulate organic matter (Kato, 1984). In many
estuaries a significant fraction of total bacterial carbon production is due to
particle attached bacteria (Griffith et al., 1994). Thirdly, bacteria attached to
particles (> 1 um diameter) are larger prey and thus may be important for
bacteriovores. Moreover, particle bound bacteria may improve the nutritional
quality (Heinle et al., 1977) of the detrital particles for grazing by zooplankton
(Kirchman, 1983). In the Columbia River estuary (USA), the principal
consumers of bacterial biomass are detritivorous metazoans (Simenstad et
al., 1994a). Particle attached bacteria can have a very different role in a food
web because they may be directly grazed on by larger metazoans, bypassing
consumption by protozoan grazers and “short-circuiting” the microbial loop

(Baross et. al., 1994)



As highlighted above, the particle-associated dynamics is a significant
component of the temperate estuaries. Most of the studies in the temperate
waters have been limited to one or Mo factors. Obviously the role of the
particle-associated bacteria in microbial trophic dynamics is not yet well
understood. Hence information on the microorganisms on aggregates in
estuarine environments is very much limited (Laybourne-Parry et. al., 1992,
Rogerson and Laybourne-Parmry, 1992a, b; Crump and Baross, 1996). The
tropical estuaries are very different as they are marked by the monsoonal
effect and have less variation in temperature. It would therefore be highly
pertinent to elucidate the role of particle-associated bacteria in the carbon flux

of our estuaries.

This study deals with the two estuarine systems along the Goa coast,
the Mandovi and the Zuari and their converging point off Cabo meeting the
Arabian Sea. The Mandovi-Zuari estuarine system consists of the Mandovi-
Zuari rivers, their tributaries and the man-made channel, the Cumbarjua canal
which joins both the rivers upstream about 15 km from the mouth of Zuari.
They are not only influenced by tides but also by the mangroves, an unique
ecosystem where three different pathways (i.e. particulate, DOC and
leachate) lead to bacterial production. The Mandovi and Zuari rivers
characterized by mixed semi-diurnal tides, strong tidal currents and their
perennial connections with the Arabian Sea, support a life line of 11.69 lakhs

(1991 census) who depend on these estuaries mainly for fisheries and other



activities like navigation etc. Moreover this region receives very heavy annual
rainfall (107cm) especially during the monsoon season (June — September).
This ecosystem thus becomes one of th)e most variable environments for the
study of trophic relationships. The problem is viewed in a holistic manner
involving factorial matnx both direct and indirect in order to understand the
role of these bactena in the overall carbon flux in the estuaries. The present
work investigates:
1. The factors affecting particle-associated dynamics.
2. The significance of particle associated bacteria in a tropical estuarne

system.

a) The importance and dominance of particle-associated bactena

b) The role of particle-associated bacterial biomass production

¢) The metabolic activity of associated bacteria.
3. The parameters responsible for varation in the estuarine network and

development of a regression model.

The present work is the first composite information on the seasonal
dynamics of particle-associated bactena in the tropical estuaries. It envisages
using the regression models to predict some of the microbial parameters so
as to aid the development of better management practices for these systems.

In fact this study forms the first report for India.



2.0 REVIEW OF LITERATURE
2.1 HISTORY

Man has long been aware of microbial attachment to solid surfaces in
the sea and in freshwaters. Suspended in all natural waters, from the
smallest rﬁountain stream tb the deépest ocean, are assemblages of small
particles of different sizes and shapes, which make up what we call seston
or suspended particulate matter (SPM). They may occur as single particles,
as aggregates (Mel'nikov, 1976) or in flocs (Eisma and Cadee, 1991). Yet,
amidst this confusion is the very source of life, since very small particles
comprising SPM, such as bactéria, plankton and detritus play a major role in
the carbon cycle of the aquatic ecosystem (Billiones et al., 1999).

In 1943, Zobell pointed out that the influence of solid surfaces upon
bacterial growth depended upon both the concentration and type of organic
matter present. Slime layers formed by attached microorganisms and their
associated polymers are easily detected by touch (Fletcher and Marshall,
1982). It was way back in 1959 that Jannasch and Jones made a study of
the attached bacteria in the Pacific ocean. Bacterial attachment has received
growing attention for past 28 years as workers became aware of the
significance of attached bacteria and new methods were devised or adapted
to focus on the problem. In fact, the study on bacteria attached to particles
was initiated in the seventies. The predominant opinion was that marine
bacteria were present mainly in aggregates or attached to detritus particles
(Seki, 1970). Over the years with the advent of epifluorescent microscopy

7



the importance of particle-attached bacteria in trophic dynamics became
evident (Bell and Albright, 1981; Sieracki and Viles, 1992). Wiebe and
Pomeroy (1972) and Zimmermann (1977)) were the first investigators offering
evidence that only a few percent of total bacterial abundance in oceanic and
brackish water (Baltic Sea) could be attributed to attached bacteria. At times
bacteria attached to particles can account for as much as 90% of the total
bacterial abundance in some freshwater lakes and estuaries (Kirchman and
Ducklow, 1987). Some workers have reported that particle-bound bacteria
usually make up only less than 10% of the total assemblage (Kirchman and
Ducklow, 1987).

Studies on particle-associated bacteria were carried out at different
geographical locations as seen in the graph (Fig. 1). Most of the works have
been concentrated on the pelagic waters (Kirchman et al.; 1991, Bidle and
Fletcher, 1995, Almeida and Alcantara, 1992). Investigations have also
been carried out on different iypes of ponds and marshes (Kirchman and
Mitchell, 1982) from the Hudson River Plume during a diatom spring bloom
(Ducklow and Kirchman, 1983) and from coastal kelp environments (Linley
and Field, 1982), all in temperate regions. In aquatic systems factors
controlling bacterial biomass, growth and production rates have been studied
in less detail except in Urdaibi estuary near Bay of Biscay (Revilla et al.,
2000) been carried out in temperate regions. In the tropical areas there are
virtually no study describing particle-associated bacterio-plankton dynamics.

The prime factors controlling the production and growth rates in aquatic
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systems have been found to be dissolved organic carbon (allochthonous
and/or autochthonous), temperature, inorganic nutrient concentrations or
viral mortality (White et al., 1991 Kirchr;lan and Rich, 1997: Goosen et al.,
1997). Nevertheless, we are yet to understand how the various
environmental parameters interact and influence these particle-associated
bacteria. This review brings out the significance and role of particle

associated bacteria in the trophic dynamics along with controlling factors.

2.2 PARTICLE - ASSOCIATED BACTERIA AND PARTICLE SIZE
Historically, particles were typically thought of as readily observed
phytoplankton cells and large detritus (e.g. >10 um). which are present at
10%-10° mi" (Azam et al., 1995). Koike et al., (1990) found 107 particles of
0.3 - 1.3 um in size per ml; Wells and Goldberg (1991,1993) found 0.05 —
0.12 um colloidal particles at 10’ - 10" mI" range and 0.2 - 2 um colloidal
aggregates at 10* - 10° ml” range, Alidredge et al., (1993) found 10%-10* mI
! polysaccharide particles, including strings, sheets and bundles, 3 -100 um
in size. Goulder (1976, 1977) found that most (>75%) of the suspended solid
particles at Hull (England) are aggregates and that the most frequent size
category (usually >60%) is 5 to 14 um while <20% of the particles exceed 20
um. Colonized particles (~ 40 um) showed 2 to 80 bacterial cells per particle
agreeing with results of Fergusson and Rublee (1976) and Marsh and Odum

(1979) but contrasting with the values of 2.9 to 6.4 cells per particle obtained



by Iriberri et al (1987) in coastal waters. Kirchman (1983) found that heavily
colonized particles were always >10 um in diameter.

Most particles in the River Danube (Austria) were found to be in the
size class of >9 to 100 um? accounting for 60% of the total number of
particles, while the largest size clasé '(>100 to 1125- um?) accounted for only
11%. The colonized particles were on an average 13 um in diameter (Berger
et al, 1996). In the River Danube (Austria), smaller particles exhibited
higher bacterial abundance per unit surface area than the larger particles.
The percentage of particles colonized by bacteria was high when the total
number of particles was low. In the Donaukanal estuary (Austria) mean
particle diameter was 16 um; Particles of the same size were found in
suspended solids in the Ogeechee River (USA) (Carlough, 1994). At both
sampling sites the smallest fraction of attached bacteria was found in the
smallest particle fraction (Berger et al., 1996).

Increased microbial activity was found associated with estuarine
turbidity maxima (ETM) of the Columbia River estuary (USA) (Baross et al.,
1994) with a significant fraction associated with particles retained on a 20
um screen (Crump and Baross, 1996). In the same estuary less than 50% of
the bacterial carbon production in the ETM was associated with particles
retained by a 20 um screen (Crump and Baross, 1996). This implies that
particles that host the active population of bacteria both in and outside the

ETM were between 3 and 20 um in size.
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Almeida and Alcantara (1992) arranged particles in 4-size classes >1
to 3, >3 to 10, >10 to 40 and >40 to 140 um and found that irrespective of
tide the mean number of bacteria per colonized particle in surface water (634
particles) and sediments (2862 particles) was very similar averaging 2 to 3
cells on > 1 to 3 um particles, 5 to 6 cells on >3 to 10um particl.es, 13 to 21
cells on >10 to 40 um particles and 40 to 59 cells on >40 to 140 um
particles. They suggested that bacterial colonization of large particles is
more erratic than small ones and that particle size may play an indirect role
on bacterial growth on particles. Up to 66% of total bacterial biomass was
found attached to particles larger than 10um (Becquevort et al, 1998).
Highly variable bacterial production values for the >3 um fraction in eight
Danish lakes have also been reported (Letarte et al., 1992).

Analysis of the extent of colonization of particles of different sizes
revealed that the average number of bacteria per particle varied from 2 to
192 (Almeida and Alcantara, 1992). Studies in different aquatic systems
indicate that with decreasing particle size, microbial biomass and activity
increases (Wallace et al, 1982; Kondratieff and Simmons, 1985; Almeida
and Alcantara, 1992). A similar relation between colonization density and
particle size was recently detected by Passow and Alldredge (1994) and

Schuster and Herndl (1995).
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2.3 NATURE

Studies on the nature of SPM indicate a very heterogeneous nature
(Mel'nikov, 1976; Kranck, 1980). This 'heterogeneity presents problems in
the characterization and classification of the particles. Particles also exist as
living organisms, detritus, fecal matter, exuvia, carcasses and plankton
hardparts (Fowler and Knauer, 1986). Long and Azam (1996) found
Coomassie stained, protein containing particles abundant in the sea. A class
of transparent particles called TEP (transparent exopolymer particles) are
abundant in the ocean (Alidredge et al., 1993). TEP are presumably
produced from dissolved carbohydrate polymers exuded by phytoplankton
and bacteria. They range from a few microns to hundreds of microns
(Passow and Alldredge, 1994) in size. Mostajir et al.,, (1995) studied the
non-living organic particles in nano and pico -size range (largest dimensions
1-20 um) and identified them as DAPI yellow particles which were mainly
detrital.

The complexity and heterogeneity of SPM are most evident in
estuaries. Inputs from river, land and sea, turbulence and limited depth
result in the characteristc high SPM load of the estuarine
ecosystem. Many rivers are characterized by high concentrations of
suspended inorganic and organic particles that enter the estuaries (Findlay
et al., 1991). Estuarine systems are also characterized by the high degree
of interactions with bordering terrestrial ecosystems, which provide an

important source of detritus (Pomeroy, 1980). A 20-80% quantity of
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suspended particles in estuarine and riverine environments conéist of
detritus (Poulet, 1983) which are mostly allochthonous. Freshwater
phytoplankton are a major source of orgénic matter to the estuary (Small et
al, 1990) and have been observed microscopically to be a significant
component of ETM particles.

Compared to suspended patrticles, the colloidal fraction was relatively
pure organic material 32 + 4% (organic and 3.6 + 0.6% N) throughout the
Potomac and the Patuxent estuaries (USA) in agreement with published
CHN data for colloids for Chesapeake Bay and its subestuaries (Sigleo et
al, 1982, 1983; Means and Wijayaratne,1984; Sigleo and Macko, 1985).
The C/N atomic ratios in suspended particles ranged from 4 to 12, colloids
ranged from 9 to 12 and the ultrafiltrates ranged from 1.6 to 12. Ratios near
or below 10 are indicative of single-cell organisms such as phytoplankton
and bacteria, whereas ratios from 20 to 100 are typical values for vascular
plants (Redfield et al., 1963).

In the Columbia River estuary (USA) particles in the ETM region have
contributed 3 to 10% organic material by weight (Reed and Donovan, 1994)
and appear to undergo some microbial transformation in a sub-oxic
environment (Prahl and Coble, 1994). In Danube river (Austria), Hoch et al.,
(1995) found inorganic particles with an organic coating in the size range of
2 to 15 um in diameter to be abundant.

Most particles (except flocculent aggregates) are sparsely colonized

by bacte‘ria (Kirchman, 1983; Hoppe, 1984). Many particles and interfaces
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may not provide the conditions necessary for the successful competition of
attached bacteria with bacteria in the water phase (Hoppe, 1984).
Obviously, the nature of particles and tﬁeir adsorption capacities determine
the magnitude of bacterial colonization (Hoppe, 1984). Bacteria attached to
particles were able to utilize not only the organic Compounds that made up
the particles but also the dissolved compounds concentrated on particle
surface (Jannasch and Pritichard, 1972). Between 86 and 100% of
epibacteria in Lakes Sempach and Lucerne (Switzerland) were attached to
organic particles. In lakes Dunstan and Wakatipu (New Zealand) 44 to
100% of the epibacteria were attached to organic particles (Friedrich et al.,

1999).

Macroscopic organic aggregates, known as “marine snow”, are rich in
inorganic and organic nutrients (Shanks and Trent 1979, Herndl, 1992),
making them important sites for biological processes of production,
decomposition and nutrient recycling in the water column. Marine snow
aggregates are colonized by algae and a rich and diverse detrital community
of bacteria and protozoans, usually at concentrations many-fold higher than
in the surrounding water (Alidredge and Cox, 1982, Prezelin and Alidredge,
1983). Knowledge on the dynamics of attached bacteria indicates that
colonizing phytodetritus bacteria give rise to highly dynamic

microenvironments, which form and transform through microbial processes.
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2.4 PARTICLE - ASSOCIATED BACTERIAL ABUNDANCE

Particle-bound bacteria have been enumerated in different pelagic
environments by staining with ﬂuoroch"rome dyes and then counting the
stained bacteria by epifluorescence microscopy (Zimmermann and Meyer —
Reil, 1974; Hobbie et al., 1977). Particle-bound bacteria usually make up
less than 10% of the total assemblage (Zimmermann, 1978; Kirchman and
Mitchell, 1982). At times, bacteria attached to particles can account for as
much as 90% of total bacterial abundance in some freshwater lakes and
estuaries. This has been demonstrated repeatedly in many aquatic
environments as summarized in Tables 1A, 1B and 1C.

In the River Danube (Austria) the abundance of attached bacterial
density varied from 0.1 to 1.4 x 10° cells.ml™ and was on average 9.5 + 8.3%
of total bacterial density. Attached bacterial densities are well within the
range observed for other rivers. The abundance of particle-bound bacteria
varied by a factor of 14. On an average only 9.5% were found attached to
particles Hoch et al, (1995). In the same river, in another observation
bacteria were found to colonize 39% of the suspended particles (Hoppe
1984). Bacterial colonization of particles varied considerably in the River
Danube (Austria), ranging from 3 to 17 bacteria per particle (Berger et al.,
1996). In Donaukanal (Austria) the abundance of attached bacteria varied
from 0.2 to 2.2 x 10%ells.mI"" and accounts for 12 + 9 % of total bacterial
abundance on an average. These variations were 5 times in the Dan River

in Virginia (USA). Kondratieff and Simmons (1985) reported a variation by a
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Table 1A. Summary of reports on the proportion of total bacterial abundance attached |

to particles in marine environments.

ENVIRONMENT ATTACHED (%) REFERENCE
Pacific 20 - 50 Jannasch & Jones (1959)
Pacific 33-50 Sorokin (1971)
Atlantic (N) <1 Hobbie et al. (1972)
Coastal Atlantic (N) Very few Wiebe & Pomeroy (1972)
North CAaroIina coast (USA) 15 Ferguson & Rublee (1976)
Off Long Island (USA) Very few Ferguson & Palumbo (1979)
Strait of Georgia (USA) 24 Bell & Aibright (1981)

Ducklow and Kirchman

New York Bight (USA) 13 (1983)
Gulf Stream (USA) 0.1-44 Alldredge et al. (1986)
South California coast (USA) 1-3 Alldredge et al. (1986)
Off Bilbao (Spain) 1-22 Iriberri et al. (1987)
Mediterranean (NW) 08-28 Turley & Stutt (2000)




Table 1B. Summary of reports on the proportion of total bacterial abundance attachec

to particles in estuaries and sait marshes.

ENVIRONMENT ATTACHED (%) REFERENCE

North Iniet Marsh (USA) 35 Wilson & Stevenson (1980)
Palo Alto Sait Marsh (USA) 22 Harvey & Young (1980)
York River estuary (USA) 85 Duckiow (1982)

Little Sippewissett Salt Marsh

(USA) 1.7 Kirchman & Mitchell (1982)
Eel and Mill Ponds (USA) 1.3 Kirchman & Mitchell (1982)
Nobska Pond (USA) 6.0 Kirchman & Mitchell (1982)
Great Sippewissett Salt Marsh

(USA) 1.9 Kirchman et al. (1984)
Newport River estuary (USA) 3.3 Palumbo et al. (1984)
Estuarine & nearshore waters of

Georgia (USA) 30 Griffith et al. (1990)
Urdaibai estuary (USA) 12-72 Revilla et al. (2000)

Fraser River Plume (Canada) 69 Bell & Albright (1981)
Aquatic sites at Southwest British

Columbia (Canada) 44 Bell & Albright (1982)

Bay of Fundy (Canada) 10 Cammen & Walker (1982)
Humber estuary (England) 87 Goulder (1977)

Kiel Bight (FRG) 3.1 Zimmermann (1978)

Ria de Aveiro Portugal 1-49 Almeida & Alcantara (1992)
River Danube (Austria) 8.2 Hoch et al. (1995)

River Danube (Austria) 9.5 Berger et al. (1996)
Donaukanal (Austria) 3-21 Berger et al. (1996)

Iindus river (Pakistan) 4-92 Bano et al. (1997)

Iindus river (Pakistan) 14 - 84 Bano et al. (1997)




Table 1C. Summary of reports on the proportion of total bacterial abundance attached

to particles in fresh water environments.

ENVIRONMENT |  ATTACHED (%) REFERENCE
Coastal ponds North East United
States <10 | Kirchman & Mitchell (1982) -
Lake Mendota (USA) 32 Pedros-Alio & Brock (1983)
Ice House Pond (USA) 3 Kirchman (1983)
A small pond (USA) <1-10 Kirchman (1983)
Bay of Quinte (Canada) 175 Burnison (1975)
Frazer River (Canada) 82 Bell & Albright (1981)
Lake Tanning (Denmark) 73 Riemann (1978)
Lake Mosso (Denmark) 17 Riemann (1978)
Swiss Lake 1.3-5.7 Friedrich et al. (1999)
A small pond (Japan) 30-50 Konda (1984)
Lake Biwa (Japan) <1-3 Nagata (1987) |
Lakes Dunstan & Wakatipic (New
Zealand) 42-11.6 Friedrich et al. (1999)




factor of 13 in bacterial abundance for particle-bound bacteria whereas in
the York River estuary (USA), Ducklow (1982) obtained a 3- and 7- fold
variation. :

Bacterial colonization of particles in five freshwater ponds ranged
from 3 to17 per particle (Kirchman and Mitchell, 1982) similar to other
aquatic systems (Hoppe, 1984). Interestingly in an Ice House Pond (USA)
the abundance of particle-bound bacteria varied by a factor of 1000
(Kirchman, 1983).

All these observations indicate that attached bacteria vary in
abundance over a wide range. This variation was observed over the year
and between different environments. The large variations in the percentage
of attached bacteria have been attributed to physical (viz. turbidity, salinity,
temperature, light, turbulence) and chemical characteristics (distribution of
nutrients) of the water column (Palumbo et al, 1984; Kondratieff and

Simmons, 1985; Almeida and Alcantara, 1992).

2.5 BIOMASS, PRODUCTION AND ACTIVITY

Biomass and cell production by attached bacteria accounted for 10 to
73% and 2 to 68% of total bacterial community respectively (Becquevort et
al.,1998). The particle-attached bacterial carbon production ranged from 0.13
to 4.50 pg.I".h"' and represented an average of 90% of total bacterial
production Table 2. Thymidine incorporation rate was 10 to 100 times (4.79

x 10®) higher than that of free-living bacteria (2.8 x 10 pmol TdR cell"'h™).
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Table 2. Summary of reports on particle-associated bacterial production

Environment

% on total bacteria

Reference

production

MARINE

Alidredge et al.
Atlantic Ocean 2.3-26 (1986)

Turley & Mackie
Atlantic ocean (NE) 1.8 (1994)

Alldredge et al.
Pacific Ocean 1.3-134 (1986)
Mediterranean (NW) 3-12 Turley &Stutt (2000)

Furhman & Azam
Antarctic Scripps Pier 9 (1980)
Coral reef (South west Pacific) 30-50 Moriarty et al. (1985)
ESTUARIES
Rhode River Estuary (USA) 7-22 Rublee et al. (1984)
Estuarine waters of Georgia (USA) 59 Griffith et al. (1990)
Columbia River Estuary (USA) 90 Crump et al. (1998)
Urdaibai estuary (Spain) 17-84 Revilla et al. (2000)
Nearshore of Georgia (USA) 22 Griffith et al. (1990)

Hollibaugh & Wong
San Francisco Bay (USA) 38 (1999)
Central Bay (USA) 26 Murrell et al. (1999)
Suisun Bay (USA) 42 Murrell et al. (1999)
Indus River Delta (Pakistan) 73 - 96 Bano et al. (1997)
Sacramento River (USA) 22 Murrell et al. (1999)

Ducklow & Kirchman
New York Bight (USA) 5 (1983)
FRESHWATER
A small pond Mass. 1.2-57 Kirchman (1983)
Lake Norrviken, (Sweden) 1.6 ~59.1 Bell et al. (1983)

Lovell & Konopka
Little Crooked Lake, Ind 0.3-11.7 (1985)
Lake Constance (FRG) 0.7-3.6 Gude (1986)




(Crump et al.,1998). Crump et al., (1998) found that the specific thymidine
incorporation rates in estuarine water samples (salinity>1) were significantly
higher than in freshwater samples for bc;th groups of bacteria (attached and
free living). They suggested that riverine particles undergo changes when
mixed with the estuary that affects bacterial carbon production rates. These
changes involve some form 6f interaction between riverine particles and
particles generated in the estuary for sufficient time to acquire an estuarine
bacterial flora. These estuarine particles may host faster-growing bacteria,
giving a higher average rate of production when combined with riverine
paﬁicles.

The relative contribution of particle-attached bacteria to bacterial
carbon production in coastal and estuarine systems is variable and depends
on the concentration and growth rate of particle-attached bacteria (Griffith et
al., 1990,- Unanue et al.,, 1992). An average of 90% of the bacterial carbon
production in the water column of the Columbia River estuary (USA) was
due to particle-attached bacteria. Crump et al., (1998) suggest that free-
living bacteria and dissolved substances are rapidly flushed into and out of
the estuary, but particles and particle-attached bacteria are retained in the
estuary by ETM. This was true not only in the ETM (estuarine turbidity
maxima), where total bacterial carbon production was enhanced, but also in_
less turbid estuarine water and freshwater (Crump et al,, 1998). Other river
estuaries where attached bacteria dominate total bacterial activity in the

water column, such as Humber and the Tamnar in England are generélly
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more turbid than the Columbia River estuary (USA) (Goulder, 1977; Bent
and Goulder,1981; Plummer ef al., 1987; Uncles and Stephens, 1993).

In the Columbia river estuary (USA) highest levels of particle-attached
bacterial carbon production were found at intermediate salinity and elevated
turbidity.  High turbidity ETM, with associated high bacterial carbon
production was most often found at intermediate salinities. Lower-turbidity
samples with unusually high bacterial carbon production were also found at
these intermediate salinities. In freshwater and at higher salinity, turbidity
and particle-attached bacterial carbon production were reduced (Crump et
al., 1998). A similar result was found at higher salinities in the plume of the
Hudson River estuary (USA), where particle-attached bacterial activity was
correlated with POC concentration but not with salinity (Ducklow and
Kirchman, 1983). Seasons are also known to affect the production of particle
associated bacteria. In the upper Chesapeake Bay (USA), particle-attached
bacterial production was highest during the summer months, but the relative
contribution of particle-attached bacteria to total bacterial production was
highest in winter, when free-living bacterial production was the lowest
(Griffith et al., 1994). In spring and in summer, the Columbia River estuary
(USA) had high particle-attached bacterial carbon production and low free-
living bacterial carbon production (Crump and Baross, 1996; Crump et al.,
1998). Flocculation has shown to make some organic material more
available to bacteria (Tranvik and Sieburth, 1989). It is possible that

flocculation of dissolved organic material and aggregation with other
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particles in brackish water promotes bacterial colonization and growth.
Another possibility is that organic material available to heterotrophic bacteria
could be more labile in the estuary thaf-x in the river, accelerating bacterial
growth rates. Although the freshwater phytoplankton can survive at low
salinity (Jackson et al., 1987) they probably perish at higher salinity’ and
provide fresh, labile organic material to bacteria in the estuary. Particle
attached bacterial concentration varied from < 2.60 x 10° (detection limit) to
5.10 x 10° cells.I" and were positively correlated with turbidity (OBS- optical
backscatter sensor and SPM- suspended particulate matter) and POC
(Crump et al., 1998).

Kirchman and Mitchell (1982) found that the percent assimilation of
14C-glucose by particles of >3.0 um size was as high as 74 % in the brackish
marsh and as low as 0% in the salt marsh. They also found that *C-
glutamate incorporation ranged from 8.9 to 23% and suggested that
although the number of epibacteria in relation to unattached bacteria is
small, epibacterial populations can contribute significantly to the total
turnover of dissolved organic compounds in aquatic ecosystems. They also
carried out work on the size fraction larger than 35 um and found that the
"C-glucose uptake was small (<5%) in all water sampled. They further
showed that the uptake by the fraction larger than 8 um was at most 5 to
10% of total assimilation. A large percentage of assimilated ‘fC—qucose and
“C-glutamate was taken up by the 1.0 to 3.0 um fraction in some
environments. They also sampled at Little Sippewissett marsh (USA) during
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high and low tides but did not detect any differences in epibacterial
populations along the entire channel. As seen in Tables 3A, 3B and 3C the
heterotrophic activity of > 3 um partiéle-associated bacteria had a wide
variation irrespective of the aquatic system. In general it ranged from 0% at
Gulf of Marseilles, (France) (Chretiennot-Dinnet and Vacelet, 1978) and
Lake Mendota (USA) (Kirchman and Mitchell (1982), Pedros-alio and Brock
(1983)) to as high as 99% in the Humber Estuary (England) (Goulder, 1977;

Bent and Goulder, 1981) and Salt marsh (USA) (Harvey and Young, 1980).

26 CHARACTERISTICS OF BACTERIA ASSOCIATED WITH
PARTICLES

The size of attached bacteria was significantly larger than that of free-
living bacteria (Biddanda, 1986; Biddanda & Pomeroy, 1988; Azam et al.,
1993; Becquevort et al, 1998). Bacteria attached to particles and larger
phytoplankton cells are likely to sink out of the mixed layer faster than the
free-living (motile) bacteria (Wangersky, 1984: Kirchman et al, 1982).
Attached bacteria above the thermocline were adapted to warm
temperatures by showing optimal activity at 17 °Cc (Fuhrman and Azam -
unpublished) while bacteria attached to particles from deeper depths and
showed optimal activity at higher temperatures, suggesting recent origin

from the above thermocline (Azam et al., 1983).
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Table 3A. Summary of previous reports on heterotrophic activity of
associated bacteria in freshwaters

% uptake of
compound by

Environment Compound | fraction >3.0 um References
Clear Lake (USA) Glucose 28 Paerl (1978)
Glucose,
Lake Tahoe (USA). acetate,glycine 12-33 Paerl (1980)
Jordan & Likens
Mirror Lake (USA) Glucose 13 -30 (1980)
Five ponds & two Kirchman & Mitchell
marshes (USA) Glucose 0-74 (1982)
Five ponds & two Kirchman & Mitchell
marshes (USA). Glutamate 9-23 (1982)
Freshwater pond
(USA) Glucose 4-43 Kirchman (1983)
Freshwater pond '
(USA) Acetate 3-11 Kirchman (1983)
Freshwater pond
(USA) Glutamate 4-18 Kirchman (1983)
Pedros-alio & Brock
Lake Mendota, (USA) Acetate 15 -90 (1983)
Pedros-alio & Brock
Lake Mendota (USA) Sulfate 0-80 (1983)
Bay of Quinte,
(Canada) Glucose 17 Burnison (1975)
Frome & Hook rivers, Campbell & Baker
(England) Glucose 50-72 (1978)
Four Danish lakes Glucose 7-73 Riemann (1978)
Four New Zealand
lakes Glucose 11 -39 Paerl (1978)
Lake Rotongaio (New Glucose,
Zealand) acetate, glycine 15 - 42 Paerl (1980)
Berman &Stiller
Lake Kinneret (Israel) Glucose <10 (1977)




Table 3B: Summary of previous reports on heterotrophic activity of associated
bacteria in estuaries and salt marshes

% uptake of
compound by

Environment Compound | fraction >3.0 um References
Salt marsh estuary Hansen & Wiebe
(USA) Glucose 80 (1977)
Salt marsh, Palo Alto Tetrazolium Harvey & Young
(USA) salts 63 - 99 (1980)
Newport River Estuary
(USA) Amino acids 3-25 Palumbo et al. (1984)
Humber Estuary Goulder (1977), Bent &
(England) Glucose 56 — 99 Goulder (1981)




Table 3C. Summary of previous reports on heterotrophic activity of associated

bacteria in oceans

% uptake of
compound by

Environment Compound | fraction >3.0 um References
Atlantic (NE) Amino acids 47 Williams (1970)
Atlantic (NE) Glucose 24 Williams (1970)
Gulf of California
(USA) = Glucose <10 Berman (1975)
Gulf of California Azam & Hodson
(USA) Glucose <10 (1977)

Hanson & Wiebe
Gulf Stream (USA) Glucose 20 (1977)
Azam & Hodson
Saanich Inlet (Canada) Serine <10 (1977)
Mediterranean Amino acids 38 Williams (1970)
Mediterranean Glucose 28 Williams (1970)
Kiel Bight (FRG) Glucose <10 Hoppe (1976)
Gulf of Marseilles, Chretiennot-Dinnet &
France Glucose 5-45 Vacelet (1978)
Gulf of Marseilles, Protein Chretiennot-Dinnet &
France hydrolysate 0-68 Vacelet (1978)
Off Bilbao, (Spain) Glucose 10 - 38 Iriberri et al. (1987)
Azam & Hodson
Off northwest Africa Acetate <10 (1977)




High biovolume of attached bacteria could reflect the capability of
bacteria to storé carbon such as carbohydrates during N- and / or P- limiting
conditions when cell division is no Ionger‘ possible (Kanopka, 1992).

The difference in cell size implies that attached bacteria grow faster
than unattached bacteria. This inference is based on the correlation between
average cell size and specific growth rate observed in laboratory
experiments (Pierucci, 1978; Larsson and Hagstrom, 1982). The average
specific biomass and growth rate of particle-attached bacteria was very high
i.e. 60 fg.C.cell* and 0.28 h' respectively (Becquevort et al., 1998) in spite
of their low abundance. Particle-attached bacteria exhibit lower turnover
rates than free-living bacterioplankton (Hoppe et al., 1993) and incorporate
more glucose, glutamate (per cell) ( Kirchman and Mitchell, 1982), dissolved
ATP (Hodson et al., 1981), and phosphate (Paerl and Merkel, 1982). There
is little information on whether attached bacteria differ from unattached
bacteria in the utilisation of various dissolved organic matter (DOM). Azam
and Hodson (1977) found no difference in the retention of assimilated
glucose, serine and acetate on Nucleopore filters having pore size of 1um.
Although the total biomass of attached bacteria is usually low relative to
unattached bacteria, the attached bacteria are metabolically more active
than unattached bacteria. Thus the cells may have a large volume but divide
less frequently (Kirchman et al.,, 1983). Palumbo et al., (1984) found that all
particle associated bacteria in Newport River estuary (USA) have a higher

activity on a per cell basis.
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Moreover, there is accumulating evidence that attached bacteria,
despite their lower yield, exhibit higher extracellular enzymatic activity
(Kirchman, 1983; Hoppe et al., 1988, 1593; Karner and Herndl, 1992, Smith
et al., 1992). This was supported by Delong et al., (1993) who found that
bacteria and were able to degrade a wide range of polymeric compounds. In
the Columbia River estuary (USA) extracellular enzyme activity was detected
principally on particles suggesting that particulate organic material was the
primary polymeric food source for bacteria in the estuary. The relatively high
activity of particle-attached bacteria and their close association with particles
suggested that they produced most of these enzymes and were therefore,
probably responsible for most of the bacterial degradation of POC in the

estuary (Crump et al., 1998).

2.7 TAXONOMY

Corpe (1973) reported that early colonizing bacteria were
predominantly gram negative rods of which 5§0-90% were Pseudomonas
species and 10-49% were pigmented Flavobacterium species or non-
pigmented, non-motile Abhromobacter speciess. Gram positive bacteria
were rarely detected. Marshall et al., (1971 b) and Corpe (1973) found that
initial colonisation by rod-shaped bacteria was followed by other species
such as Caulobacter, Hyphomicrobium and Saprospira after 24 to 72 h.

Some bacteria for example, Escherichia coli and Salmonella typhimurium
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may have lipopolysaccharide (LPS) which enter into adhesion interactions
(Shands 1966). The addition of cations has been found to promote the
attachment of marine Pseudomonads (I(ﬂarshall et al., 1971a). De Long et
al, (1993) detected that the most abundant phylogenetic types in
macroaggregate-associated  bacterial population  fell  within  the
Cytophaga/Flavobacteriaum group. The other genera found were Bacillus

and Agrobacter.

2.8 ROLE OF PARTICLE-ASSOCIATED BACTERIA
NUTRIENT RECYCLING

Bacteria attached to particles were able to utilize not only the organic
compounds that made up the particle, but also dissolved organic compounds
concentrated at the particle surface (Jannasch and Pritchard, 1972). The
role of ‘microbial loop’ including microzooplankton is likely to be particularly
important in rapidly recycling nutrients above the thennoclihe. This is
because bacteria attached to particles and larger phytoplankton cells are
likely to sink out of the mixed layer faster than the free-living (motile) bacteria
(Wangersky, 1984; Kirchman et al., 1982).

it has been demonstrated in the case of marine snow that enzymes
~associated with the particles hydrolyze much more POC than is required by
particle-attached bacteria, possibly providing nutrients for free-living bacteria
(Smith et al. 1992). However, contribution of particle-attached bacteria to

the degradation of organic matter depends on the size and organic
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composition of aggregates (Delong et al., 1993). Processes associated with
macroscopic organic aggregates should be generally regarded as common
and important constituents not only 'in the sea but also in limnetic
environments (Grossart et al., 1998). The importance of biogenic aggregate
(>0.5 mm in diameter) has been studied in detail by Fowler and Knauer
(1986). They are responsible for the vertical flux of nutrients and transport of
attached bacteria to the deep sea floor. These PAB contribute about 48% of
total bacterial production in the deep waters (Turley and Stutt, 2000).
Ducklow et al., (1982) have measured settling rates of 0.1 to 1.0 m.d” for
attached bacteria in the Hudson river plume and have estimated that 3 to
67% of the total daily bacterial production settled out of the water column.
Macroscopic organic aggregates in the ocean as well as in lakes are
decomposed by microorganisms. These aggregates are not only vehicles of
vertical transport of POM but also provide a recycling of detrital material to

higher trophic levels of the aquatic food web

Foop WeB

Particle-associated bacteria may improve the nutritional quality of the
detrital particles for grazing by zooplankton. Bacteria attached to a particle
(>1um) are larger prey and thus may be more important than unattached
bacteria for bacteriovores (Ferguson and Rublee, 1976). These
microaggregates (phytoplankton colonized by microorganisms) in tum

actively interact with free-living bacteria and particle feeders by providing
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them with labile substrates (Azam and Cho, 1987, Herndl, 1988) and
particles with high nutritional value (Chrost, 1991). Particle-attached
bacteria can have a very different role in a food web compared to free-living
bacteria because they may be directly grazed by larger metazoans,
bypassing consumption by protozoan grazers and ’'short-circuiting' the
microbial loop (King et al., 1980; Baross et al., 1994). This appears to be the
case in the Columbia river estuary where epibenthic copepods were found to
feed directly on particle-attached bacteria (Simenstad et al., 1994). Crump et
al., (1998) found that direct consumption of particles and particle-attached
bacteria by metazoans was potentially the key step in the transfer of detrital
organic matter into the food web of the Columbia river estuary. In the same
estuary the concentration of rotifers correlated with SPM and bacterial
carbon production (Crump and Barros, 1996). In low salinity waters of the
Elbe estuary 50 to 75% of the rotifers were found to be associated with
suspended aggregate particles (Zimmermann and Kausch, 1996). Filter-
feeding organisms can also be inhibited in their activity by high
concentrations of suspended matter (Koenings et al., 1990).

Through the ingestion of the lake snow aggregates, a rapid and
efficient transformation of protein rich microbial biomass to higher trophic
levels could be mediated providing a short - cut between the 'microbial loop'
(Azam et al, 1983) and the top levels of the classical food chain.
Particularly, in the littoral zone of lakes and the ocean, where the abundance

of aggregates is high they may contribute a substantial portion of food to
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juvenile fish. Marine snow is also a food source for large particle feeders
such as fish and zooplankton (Alldredge, 1979; Urrere and Knauer, 1981;

Larson and Shanks, 1996).
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3.0 MATERIAL AND METHODS

3.1 DESCRIPTION OF SAMPLING SITES

Three sites were chosen for studying particle-associated bacteria (PAB) in
the tropical estuarine system. The sites were Ribandar in Mandovi, Chicalim in
Zuari estuary and a station off Cabo in the coastal waters of Goa (Fig. 2).
3.1.1 MANDOVI ESTUARY

The River Mandovi ofiginates from the Parwa Ghat (Karnataka) of the
Sahyadri hills, traverses a stretch of about 70 kms before joining the Arabian Sea
through Aguada Bay near Panaji. Its width at the estuary is 3.2 km (upstream),
and in some places it narrows down up to 0.25 kms. It is fed by monsoon
precipitation and the discharge from a catchment area of 1530 km?2. lts pre-
monsoon and post-monsoon flow is regulated by the semi-diurnal tides. The
Mandovi has a long tributary system and along its coast it has a number of
islands, narrow bends and shallow depths. The intrusion of seawater into the
river is about 67 km in May and reduces to 10 km in the monsoon months (June-
July). The Ribandar station in the Mandovi estuary which is at 15°30.323N and
73°52.430E is influenced by mangrove vegetation and is used for navigation,
essentially for iron ore transport by barges.
3.1.2 ZuARi ESTUARY

The characteristics of the Zuari estuary differ markedly from the low run
off-season during November-May to the heavy run off period of the southwest

monsoon from June to October. During November-May the estuary is vertically
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mixed and the two processes controlling the transport of salt are 1) run off
induced advective transport out of the estuary and 2) Tide induced diffusive
transport into the estuary. The magnitu:Jde of the latter is about 20% larger,
leading to a salinity rise in the estuary. In this estuary the intrusion of salit water
is seen as far as 65 kms upstream in May which is reduced to a minimum of 20
km in June (Qasim and Sen Gupta, 1981). With the onset of the southwest
monsoon, the run off increases dramatically and the estuary loses about 75% of
its salt during the first two months. Because the estuary is partially stratified
during June-October, gfavitational circulation is expected to play a role in
addition to tidal diffusion and run off. The average depth up to 40km from the
mouth is approximately Sm. The bottom topography is marked by a few trenches
as deep as 10m. The cross-sectional area of the estuary decreaseé
exponentially. This decrease is more rapid in the first 20 km from the mouth.
The two main rivers Kushavati and Sanguem contribute freshwater run off to the
Zuari. The Chicalim station in the Zuari estuary is located at 15°25.107N and
73°51.472E. The Zuari estuary is connected to the Mandovi by the Cumbarjua
canal, which lies 15 kms away from the mouth of Zuari. The Marmagoa harbour
is situated near the mouth of the Zuari estuary.
3.1.3 COASTAL STATION

The Off Cabo station in the coastal waters is the meeting point of the
Mandovi and Zuari estuaries to the Arabian sea. It is at 15°30.323N and
73°44 024E. This coastal station lies 5 kms away from the coastline, 18 kms

from the Ribandar station and 14 kms away from Chicalim station. The mouth of
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the Zuari and Mandovi estuaries are separated by promontory between them at

Cabo (Technical report no. 02/79 NIO, 1981).

3.2 SAMPLING METHOD AND FREQUENCY
Water samples were collected using the Niskin sampler from the surface
and near bottom. Sémples were gently pre-screened through 220 um bolting silk
into carbuoys, which were transferred to the laboratory with minimum disturbance

and time delay for further analysis.

Monthly samples were collected for a period of 14 months from
September 1997 to October 1998. The coastal station could not be accessed for
a period of 4 months (June —September) due to rough sea and bar formation at

the mouth of the river Mandovi during the monsoons.

3.3 PHYSICOCHEMICAL PARAMETERS

Water temperature and salinity were recorded on board. Salinity was
measured using an AUTOSAL (8400 A) and expressed in terms of psu.

pH was measured using a pH meter.

Suspended Particulate Matter (SPM)

Suspended particulate matter (SPM) was determined gravimetrically on
pre-weighed filters (Krey, 1964). Water samples were filtered on pre-combusted
(450°C, 3h) glass microfibre filters, GF/F (Whatman). Filters with retained
material were rinsed with distilled water (0.22 pum filtered) to remove salts. The

filter papers were then dried at 60°C for 24h, allowed to cool in a dessicator and
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weighed on a Metler analytical balance (model AE 200) to a precision of 10*g in
the presence of silica gel. Filters were then ignited at 450°C for 3h and re-
weighed after cooling in order to determinfe the inorganic content (IC) of particles.
The organic content (OC) was caiculated by subtracting IC values from SPM.
Ash weight was calculated by taking the percentage of IC over SPM.

Total Organic Carbon (TOC)

Sample were preserved in 0.5% of 50% orthophosphoric acid (JGOFS
protocol 1994). Total organic carbon was measured by High Temperature
Catalytic Oxidation method (HTCO) using TOC 5000 (Shimadzu) instrument. In
this method, the organic carbon in the sample is oxidized to CO; by 1.5%
platinum-coated Al,O; granules as catalyst at 680°C. The amount of carbon
dioxide released was measured by using a non-dispersive infrared (NDIR)
detector. High purity compressed air of zero carbon dioxide grade (Boruka gases
Ltd., Bangalore, india) was used as carrier gas. Further purification method was
achieved by using a column purification that removed any traces of CO..
Uitrapure (zero carbon blank) water was prepared by re-distilling the double
distilled water with sodium persulphate (1.0 g.I'") followed by its exposure to UV
light for 24h.

Particulate Organic Carbon (POC)

The particulate organic carbon (POC) and particulate organic nitrogen

(PON) were determined using a Perkin Elmer Elemental CHN analyzer (Model

2400). Water samples was filtered on GF/F (Whatman) glass fibre filter paper
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and dried at 60°C., The filters were acid (Conc. HCI) fumed for 24 h to remove
carbonates and dried prior to analysis (Hedges and Stern 1984).
Concentration of SPM, PIC, particulate organic carbon (POC) and
particulate organic nitrogen (PON) were calculated as a function of the known
| volume of water filtered. Dissblved ofganic carbon (DOC) values were derived

by subtracting the POC values from the total organic carbon (TOC).

3.4 PARTICLE PARAMETERS
3.4.1 NUMBERS

The total numbers of particles present in the water sample was counted
using a Coulter counter (TAIL Model) having an orifice of 140 pm (2.8 ~ 56
nominal particle size) and 560 um (11.2-216 nominal particle size).
3.4.2 Size
3.4.2.1 Gravimetry Method

Water samples were sequentially filtered through pre-weighed 3, 2.7, 1.2,
0.7, 0.45 and 0.22 um pore size polycarbonate filter papers (Millipore), under low
vacuum(<100 mm Hg). The fiitered samples were then rinsed with 200 ml of
membrane (0.22um) filtered distilled water, dried at 40°C and placed in a
dessicator before being re-weighed on a Metler balance (Model AE200) up to a
precision of 10*g in the presence of silica gel.
3.4.2.2 Laser Counter method

The size and distribution of particles in water samples were analyzed

using a laser based particie size analyzer (Malvern 3600E). Distilled water
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filtered through polycarbonate filters was used to calibrate the granulometer and
for particle-suspension dilutions. Sample dilution if necessary was performed
with membrane (0.22 um) filtered 50% s:eawater under gentle magnetic stirring
for 5 minutes. For blanks, membrane (0.22 um) filtered seawater was
maintained. |
3.4.2.3 Scanning electron microscopy

Specimen samples were fixed with 2% glutaraldehyde after gently filtering
through a 3 um filter and then washed with 0.1 M phosphate buffer solution
(Please see appendix). Acetone at concentration of 30, 50, 70, 90 and 95% was
prepared with distilled water. The samples were then sequentially subjected to
different concentration of acetone for a time period of 10 minutes individually,
before transferring it to 100% acetone for 15 minutes to dehydrate it. The
samples were processed by critical point drying (CPD) in a high-pressure
container filled with CO, at room temperature. The specimens were then fixed on
to the stubs with adhesive tapes and sputter coated (with gold) for 30 seconds
before mounting it on to the stage for scanning through the JEOL Scanning
electron microscope (5800 LV).
3.4.3 NATURE
3.4.3.1 Mineral Estimation

Mineral studies were conducted on the 3 to 220um fractions of the
particles present in the water column. The samples were made free of carbonate
and organic matter by treating the sample with 1.0 ml acetic acid and 2;0 mi

hydrogen peroxide respectively. Excess of acid was removed by washing the
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samples with distilled water. Oriented slides were then prepared by pipetting 1.0
mi of the concentrated suspensions on to the glass slides and allowing them to
air dry. The samples were then glymléted by exposing the slides to ethylene
glycol vapors at 100°C for 1 hour.

X-ray diffraction studies were carried out on the glycolated samples from
3° to 25° 20 at 1.2° 20/minute on a Philips X-ray diffractometer (1840 Model)
using nickel-filtered Cu Ko radiation, operated at 20mA and 40 kV. The peaks
for different mineral groups like kaolinite, chliorite, illite, montmorillonite, goethite
and gibbsite were identified besides quartz and feldspar. The areas of major
minerals were calculated by using the glycolated X-ray diffractograms. The
quantificaton of different clay minerals was done by measuring the ratios
between the length of the peak from the background and the half height width of
the peak. The principle peak areas of kaolinite + chlorite, illite and
montmorillonite were multiplied by the weighting factors 2, 4 and 1 respectively,
and weighted peak area percentages were calculated following the semi-
quantitative method of Biscaye (1965). Mineral analysis was carried out on 42
samples from 3 stations.
3.4.3.2 DNA Estimation

DNA concentration was measured with 3,5-diaminobenzoic acid
dihydrochloride (DABA.2HCI) by fluorometric reaction (Kissane and Robins
1958; Holm-Hansen ef al. 1968). The filters were dried at 60°C for an hour. To
the centre of each dried filter, 100ul of DABA.2HCI was added. Subsequently
the samples were covered tightly and again placed at 60°C for 1 hour, followed

33



by the addition of 3 mi of HCI (1M). The samples were vortexed for 1 min, and
the fluorescence was determined (Ex: 405nm; Em: 520nm) in a F2000

spectrofluorometer (Hitachi).

3.4.3.3 RNA estimation

RNA concentrations were measured with the cupric ion-catalyzed orcinol
colorimetric reaction (Lin and Schjeide, 1969). After the DABA-DNA fluorescence
was measured the samples were quantitatively transferred to a clean glass tube
and exactly 1.5 ml was added in a test tube for subsequent determination of
RNA. Each sample (1.5 ml) was diluted with an equal volume of orcinol reagent,
which was prepared by dissolving 1g of reagent grade orcinol (Sigma) and 0.15g
CuCl2.2H,0 in 100 ml! of concentrated HCI (11.6M). The samples were tightly
sealed and incubated at 100°C for 30 min. The samples were allowed to cool for
about 30 min and the absorbance at 666nm was recorded using a UV-1201
spectrophotometer (Shimadzu). Standard curve was prepared with commercially

available yeast RNA (Sigma).

3.5 BIOLOGICAL PARAMETERS
3.5.1 PRIMARY PRODUCTION

Primary productivity measurements were made using the '*C technique
(Steeman-Neilsen,1952). The samples were passed through 220 um nylon bolt
net to minimize the possibility of grazing by zooplankton during incubation. The

radioactive carbon (**C) in the form of sodium bicarbonate (Sp. Act.: 5
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uCi/umole, BARC, 'Mumbai) was added to (in duplicate) samples in light and
dark bottles. Appropriate neutral density filters were used for bottom samples.
In situ incubations were carried out, by exposing the samples to natural
temperatures and light levels (both intensity and spectral quality) for 4-6 hours
on board. " To maintain the temperéture water Was exchanged at frequent
intervals during the period of incubation. After incubation the contents were
filtered through a membrane fiter (0.45um pore size). The filters were
analyzed for '*C-uptake rate using Tri-CARB 2500 TR Packard liquid
scintillation counter and dioxane based scintillator cocktail. The values are
expressed és pg.C.I.ht,

3.5.2 CHLOROPHYLL ‘@’

A known volume of water sample (250ml) was filtered through a 0.45 um
Whatman GF/F filter paper for estimation of chlorophyll ‘a’. Pigment extraction
was done by keeping the filters overnight in dark in 10 ml of 90% acetone.
Fluorescence was measured in a Turner Design Fluorometer using Chlorophyil
‘a’ (Sigma) as a standard. Chl ‘a’ concentration is expressed as pg.l".
Phytoplankton contribution to POC was calculated assuming a C:Chl ‘a’ ratio of

30 (Banse, 1977).

3.6 MICROBIAL PARAMETERS
Particle associated microbial parameters were estimated by differential
method. Water samples that were pre-filtered through 220 um pore size nylon

mesh were assumed to have the total microbial load. Samples were further
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filtered through 3.0 um filter (Millipore) using low vacuum. Particle associated

microbial parameters were derived by subtracting the <3 um size population from
the total population.
3.6.1. TOTAL MICROBIAL BIOMASS

The determination of adenosine triphosphate (ATP) in the particulate
matter of seawater is of value as an indicator of the quantity of living material,
(microbial biomass). The estimation was done as described by Parsons et al.,
(1984).

Samples (500ml) filtered (3.0um) and unfiltered were re-filtered onto a
0.22 um pore size 47-mm Millipore filter. The filter was then extracted in 3.0 ml
of boiling Tris buffer (pH 7.7 to 7.8 adjusted with 20% HCI) for 5 minutes. The
extract was transferred into a clean dry glass vial. The contents of the vial were
cooled to room temperature, and few drops of Tris buffer were added to make up
the volume to 4.0 ml. Contents were mixed and stored at —20°C till it was
analysed.

The enzyme mixture used for this estimation was prepared by adding 5.0
mi of Tris buffer to a vial of about 50 mg of lyophilized firefly lantern extracts
(Sigma). The vial was allowed to stand at room temperature for 2-3 hours,
centrifuged and the clear solution was decanted into a clean dry test tube. This
extract was allowed to stand for further 60 minutes and then used within the next
3 hours.

Ihto a glass vial, 0.2 ml of the enzyme preparation was pipetted out and
then placed into the sample holder followed by 0.2 mil of the sample. After 30
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seconds of integration, time readings were taken using a Turmmer TD 20e
Luminometer. The light emitted was proportional to the amount of ATP present
and calculated against a standard curve. Biomass (ug.C.I") was calculated from
ATP values using a conversion factor of 250.

3.6.2. TOTAL BACTERIAL COUNTS (TC)

The total number of bacteria were measured by the acridine orange direct
count method (Hobbie ef al., 1977) The number of bacteria associated with
particles was not determined by counting the number of bacteria per particle and
the number of particles per microscope field. This was because their abundance
is under estimated by about 45% due to bacterial colonization inside or
underneath particles (Kirchman and Mitchell, 1982). The number of bacteria was
calculated by subtracting <3 um fraction from the total.

Triplicate sub-samples from the polycarbonate bottie were preserved with
formaldehyde (2% final concentration). One 2.0 ml portion of each sub-sample
was stained with 0.22um filtered acridine orange (final concentration 0.01% w/v)
for 5 minutes and then filtered on to black-stained Nucleopore filter with a pore
size of 0.22 um. Samples were counted at 1250X with Epifluorescence Olympus
(BH) microscope using 515 barrier filter. At least 10 fields of >30 bacteria field™”
were counted. The number of preserved sub-samples (3), stained filters prepared
from each sub-sample (1), and microscope fields examined (10) for determining
the abundance of unattached bacteria follows the statistical analysis of Kirchman
et al., (1982). Blanks were routinely checked for bacteria. Bacterial carbon was

calculated from bacterial abundance by assuming a per cell carbon content of 20
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fg (Lee and Fuhrman, 1987). Cell volumes were estimated from epifluorescence
preparations by measuring the shortest and longest axes of a bacterium with an
ocular micrometer; the bacteria were cla:ssiﬂed as either spheres or cylinders.
Fuhrman, (1982) determined that cell volumes are best determined from
epifluorescence preparations. Rod shaped cells were treated as cylinders and
cocci as spheres. Simuitaneous count were taken for orange (active), green
(dormant) and the dividing bacteria (Frequency of Dividing celis, FDC). Numbers
were expressed per litre basis.
3.6.3 VIABLE COUNTS (VC)

The viable count (VC) method (Kogure et al, 1987) has been proposed as
a method that can be used to surmount probiems of overestimation of the
number of viabie bacteria when direct microscopic methods are used (Hobbie et
al., 1977). It would also overcome the problem of underestimation of the number
of viable cells when culture methods of enumeration are used (Buck, 1979).
Nalidixic acid (0.02% wi/v), piromidic acid (0.001% wi/v), pipemidic acid (0.01%
wlv) and yeast extract substrate (0.025%) were added, the seawater samples
were incubated at room temperature for 7 hours followed by fixation (with 0.22
um pore size filtered) formalin (2% final concentration). Subsequent acridine
orange staining of these preparations, followed by epifluorescence microscopy,
allowed the enumeration of elongated cells as an estimate of the direct viable

population.
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3.6.4 RETRIEVABLE COUNTS (Colony forming units)
3.6.4.1 Total Aerobic Counts

Water samples (200ml) were Jﬁltered through 3.0 pum pore size
polycarbonate (Millipore) filter. The filter paper was then transferred in a flask
containing -200 ml of ﬁltered'and auféclaved 50% _seawater to which 2.0 m! of
Tween 80 was added and kept on a shaker for 15 min. The samples were
sonicated for 10 seconds in order to reduce hydrophobic interactions (Yoon and
Rosson, 1990) and to dislodge the bacteria from the particles. The suspension
was thenA serially diluted with sterile 50% seawater. Depending on the dilution
0.1 ml and 0.05 ml were surface-plated on nutrient agar medium (Himedia,
Mumbai) and the plates (in triplicates) were incubated and counted after 24 h
incubation at room temperature (28 + 2°C). The colony forming units were
expressed as cfu.l.
3.6.5 HYDROLYTIC ACTIVITIES

Plating was done to estimate the density of different biochemical groups
associated with the particles. Water samples (200ml) were ﬁitered through 3.0
um pore size polycarbonate (Millipore) filter. The filter paper was then
transferred to a flask containing 200 ml of filtered sterilized, autoclaved 50%
seawater to which 2.0 ml of Tween 80 was added. The flask was kept on a
shaker for 15 min and then sonicated for 10 seconds in order to reduce
hydrophobic interactions (Y'oén and Rosson, 1990) and to dislodge the bacteria
from the particles. The suspension was then serially diluted with sterile 50%

seawater. Of the diluted solution 0.1 ml and 0.05 m! were surface plated on
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Chitinase, Dnase, Phosphatase, Lipase, Amylase, Protease media and the

plates were incubated for 24 h at room temperature (28 + 2 °C).

3.7 BACTERIAL PRODUCTION

Bacterial carbon production was measured by the incofporation of the
nucleoside [*H-methyl] thymidine (Fuhrman and Azam, 1982). Production of both
total water sample and filtered fraction (<3um) were estimated to determine the
production by the particle associated bacterial population.

Three sub-samples of 30 ml of each sample, filtered and unfiltered were
incubated for an hour with *H-thymidine (specific activity=52Ci mmol”, BARC,
Mumbai) at a final concentration of 10nM. incubations were terminated with 2%
-neutral buffered formalin. The samples were then filtered through 0.22 um
polycarbonate filters (pre-soaked 5% TCA), extracted in cold 5% TCA and
ethanol rinsed. The dried filter papers were then placed in scintillation vials and
filled with 3 ml of dioxane based scintillator (Sigma). The samples were then
radioassayed using the Tri-CARB 2500 TR PACKARD scintillation counter. The
rate of *H-thymidine incorporation was converted to bacterial production using
the factor 2 x 10'"® cells (Kirchman et al.,1982). The bacterial production rates
were expressed as ug.C.I".h".  The turnover time of bacteria was calculated by
dividing the bacterial production rates with bacterial abundance (Zweifel, 1999).
Detrital carbon was calculated by subtracting the phytoplankton carbon from

POC concentrations Kirchman (1983). Turnover time of detritus carbon by PAB

40



as calculated by dividing the concentration of detrital carbon by the estimated

bacterial production in the >3 um fraction (Kirchman, 1983).

3.8 HETEROTROPHIC ACTIVITY

The relative heterotrophic activity of the total and free-living bacteria was
measured by using labeled glucose and glutamic acid substrate (Wright and
Hobbie, 1965). Three sub-samples were analyzed for uptake of each substrate
measurement. In this study the compounds used were [U-'*C]-D-glucose
(Specific activity=53 mCi mmol’ BARC, Mumbai) and [U-'*C}-L-glutamic acid
(Specific activity=190 mCi mmo!”’ BARC, Mumbai). The substrates, glucose and
glutamate were added separately to sub-sample volume of 30 ml in a narrow
mouth 100 mi flask. To each of the flask 10, 50 and 100l of each substrate was
added. A strip of zigzag paper (Whatman No.1) was soaked in about 150ul of
ethanolamine and placed in a scintillation vial. The vials were suspended into
the flask containing the substrate and the sample. The flask was tightly corked
and incubated in the dark for 2 hours. The vials were removed and scintillation
cocktail was added to it before counting to give estimates of respiration rates.
The reaction was then terminated by addition of 0.5 mi of concentrated HCI. The
samples were then fiitered through 0.22 um polycarbonate filter paper (Millipore).
The filters were rinsed with 50% seawater (0.22 um filtered). Dried filters were
placed in scintillation vials to which 3.0mi of dioxane based liquid scintillation

cocktail (Sigma) was added. The samples were radio-assayed using a Tri-CARB
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2500 TR Packard Liquid Scintillation Counter. Applying Michaelis-Menton
kinetics the Vmax, Tt and Ky, values were calculated.

The metabolic state (specific activ}ty per cell) of.the associated bacteria
was evaluated by dividing the value of '*C-glucose assimilated by each fraction
by the number of attached bacteria. Here an assumption Wésr made like
Kirchman and Mitchell (1982) that the specific activity of the radiolabeled
compound was the same in the microenvironments around attached bacterial

cells.

3.9 INSTANTANEOUS GROWTH RATE(u)/GENERATION
TIME/REMOVAL (g)

Experiments were designed to estimate instantaneous growth rate p,
mean generation time, and removal (g) of PAB with natural sea water samples
using dilution methods (Ducklow et al., 1992). Diluted (20% unfiltered+80% 0.22
um filtered) and untreated whole sea water samples wére incubated upto 40 hour
and sampled periodically for cell numbers. Growth and removal rates are
calculated from the slope of the regression of the cell numbers on time.

Generation time is calculated as 1/u. All units are expressed per hour.

3.10 IDENTIFICATION OF PARTICLE-ASSOCIATED BACTERIA

Aerobic heterotrophic bacterial flora associated with particles was isolated
seasonally from the 3 stations for identification. Morphologically, different
colonies were isolated randomly, purivﬂed and subjected to various biochemical
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and physiological tests (Gerhardt, 1981). The cultures were identified up to

generic level based on the identification key of Oliver , (1982).

3.11 STATISTICAL ANALYSIS

Correlation matrix was calculated for all the parameters and tested for
significance. Necessary transformations were carried out wherever required.
Multiple regression analysis was carried out using MINITAB statistical software,
version 12, for identifying the best set of parameters to explain the predictor
variable. Principal component analysis (PCA) was done using MINITAB package

for the best set of parameters to identify the different factors affecting variability.

43



4.0 RESULTS
4.1. HYDROLOGICAL PARAMETERS

The hydrological parameters (debth, temperature, pH and salinity) of
the three stations are shown in Figures 3 to 7.
4.1.1 DEPTH

The Ribandar station in the Mandovi and Chicalim in the Zuari estuary
did not show any significant variation in depth during the period of study. The
maximum was recorded during the monsoon. Both the stations were generaily
less than 10m deep. The coastal station off Cabo was deeper with an average
depth of 15m (Fig 3).
4.1.2 TEMPERATURE

Temperature did not show much difference between surface and
bottom water. It normally ranged from 26°C in July to 33.5°C in May.
Seasonal changes were more evident in the estuaries than in the coastal
station (Fig 4).
4.1.3 pH

pH varied from 6.0 to 8.4. Water samples from Zuari were above
neutrality in all months except in the month of February and March (Fig. 5).
During these months the pH of the water in all the three stations was around
6.0.
4.1.4 SALINITY

Salinity values did not show much difference between the surface and

bottom waters except Zuari (Fig 6).
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Though the three stations were situated apart, hydrologically there was
little variation in parameters like temperature and depth. A comparison of the
three systems during the three seasons clearly shows that there is very little
difference in. salinity between the surface and bottom waters during the pre-
monsoon. The differences were more striking during the monsoon season and
the stratification was evident by differences in the salinity values especially at
Zuari in the surface and bottom. Stratification was also evident in the post-
monsoon at Mandovi (11.67%) and Zuari (24.33%) (Fig. 7).

4.1.5 SUSPENDED PARTICULATE MATTER (SPM)

The suspended load varied from 0.002 to 0.52 g.I'" in the surface and
from 0.006 to 1.16 g.I" in the bottom waters of the estuary. In the coastal
station, the variation was from 0.002 to 0.436 g.I"' (Fig 8). The load increases
from December to February and this declines to low levels and then increase
again during monsoon period (Fig 9). The suspended load was always high at
the bottom and varied significantly (p<0.05).

4.1.6 PARTICULATE ORGANIC CARBON (POC)

Unlike the suspended load, the POC concentration was higher at
surface. Monthly fluctuations were more evident in Mandovf than in Zuari.
Unusually higher inputs were observed in October and June. Compared to the
estuaries the POC levels at the coastal station were low and the diétribution
was rather steady (Fig. 10).

4.1.7 PARTICULATE ORGANIC NITROGEN (PON)
The concentration of PON during the period of study is presented in

Table 4. As can be seen, the minimum concentration of 60 ug.l'1 was always
45
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Table 4: Particulate organic nitrogen (PON) in the estuarine network
Particulate organic nitrogen (ug.")
Stations Months
s | oIl N T o[ J | F | M Al M J 1T g1 A |1 s [ o

Mandovi

Surface 64.0 98.2 30.1 66.6 824 | 4896 1392| 1856) 2208 536.0| 1414 | 1386] 3786 | 226.6

Bottom 384.0 | 200.0 99.2| 4416| 3424 2432| 2272 192.0| 3520| 3088] 1020| 128.0]| 364.8 84.8
Zuari

Surface 4224 | 2473 96.7 65.0 729 | 435.2 752 531.2] 2986 3920] 3254 | 200.0| 2854 | 240.0

Bottom 454.4 92.8 19.2 186 192.0| 7040| 1232| 603.2| 14944 | 5664 | 120.0| 216.0| 275.2| 168.0
Coastal

Surface | 2240 1775 1062 569.0 602 1168] 1424| 168.0] 160.0| ND* ND ND ND 226.6

Bottom 166.4 240 848| 3024| 2345| 166.6| 4416 83.2 80.0] ND ND ND ND 204.8

*ND - Not done




noted during the post monsoon months whereaé the maximum value of 500
was noted in different months with no particular seasonal pattern. The values
observed in the bottom waters were generally higher then the surface except
at the Mandovi station in February. The PON was found to be related
significantly with suspended load both at the surface and bottom waters of
Mandovi estuary.
4.1.8 C:NRaTIO

The ratios were low in the Mandovi estuary during the pre monsoon
season and high in the Zuari estuary during the post-monsoon period (Table
5) (Fig. 11).
4.1.9 PHYTOPLANKTON AND DETRITAL CARBON

The phytoplankton carbon in the Mandovi estuary was maximum
during the post-monsoon period with the peak in October (130 ug.C.I"). The
lowest concentration was observed in the monsoon month of July. Similar
trend, albeit lower concentration was noted in the bottom waters. Apparently
the maximum contribution to the POC is through the detrital carbon (Table 6).
Nevertheless, the bottom waters contained very high concentrations of POC
ranging from 435 ug.C.I" in November to 1958 pg.C.I'" in September.

In the Zuari estuafy the phototrophic and detrital inputs were less
variant as compared to the other estuary. The bottom waters refiected the
surface trend (Table 7).

| At the coastal station the phytoplankton contribution was more than the

two estuaries both in the surface and bottom waters without much variation



Table 5: C/N ratio of particles at the sampling stations during different séasons

Station Pre-monsoon Monsoon Post-monsoon
Surface Bottom Surface Bottom Surface Bottom
Mandovi 5.00 4.74 7.09 7.97 14.53 5.59
Zuari 10.30 7.42 5.40 5.30 6.51 21.10
Coastal 5.58 7.09 N.D* N.D 3.46 7.41

* N.D —Not done
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le 6: Annual variation of phytoplankton and detrital carbon in the Mandovi estuary
Phytoplankton carbon (ug.I'")
nths f
S 0 N D J F M A M J J A S o]
face 113.7 129.9 447 100.8 26.1 21 76.5 45.6 46.2 33.0 0.6 33 114 315
tom 16.2 59.4 324 65.1 341 423 54.0 276 552 16.5 0.3 0.9 6.9 258
Detrital carbon (ug.I")
face 523.5 1748 | 6409 | 29415 619.6 | 1739.0| 488.3 780.0 | 1069.0 3916.1 917.2 | 1022.1| 1236.6 | 497.9
ttom 11102 1087.8| 4348 1611.7| 10659 1226.5| 952.4| 1121.2| 1656.8| 174427 608.6| 1573.5| 1957.9| 9054




‘ + W
sle 7: Annual variation of phytoplankton and detrital carbon in the Zuari estuary
Phytoplankton carbon (ug.I'*)
nths
S o) N D J F M A M J J A S o]
rface 92.7 118.5 35.7 90.9 30.9 26.1 58.5 435 52.2 294 54 78.0 56.7 43.2
ttom 43.8 70.5 228 717 58.5 324 48.9 111 423 26.1 54 126 4.8 21.0
Detrital carbon (ug.")

rface 14657 | 4909 | 608.7 7758 | 7359 | 1516.1| 1855.1| 2863.7| 1898.4 22048 | 16455| 10086 | 669.1| 669.5
ttom 1661.8| 486.3| 2268 1646.7} 1061.5| 26636 | 2111.1| 27329 | 7954.5 30875 6685 1021.0| 1633.6| 9054




(Table 8). The difference between the surface and bottom waters was less
distinct as compared to the estuaries.
4.1.10 DisSSOLVED ORGANIC CARBON (DOC)

The DOC varied from 33.23 to 242.9 mg.C.I" at the surface and from
51.35 to 377.79 at the bottom in Mandovi (Fig12). At the Zuari station, the
corresponding values were low between 30.3 to 226.1 and from 56 50 to
329.4 mg.C.I"'. At the coastal station, the concentrations ranged between 68.4
and 180 mg.C.I". The relationship of POC to DOC is shown in Fig. 13, 14 and
15. The DOC concentration is higher in all the three stations during the pre-
monsoon period in the surface waters when compared to the other seasons.
In the bottom waters of the estuary, seasonality was absent with sporadic
peaks. On the whole, DOC formed about 98% of total organic carbon (TOC).

Annual averages showed that in Mandovi the POC value was 1.3 times
that of the surface which was in contrast to that seen in the Zuari, where the
surface value was 1.7 times the values at the bottom (Fig 16).

The POC in surface and bottom waters is directly related to the detrital
carbon (p<0.001). In the bottom waters the POC is also related to salinity and
particle numbers (p<0.05) and PON (p<0.001). Chlorophyll a carbon had a
positive relation with suspended load (p<0.05) in the surface waters. Detrital
carbon relates negatively to DOC (p<0.05) and positively to particles (3—15
um) in the surface and bottom (p<0.05) waters.

The DOC and TOC were positively correlated with salinity in the
Mandovi (surface). In Zuari DOC was negatively correlated to PON. In the

coastal waters DOC was negatively correlated with depth.
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le 8: Annual variation of phytoplankton and detrital carbon in the Coastal station
Phytoplankton carbon (ug.I')
nths
S 8] N D J F M A M J J A S o)
face 80.4 79.5 26.1 61.8 16.2 27.9 14.7 186 50.4 ND* ND ND ND 61.8
tom 32.7 65.4 71.7 68.4 14.1 216 27 2.7 9.0 ND ND ND ND 68.4
Detrital carbon (ug.I")

face 1068.4 196.5| 661.98 952.2 4571 5225 486.1| 1044.7 829.6 ND ND ND ND 509.9
tom 882.5 267.4 470.7 | 2010.0 940.3 | 980.0 | 2224.1 602.1{ 1037.4 ND ND ND ND 900.6

D — Not done
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4.2 PARTICLE CHARACTERISTICS
4.2.1 PARTICLE NUMBERS
Mandovi

Particle numbers oscillated between orders of 107 to 10'°.I" with the
surface waters showing values thricé that of the bottom (2.07 x 10°.1"). The
largest variation was observed during the post-monsoon from 2.14 x 10%.I" to
6.56 x 10'°.1"" in the surface waters and a variation from 4.0 x 10”.I'" to 2.95 x
10°.1" in the bottom waters (Fig. 17).

The laser based particle analysis showed that most of the particles
were >3um in size. In both surface and bottom waters, all the fractions‘ were
present during the months of March, April and May except in the surface
waters of June while in the surface waters they were also present in these
months except June. The 3 -15 um fraction dominated over other fractions
(Table 9). Particle numbers in the size range of 3 - 15 um were strongly
influenced by salinity in both surface (p<0.001) and bottom waters (p<0.05).
Zuari

Low particle numbers of 0.8 x 10°.I"" in the surface and 1.42 x 10°.I" in
the bottom waters were observed in July. Maximum number of particles was
observed during the pre-monsoon month of April (2.82 x 10%.I") at the surface
and in January (6.56 x 10'°.1"") at the bottom (Fig 17). In the pre-monsoon and
post-monsoon seasons, the bottom waters showed an order higher (10'°.I")

than the surface waters.
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Table 9: Particle distribution in Mandovi estuary

Particle number x 10°.I"

Size fractions (um)

3-—-15 15.1-25 25.1—50 50.1—80 80.1—100 100>

Months | Surface | Bottom| Surface Bottom| Surface | Bottom| Surface Bottom| Surface Bottom| Surface Bottom

S 22300 440| 34.9

o) 29500| 7780 303000| 345000

N 21400 21300 842

D 23700 20900 194 328

J 27700 20200 417 328 53

F 21800 19500 360 2790 0.4 107

M 27800] 20700] 796 1330 924 267 120 23 6.3 25 21.9 1.3

A 29200{ 23500] 7.1 148 1200 112 424 13.4 150 1.4 400] 0.7

M 28200] 24200 728 675 204 455 53.8 86.2 8.2 1.9 0.3 0.6

J 10900] 13400} 278 275 30.1 81.8 2.3 19.2 0.3 0.7 0

J 14200] 7890 293 62.5 135 55.3 45 7 0.9 0.2

A 13700 15200| 13.3 15.1 15 16.9 8.3 6

S 23500 22600 192 167

(o) 21400 21400




Laser based particle analysis showed that a major fraction of the
particles were >3um (Fig. 10). In the pre-monsoon months all the 6 size
fractions were represented in the bottom waters. The bottom waters had more
number of particles in the size range of 15 - 100 um whereas, in the surface
water 3 -25 um fraction was the most dominant (Table 10). in the bottom
waters the above fraction dominated in all the months (except November and
December).

Coastal

Particle numbers ranged from 1.93 x 10°1" in October98 to 4.74 x
10°.I" in March at the surface and from 0.47 x 10°.I" in February to 20.73 x
10°.I'" in March in the bottom waters. In general higher number of particles
was observed during the pre-monsoon in the surface (3.15 x 10°.I") and
bottom waters (5.57 x 10°.I'") (Fig. 17).

Particle -numbers were positively related to salinity in the surface
waters only (p<0.05). Particles (3—15 um) also correlated with temperature in
both surface and boftom (p<0.05) waters. Total particle numbers correlated
negatively with DOC (p<0.001) and POC (p<0.05) in the bottom waters.

Size fractionation of particles indicated that the 3—15um size dominated
in all the months except October97 in the surface (Table 11) and
September'97 in the bottom waters (Table 11). The pre-monsoon months of
March, April and May showed the presence of all the five size fractions of

particles in the surface and bottom waters.
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Table 10 Particle distribution in Zuari estuary
Particle number x 10°.I"*
Months Size fractions (um)
3—15 15.1-25 25.1-50 50.1-80 80.1-100 100>
Surface | Bottom | Surface | Bottom | Surface | Bottom | Surface | Bottom | Surface | Bottom | Surface | Bottom
S 20300 19100 624
@) 44600 22300 1.3
N 21300 514000 351
D 21400{ 21100 67.3
J 22900] 287000} 92.5 322000 47300]
F 21000 23300 294 3540 83.4 7160 0.8 3340 1320 2260
M 22800 23100] 2180 2290| 845 981 348 91.7 79 491 66.4 122
A 26500  22000] 235 34500] 55.4 116 17.5 25.8 16 1.9| 0| 0.5]
M 21200 21700 267 309 92.8| 321 11.3 143 1.4 142 0.1 1.5
J 14400 19100] 140 25.2 3.4
J 11900 13800| 525 498 158] 42.7 30.6 1.8
A 25600  32300{ 2790 1990 455 467 55.4
S 23000 18500} 33 6.7 115 41.1 8.6 7.3
o) 21800] 172 169 148




ﬁ 4 :
Table 11 Particle distribution in the coastal station
Particle number x 10°.I"
Size fractions (um)
3—15 15.1-25 25.1--50 50.1--80 80.1—100 100>
Months 75, face | Bottom | Surface | Bottom | Surface | Bottom | Surface | Bottom | Surface | Bottom | Surface] Bottom]
S 29000 30100
0] 24200 28400 2170 759 36.5
N 19500 22600 739
D 24100 25100 393
J 21500 14875
F 12300 4650 15800] 1050
M 22200[ 175000 3750 14300 961 Ol 12100 5600 6120} 2210 258 3790.0 19.3}
A 28300 19800 197 242 130] 110 98.4 64.4 15.6 2.8 23 0.2
M 28700 30700| 669 471 198 299 57.2 71.9 20.2 15.9 18.3 21.9
J ND ND
J ND ND
A ND ND
S ND ND
0] 19300 38.5 33.9




422 SiZE
Mandovi

Particles were fractionated info six groups viz. (i) >3<220 um,
(i) >2.7<3 p.m.,__(iii) >1.2<2.7 pm, (iv) >0.7<1.2 um, (v) >0.45<0.7 um and  (vi)
0.22<0.45 um. On an annual average basis size fractionation by gravimetry
showed that 50% of the particles were >3 um and <220um range. In the
surface waters (Sept '98), 94% of the particles were in this size range (Fig.
18).
Zuari

Size fractionation by gravimetry showed that around 43% of the
particles in the surface and 51% of the particles in the bottom waters ranged
between 3 um and 220 um size. As viewed in Fig. 19 more than 80% of the
particles were in the >3 < 220 um size in the month of May.
Coastal

Size fractionation by gravimetry showed that in the bottom waters 40%
of the particles were >3 um. However maximum values of 58.01% and 64.12
% were recorded in November and December respectively (Fig. 20).

In surface waters, 3-15 um size was related to POC (p<0.05). The 3-
15 um fraction of particles in the bottom waters were related to (p<0.05) POC,
PON and detrital carbon.

During pre-monsoon, the highest number of particles (1.54 x 10'°.I")

was recorded in the Zuari bottom waters. However, in the surface waters of
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Fig. 18: Size fractionation of particles present in the Mandovi estuary
based on gravimetric analysis
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Fig. 19: Size fractionation of particles present in the Zuari estuary
based on gravimetric analysis
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Mandovi most number of particles (1.28 x 10'°.I"") were observed during the
post-monsoon (Fig. 21).

it was observed that during the months of March, April and May, all the
fractions of particles were present at all the stations. Maximum number of
particles was found in the 3-15 um fraction at all seasons and stations except
during the post-monsoon at Mandovi (surface) where, 80-100 um fraction
dominated.

Iin the pre-monsoon, particles in the size range of >3<220 um were
maximum in the Mandovi (56%), Zuari (surface- 50%, bottom- 66%) and the

coastal station (surface — 20%, bottom- 35%) (Fig. 22).

4.2.3 CHEMICAL CHARACTERISTICS
4.2.3.1 Mandovi
Inorganic Content (IC)

At the Mandovi station, the inorganic content of the particles ranged
from 1 x 10° g.I'" (Oct.’97 and Sept.'98) to 0.15 g.I'' (February) in the surface
waters and 1 x 10 g.I" (Sept'98) to 0.33 g.I" (May) in the bottom waters.
High values of inorganic content were recorded in the surface (0.049 g.I') and
the bottom waters (0.199 g.I"') during the pre-monsoon and low values during
the monsoon seasons (Fig. 23).

The annual average inorganic content (percent) of particles did not
show much difference between the surface and bottom waters, the values
being, 41.6% and 42.8% respectively. However, the bottom waters were 1.52

times the surface value (50.29%) during the pre-monsoon season. The lowest
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average of 16.9% was recorded in the bottom waters during the monsoon.
The months of November (59.5%) and August (50%) showed equal
distribution of inorganic content in the surface and bottom waters. The bottom
waters contained > 90% ash weight in the pre-monsoon months except,
February.

The inorganic content of the particle was positively related (p<0.05) to
the suspended load in the surface waters. In the bottom, the organic content
showed positive correlation (p<0.001) with the suspended load thereby
influencing the whole water column,

Mineral content t

Particles were mainly composed of clay minerals like montmorillonite,
illite, kaolinite + chlorite, gibbsite and goethite. The particles were dominated
by kaolinite + chlorite during all the seasons especially in the post-monsoon.
However, the particles in the surface waters during the pre-monsoon showed
a high percentage of montmorillonite (35%) compared to other minerals
(Table 12).

Organic Content (OC)

The organic content varied between 2.2 x 10° g.I'' (Oct. '98) to 0.37 g.I
! (February) in the surface waters and showed large oscillation between 1 x
10° g.I' (May) to 1.15 g.I' (June) in the bottom waters. Surface waters
exhibited high values (0.085 g.I'") during the pre-monsoon season and bottom
waters, during the monsoon (0.389 g.I") (Fig. 23). Organic content of the
particles was found to be significantly related to suspended load in both

surface and bottom waters (p<0.001).
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Table 12: Mineral content of particles at the three stations expressed in percentage (w/w)

Seasons
- Mineratl Station Pre-monsoon Monsoon Post-monsoon
Surface Bottom Surface Bottom Surface Bottom
Mandovi 35.52 27.70 21.92 21.71 19.04 .12.97
Montmorillonite | Zuari 41.44 45.42 40.93 22.45 32.71 44 .85
Coastal 28.08 35.43 ND* ND 43.26 69.75
Mandovi 8.85 14.86 10.07 3.74 9.12 16.43
lilite Zuari 4.66 6.07 7.27 8.12 9.70 9.73
Coastal 26.75 8.48 ND* ND 16.74 8.35
Mandovi 31.63 33.92 37.97 31.28 48.53 40.47
Kaolinite + Zuari 33.14 30.22 32.00 29.76 37.58 32.55
Chilorite Coastal 38.94 35.69 ND ND 27.21 16.99
Mandovi 5.59 7.30 8.43 5.45 8.95 9.41
Gibssite Zuari 6.39 4.71 3.87 5.54 3.63 2.92
Coastal 3.61 7.49 ND ND 3.49 2.38
Mandovi 18.42 16.22 21.61 37.81 14.36 20.73
Goethite Zuari 14.37 13.58 15.92 34.12 16.38 9.95
Coastal 2.62 12.91 ND ND 9.30 2.53

* ND -~ Not done




4.2.3.2. Zuari
Inorganic Content

The inorganic content of the particles varied from 1 x 10° g.I
(February, July and Sept. '97) to 0.08 g.I'' (May) at the surface waters; while
in the bottom waters, it ranged from 1x 10° g.I' (Sept. '97) to 0.18 g.I"
(March). Highest IC was recorded in the surface (0.02 g.I') and bottom
waters (0.093 g.I"") during the pre-monsoon period. The minimum inorganic
content was observed during the monsoon, which was of an order lower than
the other seasons (Fig. 24).

An annual average of 41% was recorded for the Zuari estuary. Except
for the pre-monsoon season, the surface waters of the monsoon (16.8%) and
post-monsoon (48.08%) periods had higher ash content than the bottom
waters. The monsoon season had the lowest ash content in the surface
(16.8%) as well as bottom (12.61%) waters. The particles of the bottom
waters during October'97, March and April,'98 contained more than 80% ash
while in the surface waters it was observed in the month of May.

Mineral content

The particles in these waters consisted of montmorillonite, illite,
kaolinite+chlorite, gibbsite and goethite. These particles were dominated by
montmorillonite followed by kaolinite + chiorite in all the seasons (Table 12).
Organic content

The organic content of particles showed a minimum value of 1 x 107
g.I'" (Oct. '98) to 0.25 gI' (June) at the surface waters. Bottom waters

showed a peak of 0.55 g.I"" in May and a dip of 3.4 x 10 g.I" in November.
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Highest organic content was observed during the monsoon (0.09 g.I") at the
surface while the bottom waters it during the pre-monsoon (0.16 g.I).
Domination by organic content over inorganic was observed in all the
-seasons. However monthly observations showed the inorganic content to be
more than the organic content in the months of Oct. '97 and 98, November
‘97, December ‘97 and March '98 in the surface and bottom waters (Fig 24).
4.2.3.3 Coastal

Inorganic Content

The inorganic content of particles varied from 0.0013 gl (Oct.’98) to
0.043 g.I'" (Sept.'97) in the surface and 0.0 g.I" (April and Oct. '98) to 0.093
g.I" (February) in the bottom waters (Fig 25). The surface and bottom water of
the post-monsoon period showed 2.7 and 1.4 times the inorganic content of
the pre-monsoon. The inorganic content of particles correlated (p<0.001) well
with the suspended load in the bottom waters.

The percentage of ash ranged from 29.59% (February) to 87.11%
(April) in the surface and 0% (October and April) to 99.99% (Oct.’97) in the
bottom waters. The percentage of ash was highest in the surface waters
during the pre-monsoon (62.4 + 24.2%) and post-monsoon (59.93 + 9.3)
seasons, when compared to tﬁe bottom waters (pre-monsoon—40.05 + 35%,
post-monsoon- 48.03 + 37%).

Mineral Content

The suspended load contained five major groups of clay minerals.

They were montmorillonite, illite, kaolinite + chiorite, gibbsite and goethite.

During the post-monsoon season, montmorillonite content was about 50% of
54



Surface

0.2
W C—1Organic
==de==norganic
= 0.1 -
0 . .\. L Y Y T T T l"h
Bottom
0.2 -
034
T 041 - DR
0 Lo SACMATS 1 I . @(
SOND'N.,JFMAMJJASO
Post-monsoon Pre-monsoon Monsoon Post-
Months monsoon

Fig. 25: Organic and inorganic content of particles in the coastal
station



the total minerals. This was more obvious in the bottom waters (69.75%);
while in the pre-monsoon season kaolinite + chlorite dominated in both the
surface and bottom waters (Table 12).

.Organic Content

The Organic Content ranged from 0.00088 g.I" (Oct'98) to 0.05 g.I"
(Sept'97) at the surface and 0.00001 g.I" (Oct'97) to 0.343 g.I" (February) in
the bottom waters (Fig 25). During the post-monsoon period the surface
waters contained 3.56 times the OC of the pre-monsoon (0.0058 g.I")', while
during the pre-monsoon the bottom waters contained 4.07 times the average
organic matter of the post-monsoon (0.027 g.I")

The annual average organic content (0.069 g.I") was twice that of the
inorganic content (0.032 g.l") in the bottom waters. During the pre-monsoon,
the organic and inorganic content in the bottom waters was higher than that
during the post-monsoon, while in the surface waters, the reverse was true.
The annual averages showed the bottom waters to contain higher OM and IM
than the surface wafers (5.2 and 1.73 times) respectively.
4.2.3.4. Mandovi
Deoxyribonucleic acid (DNA)

A high DNA content of particles was observed in December in the
surface (2.23 mg.I"") and bottom waters (1.67 mg.I'"). Minimum values of 0.21
mg.I" at the surface and 0.17mg.I" in the bottom waters were recorded in
June and April respectively (Fig. 26). The trend of the DNA content of
particles in the surface and bottom waters was pre-monsoon <monsoon<post-

monsoon. In the surface waters the particles recorded the highest DNA
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content (1035.77 pg.I'") during the post-monsoon which was 1.2 times the
bottom values. The minimum seasonal average value of 380.48 ng.I" was
recorded in the surface waters during the pre-monsoon.

The DNA correlated negatively to suspended load (p<0.01) in the
surface waters. By integrating the surface and bottom values, the DNA
showed a negative relationship to the suspended load (p<0.05). While DNA
strongly correlated with the organic content (p<0.001) in the bottom waters, a
negative correlation with the inorganic content (p<0.01) was seen in the
surface waters.

Ribonucleic Acid (RNA)

The RNA content of particles varied from 0.12 mg.I" (September) to
4.24 mg.I'" (December) in the surface waters and from 0.14 (Oct. '98) to 8.16
mg.I'" (June) in the bottom waters (Fig. 26). The surface waters followed a
trend of pre-monsoon>monsoon>post-monsoon while in the bottom waters it
was monsoon> pre-monsoon > post-monsoon. Highest concentration of 4.25
mg.I" was seen during the monsoon in the bottom waters, which was 2.9
times that of the surface. The lowest value of 1199.78 ug.I" was noted in the
bottom waters during the post-monsoon.

The RNA showed a negative relation with the DNA in the surface
(p<0.001) and bottom waters (p<0.05). RNA had a positive relation with the
inorganic content (p<0.05). In the bottom waters the RNA was related to the
suspended load (p<0.001), organic content (p<0.001) and PON {p<0.001). By
integrating the surface and bottom values, the RNA essentially correlated with

the suspended load, organic content and the PON (p<0.001).
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RNA:DNA ratio

The annual average RNA/DNA ratio was 14.4 in the bottom waters as
compared to 3.84 in the surface waters. Season-wise, the monsoon showed
the highest ratio of 5.68 in the surface and 9.46 in the bottom waters. The
post-monsoon season showed the lowest seasonal values of 1.58 in the
surface and 1.73 in the bottom waters. During the pre-monsoon period the
ratio was in contrast to that observed during the monsoon and post-monsoon
seasons. In this season, the surface waters appeared to harbour more active
groups (5.44) than the bottom waters (3.82) (Fig. 26).

Significant relationship between RNA/DNA ratio and suspended load
was observed (p<0.001) in the bottom waters.
4.2.3.5. Zuari
Deoxyribonucleic acid (DNA)

A high value of 0.1202 mg.I"" was recorded during September'98 at the
Zuari station (surface). The DNA content in the bottom waters was much
higher, the value being, 0.1572 mg. I (Oct. '98) (Fig. 27). The lowest DNA
value was noticed during the monsoon at the surface and during the pre-
monsoon in the bottom waters. DNA related well to total suspended load
(p<0.05).
Ribonucleic Acid (RNA)

The RNA concentration reflects the active biomass of the environment.
Minimum RNA value (0.121 mg.I"") was observed in October98 at the surface
and in the bottom waters it was observed in October97 (0.026 mg.I"). The

maximum concentration of RNA (5.19 mg. I'") was observed in June in the
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bottom waters, whereas at the surface, the maximum (5.03 mg I'") value was
observed in January (Fig. 27). The pre-monsoon season showed an increase
in the RNA content compared to other seasons. The RNA content was 0.1 to
10 times higher than that of DNA in the surface waters. RNA showed a
significant correlation with the suspended load in the bottom waters
(p<0.001). |
RNA:DNA rétio

The Zuari surface waters had ratios ranging from 0.1 (Sept. '97) to
14.37 (February) while, in the bottom waters it ranged from 0.05 (Oct. '97) to
23.7 in'June (Fig. 27). The post-monsoon season recorded the lowest ratios
of 1.75 and 2.43 in the surface and bottom waters while the monsoon season
had higher ratios of 4.03 and 19.52 respectively. Seasonal analysis showed
that bottom waters always had higher ratios than the surface.
4.2.3.6.Coastal

Deoxyribonucleic acid (DNA)

The DNA content of particles (>3um<220um fraction) varied between
0.22 mg.I'" (February) to 1.52 mg.I" (Oct. '98) at the surface and from 0.35
mg.I"" (April) to 1.54 mg.I" (December) in the bottom waters. During the post-
monsoon period the surface (0.65 mg.I") and bottom waters (0.80mg.I")
showed 1.4 times higher values than that observed in the pre-monsoon.
However, the bottom waters carried particles with more DNA than the surface

waters during both the seasons (Fig. 28).
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A negative correlation was seen between DNA and salinity (p<0.01) in
the surface waters.
Ribonucleic Acid (RNA)

The RNA content of the particles showed minimum value of 0.12 mg.I™
and 0.1 mg.I'* (Oct. '98) at the surface while, maximum values of 4.16 mg.I*
and 3.33 mg.I" were observed in December, in both, surface and bottom
waters respectively. Seasonal averages showed the surfacevA waters of post-
monsoon to be 1.16 times higher than its bottom waters (1.39 g.I'") and 1.43
times the value of the surface waters during the pre-monsoon. However, in
the pre-monsoon season the RNA content of particles in the bottom waters
was 1.15 times that of the surface waters (Fig. 28).

RNA:DNA ratio

The RNA:DNA ratio of these particles showed minimum values in Oct.
'98 in the surface (0.1) and bottom waters (0.08). However the maximum
values of 5.97 (December) at the surface and 3.21 (May) at the bottom were
observed. The two seasonal averages showed the ratio to be 2 to 3 in the
surface and bottom waters (Fig. 28).

On comparing the three systems for their biochemical feature, it was
observed that the maximum inorganic content was seen during the pre-
monsoon and minimum during the monsoon at all the stations. The highest
value was observed in the bottom waters of Mandovi (0.199 g.I'") during the
pre-monsoon, while the minimum was at Zuari surface waters (0.0017 g.l")

during the monsoon. The coastal station during the post-monsoon showed
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higher inorganic content (0.027g.I") as compared to that of the other two
stations (Fig. 29).

Annual averages showed the coastal surface waters to have high
percent ash (61.17%). During the pre-monsoon season the percent ash
content was maximum at all the stations and the minimum was observed
during the monsoon.

All the five minerals .i.e. montmorillonite, illite, kaolinite + chlorite,
gibbsite, goethite, besides traces of quartz and feldspar were present at all
the stations. During the post-monsoon, a high percentage (surface -~ 43.3%,
bottom — 69.8%) of montmorillonite was seen at the coastal station, while this
mineral was detected at comparatively lower percentages at Mandovi.
During the same season at the Mandovi station kaolinite + chlorite dominated
(surface 48.5%, bottom 40.5%). Montmorillonite was also the dominating
mineral in Zuari especially during the pre-monsoon period. A higher
percentage of goethite was observed at both estuarine stations at the coastal
station.

The organic content Was maximum during the monsoon season in the
bottom waters of Mandovi (0.39 g.I'"). It was minimum at all the three stations
during the post-monsoon season. However, the least organic content (0.006
g.I") was in the surface waters of .coastal station during the pre-monsoon
period. On an annual average the bottom waters higher organic _content
(more than twice) than that of the surface waters (Fig. 30).

The surface waters of Mandovi were rich in DNA during the post-

monsoon having a seasonal average of 1035.77 ug.I". The same station
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showed the lowest estimated value of 380.48 ug.!™ during the pre-monsoon.
In general during the post-monsoon season the waters in all stations had
particles with high DNA content when compared to other seasons ( Fig. 31).

RNA content of particles was exceptionally high in the bottom waters
during the monsoon. Zuari station recorded a value as high as 4502.67 ug.I".
Interestingly the minimum value (700.33 ug.I") was also recorded at the same
station during the post-monsoon period. However, on an annual average the
Mandovi bottom waters showed to be rich in RNA (2515.56 pg.I™).

As it was observed with RNA values the RNA:DNA ratio was maximum
in the bottom waters during the monsoon with Mandovi showing a ratio of 9.46
and Zuari a ratio of 19.52. The Zuari station (bottom waters) showed a high
ratio averaging 9.9 annually, while Mandovi (surface waters) showed a value
of only 3.84.
4.2.4. SCANNING ELECTRON MICROPHOTOGRAPHS OF PARTICLES
Inorder to understand the physical nature of the particles, an attempt was
made to examine some of the particles collected in the Zuari estuary by
scanning electron microscopy (Plate 1-5). As it can be seen the particles
consisted both of biological and non biological materials. The particles were
found to be colonised by bacteria at different densities and they were mostly
rod shaped. In fact the size was much larger than their counterparts in the
surrounding waters. On an average 10% of the particles surface area was

colonised by the bacteria.
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4.3. MICROBIOLOGICAL PARAMETERS
4.3.1 MICROBIAL BIOMASS

Mandovi

The microbial biomass associated with particles varied from 18.86
ng.C.I" to 1862.15 ug.C.I" with a peak in the month of December and August.
At the bottom the peaks were observed in December, June and September.
The minimum value in the bottom waters. was observed during the post-
monsoon (4.04 pg.C.I") while in the surface waters the maximum value of
1862.2 ug.C.I" was seen during the same season. In the bottom waters, the
PAM biomass showed a large range (41.8 to 903.8 ug.C.I'") in the pre-
monsoon. No major fluctuation was noticed, during the pre-monsoon season.
The bottom waters recorded higher values during the pre-monsoon (267.67
ng.C.I') and monsoon (330.07 pg.C.I") when compared to the surface waters
values during the pre-monsoon (181.33 pg.C.I'") and monsoon (298.33 pg.C.I
"). However on an average the trend of PAM biomass in the surface waters
was post-monsoon>monsoon>pre-monsoon (430.19>298.08>181.33 ug.C.I
1) and in the bottom watérs‘ it was monsoon > post-monsoon > pre-monsoon
(330.07>319.21>267.67 pg.C.I"). The PAM biomass in the surface waters
contributed >80% of the total microbial biomass whereas at the bottom it was
almost 100% (except during the post-monsoon month of December).
However, the average PAM biomass contribution to the total microbial
biomass (471.3 ug. C.I") at the surface was 62.42% and in the bottom waters

(543.3pg. C.I") it was 55.79% (Fig. 32). The contribution of PAB biomass to
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the total particulate organic pool (surface and bottom waters) was 25.4% and
18.91% respectively.

Zuari

The particle associated microbial biomass fluctuated between 7.13
(Sept. '97) and 1632.95 pg.C.I" (January) at the surface. In the bottom waters
the microbial biomass ranged’ from 14.62 to 958.2 pg.C.I"" (Fig. 33). The
surface waters had comparatively more (> 1.5 times) PAM biomass than the
bottom during the pre monsoon and monsoon periods. Maximum load of
PAM biomass (524.24 pg.C.I'") in the surface waters was observed during the
pre-monsoon, whereas in the bottom waters it was observed during the post
monsoon (335.68 ug.C.I"). |

The total microbial biomass ranged from 22.52 ug.C.I" (Sept.'97) to
2777.20 pg. C.I" (January) at the surface and 24.74 pg.C.I" (Sep. ‘97) to
2251.08 pg.C.I" (December) in the bottom waters. The PAM biomass
contributed a significant portion of the total microbial biomass in the surface
water during the pre-monsoon (65.91%) and monsoon (80%) in the bottom
waters. During the post monsoon, the contribution was 41.6% and 56.2% at
surface and bottom respectively. PAM biomass contributed 14.86% in the
surface and 19.90% in the bottom waters to the total POC pool. The DOC
values (maximum) fitted well with the microbial biomass (maximum) average
of 524 pg.C.I" during the pre-monsoon at the surface and 336 ug.C.I" at the

bottom during the post-monsoon.
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Coastal

The microbial biomass associated with particies (PAM) was 40.12
ug.C.I" (Sept.’97) to 722.25 pug.C.I" (January) in the surface waters and from
6.26 ug.C.I" (Sept. '97) to 1380.15 pg.C.I"" (December) in the bottom waters.
The bottom waters were 1.5 and 1.93 times the surface PAM during the pre-
monsoon (246.25 ug.C.I") and post-monsoon (197.54 ug.C.I'") respectively.
The PAM biomass showed the least contribution of 42.5% and 60.2% to the
total microbial biomass in December at the surface (1463.5 ug.C.I") and
bottom waters (2292.5 ug.C.I") respectively (Fig. 34).

The PAM biomass constituted 80.69% of the total microbial biomass
(305.20 pug.C.I'") during the pre-monsoon in the surface waters whereas the
bottom waters showed 65.61% and 59.76% during the bre-monsoon (554.56
ug.C.I") and post-monsoon (636.39 pg.C.I") seasons respectively.

The PAM-biomass constituted 8.67% of the POC pool at the surface
(1224.72 ug.C.I") and 25.19% in the bottom waters (1061.0 pg.C.I").

In the estuarine network, the particle-associated microbial biomass
ranged from a low vaiue of 181.3 pg.C.I" at Mandovi (surface) to a high value
of 524.2 in the Zuari surface waters during pre monsoon season. The post-
monsoon season carried the maximum load of PAMB. During the pre-
monsoon and post-monsoon the contribution of the PAM biomass to the total
microbial biomass was around 50% (+ 10) at all stations with an exception at
the coastal station (surface waters) where it was 80.7% in the pre-monsoon.

PAM biomass contributed significantly (80%) to the total microbial biomass,
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except in the Zuari bottom waters (64.8%) during the monsoon season (Fig.
35).

4.3.2 BACTERIAL NUMBERS

4.3.2.1 Total Direct Counts (TC -PAB)

Mandovi

The annual average of TC-PAB was 1.18 x 10" (+ 21.63) in the
surface while in the bottom waters it was 0.98 x 10%°." (+ 15.72). The post-
monsoon season was marked by high numbers of PAB in both the surface
(1.68 x 10'°.1"") and bottom waters (1.19 x 10'°.1''). During the pre-monsoon,
the bottom waters (8.35 x 10°.I"") showed values twice that of the surface,
whereas during the monsoon season the bottom values were 1.6 times lower
than the surface load of 1.34 x 10'°.I"".

In the surface waters of the Mandovi estuary the PAB population
constituted 81% of the total bacterial population (1.66 x 10'°.I"") during the
monsoon season. In the bottom waters, the PAB numbers constituted 74% of
the total bacterial numbers (1.13 x 10'%"") during the pre-monsoon. The PAB
population constituted >50% of the total bacterial population during all
seasons in both the surface and bottom waters (Fig. 36).

The colour of the bacterial cells (stained with acridine orange) while
enumeraiing under epifluourescence microscope can be classified as dormant
green cells and active orange cells. The green cells ranged from 1.0 X 108
(June) to 1.45 x 10'°.1"" (August) at the surface and 5.0 x 10° (September) to
2.83 x 10'°.I"" (December) in the bottom waters (Fig. 37). Seasonally the

bottom waters showed lesser numbers of green cells than the surface waters.
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Among the seasons, the post-monsoon showed the maximum values with the
surface and bottom waters showing, 8.31 x 10°.I" and 6.08 x 10°.I"
respectively. Low number of green cells were observed in the bottom waters
during the monsoon (8.2 x 102.1'"). The orange cells varied from 1.0 x 1021
(June) to 4.33 x 10'°.I"" (December) in the surface and 5.0 x 10%.I"" (Sept. '97)
to 2.87 x 10'°1" (December) in the bottom waters (Fig. 37). Surface waters
carried higher load than the bottom waters during all the seasons. The post- |
monsoon season carried a high number of 1.04 x 10'%.I" in the surface and
7.82 x 10°.1" in the bottom waters. The orange cells exerted it dominance
over green cells in all the seasons.

In the surface, FDC showed a low value of 1.3 x 10°.I" and this value
September'97 and reached a high of 2.14 x 10'°.I" in December. In the
bottom waters, the lowest value of 3 x 10%I" was also observed in
September'97 which later peaked to 1.43 x 10'.I" in December. The
seasonal trend was post-monsoon>monsoon>pre-monsoon in the surface
and bottom waters. In the post-monsoon the FDC of surface waters was 1.87
times higher than that of bottom waters (2.61 x 10°.I"). No difference in FDC
values was seen in the monsoon. As illustrated in Fig.37 the surface waters ih '
general contained more number of FDC than the bottom waters.

FDC showed a significant relationship with POC (p<0.05) in the surface
waters. A significant positive relation (p <0.001) was also observed between

the FDC and TC-PAB.
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BIOMASS

The PAB-biomass, not only constituted a major portion of the total
bacterial biomass, but also of the microbial biomass. On an annual average in
the surface waters, Mandovi carried a higher PAB biomass of 236.86 pg.C.I"
when compared to the bottom values of 196.29 pg.C.I".In the bottom waters
the PAB biomass was 1.7 times higher than that of the surface vaiue (99
ng.C.I") during the pre-monsoon. However, in the other two seasons the
surface waters recorded higher values than the bottom waters (161.06 ug.C.I
! 238.3 ug.C.I"). A minimum value of 0.2 ug.C.I" was observed during the
post-monsoon (Sept.'97) in the bottom waters. However a peak was
observed in the surface waters (1699.61 pg.C.I") in the same season. A large
range seen in the PAB biomass during the post-monsoon in the surface (0.74
-1699.6 pg.C.I") and bottom waters (0.2 - 1150.4 pg.C.I") was due to the high
values observed in the month of December. Less fluctuations in the bottom
waters was observed during the monsoons (146 -177.4 ng.C.I"). However,
the surface waters (monsoon) showed a variation from 152 to 387.6 pg.C.I".
The pre-monsoon showed more stable conditions in the bottom waters (24.8
to 82.8 pg.C.I" exception Jan - 616.6 pg.C.I") than the surface waters (51.4 to
144.4 pg.C.I'" (Fig.38).

The PAB biomass dominated the total bacterial biomass in both the
surface and bottom waters throughout the study period.

Considering the whole water column at Mandovi, PAB showed a
positive correlation (p<0.001) with the PAM biomass.
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Zuari

The variation of PAB load was from 8.8 x 10”.I'' to 9.62 x 10" in the
surface, and, from 1.1 x 10%I" to 3.91 x 10'".I" in the bottom; i.e., the
variation was by over three orders - both the minimum (Sept. '97) and
maximum (December) being noted during the post-monsoon. The bottom
wéters carried a higher load of PAB than the surface during all seasons. The
monsoon season recorded similar values as that of the post-monsoon season
which showed maximum PAB numbers in the surface (3.5 x 10°I") and
bottom waters (9.7 x 10°I").  However, the pre-monsoon season
observations yielded minimum values of 2.3 x 10°.I" and 5.44 x 10°I" in the
surface and bottom waters respectively ( Fig. 39).

The TC-PAB, which forms a major part of the total bacterial numbers
ranged from 4.4 x 10°.1" to 5.41 x 10'"°.I" in the surface and 2.2 x 10°.I" to
9.54 x 101" in the bottom waters. In the monsoon the PAB contributed
around 55% to the total bacterial numbers. PAB formed a significant portion
(64%) of the total bacterial load in the bottom waters during the pre-monsoon
whereas in the post-monsoon the PAB in the surface waters accounted for
only 26.6%.

Annually the green cells ranged from 1.0 x 10”.I" to 2.59 x 10°.I" in the
surface and 1.1 x 101" to 8.04 x 10°I" in the bottom waters. Maximum
number of green cells (1.26 x 10°.I"" and 6.7 x 10°.I") were recorded in the
surface and bottom waters of the post-monsoon season (Fig. 40). In the

bottom waters the green cells dominated except, during the monsoons. The
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orange cells varied from 2.0 x 10”.I"" to 3.23 x 10°.I" in the surface and 2.0 x
107.I" to 3.23 x 10°.1"" in the bottom waters. In the monsoons the orange cells
were 1.9 times more than the green cells.

‘In the Zuari estuary FDC ranged from 9 x 10° to 4.29 x 10°.1"" in
surface and 4.0 x 10° to 8.58 x 10°.I" in bottom waters. Both_ the minimum
and maximum values were observed in September97 and December
respectively. From annual averages it was calculated that the bottom waters
had 1.77 times higher FDC load than the surface waters. The bottom waters
had the highest FDC count of 1.5 x 10°.I" during the post-monsoon. The
monsoon season had a value of 9.77 x 10%I" which was the maximum
seasonal average for the surface waters (Fig 40).

While the FDC showed a highly significant relationship to TC-PAB
(p<0.001) in the surface waters it was with ATP (p<0.05) in the bottom waters.
BIOMASS

The bacterial biomass on the particles varied from 1.76 to 192 ug.C.l‘1
in the surface and 2.16 to 781.8 ug.C.I" in the bottom waters (Fig. 41). The
bacterial biomass associated with particles was always higher in the bottom
waters with highest in the post-monsoon season.

Coastal

The total PAB-population ranged from 107 to 1 0'°.1" at the coastal
station. The annual surface and bottom values (average) were 5.3 (+ 8.0) x
10°.I*, and 13.36 (+ 21.7) x 10°.I"" respectively. The post-monsoon season
recorded higher numbers of TC-PAB when compared to the pre-monsoon (1.4

times). During the pre-monsoon, the TC-PAB (5.1 x 10°.I'") accounted for 50%
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of the total bacteria (10.19 x 10°.1") in the surface waters and 71% of the total
bacteria (15.43 x 10°.") in the bottom waters. Similar trend was observed in
the post-monsoon season also (Fig. 42)."

The total bacterial-PAB correlated' significantly with the microbial
biomass (p<0.001) in the surface and bottom waters. TC-PAB also showed a
good relation with RNA (p<0.05) in the surface waters.

The green cells varied between 1.66 x 10%1" (Sept. ‘97) to 9.96 x 10° I
(December) in the surface and from 2.0 x 107 I’ (May) to 3.9 x 10" [
(December) in the bottom waters. During the pre-monsoon the bottom waters
(4.95 x 10° I'") carried 2.63 times the load of the surface water. The number of
orange cells ranged from nil (March) to 1.77 x 10'° " (January) at the surface
and from 2.5 x 107 (Sept. '97) to 2.78 x 10'° I'' (December) in the bottom
waters. The bottom waters (6.6 x 10° I'') recorded 2.25 times that of the
surface during the post-monsoon and 1.45 times that of the surface (3.43 x
10°1™") during the pre-monsoon (Fig. 43).

Green cells correlated well with TC-PAB (p<0.01) in the surface and
bottom waters. The orange cells showed good correlation with the POC
(p<0.01) and TC-PAB (p<0.01) in the bottom waters.

While the FDC associated with particles varied from 3.0 x 107 I'' to 8.84
x 10° I'' (January) at the surface, those in the bottom waters showed a
variation of three orders of magnitude 1.3 x 107 I (Sept.'97) to 1.36 x 10'° I
(December). In the pre-monsoon season the surface (average) value was

1.97x 10° I, that was 1.28 times of the bottom waters (Fig. 43). Statistically
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significant relationship was found between FDC and POC (p<0.01) in the
bottom waters.
BioMASS

The annual average of PAB biomass was 106.2 pg.C.l'1 in the surface
and 267.31 ug.C.I" in the bottom waters (Fig. 44). The post-monsoon season
showed higher values than the pre-monsoon season. The PAB-biomass
contributed as much as 71.29% of the total biomass (308.62 ug.C.I") in the
bottom waters during the pre-monsoon. However this contribution was low
(29.71%) during the post-monsoon in the surface waters.

PAB biomass value in the bottom waters (3.2 x 10°'") was 2.2 times
higher than its surface value during the post-monsoon. PAB showed good
relation with the FDC (p<0.001) in the surface waters. Among the total counts
the orange cells related significantly with PAB (p<0.001) in the surface waters.

The overall view of the estuarine system in relationship to the particle
associated bacterial abundance and biomass brings out that the Zuari
generally harbored a low PAB load with an annual average of 3.03 x 10°.I" at
the surface and 7.84 x 10°.I"" at the bottom. However, the surface waters of
Mandovi (1.18 x 10'°.I") and bottom waters of the coastal station (1.34 x
10'°.I"") harbored maximum PAB population. Seasonal averages show that
surface waters of Mandovi had high values of 1.68 x 10'°.I" during the post-
monsoon while minimum values of 2.3 x 10°I" at the Zuari station was
observed during the pre-monsoon period. The post-monsoon season

harboured a high particle-associated bacterial load at all the stations.
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PAB formed a significant portion of the total bacterial population in the
surface waters of Mandovi (76%) and in the bottom waters at the coastal
station (74.7%). However, the contribution of PAB to the total was the lowest
(32%) at the Zuari station (Fig.45). In the surface waters the contribution by
PAB to PAM was maximum during the monsoon season. In the bottom
waters it was obsérved during the pre-monsoon except for the coastal station
where it was seen during the post-monsoon.

At Zuari and the coastal station the bottom waters carried a higper
number of green cells when compared to the surface waters throughout while
at Mandovi the surface waters carried higher load especially during the
monsoon where the surface value was 7.3 times that of the bottom (0.82 x
10°.1"). Season-wise, the post-monsoon had the highest load of green cells
at all stations. Station-wise the Mandovi shoWed the highest load of green
cells at all seasons (Fig. 45).

The FDC of PAB were maximum during the post-monsoon season at
all stations. The coastal station showed the maximum number of FDC-PAB at
all seasons except in the surface waters during the post-monsoon season
where the maximum value of 4.89 x 10°.I" was recorded at Mandovi.

The PAB biomass, was the highest in the coastal bottom waters (267.3
1g.C.I'") and the lowest in the Zuari surface waters (60.7 ug.C.I""). The PAB
biomass was maximum during the post-monsoon and minimum during the
pre-monsoon period at all stations. A major contribution of PAB biomass to

the total bacterial biomass was seen in the Mandovi surface waters during the
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monsoon season (80.6%). However, at Zuari station, a low value of 17% was
recorded during the post-monsoon in the surface waters.
4.3.2.2. Viable counts (VC-PAB)
Mandovi

The viable PAB ranged from 1.0 x 10°.I" to 2.21 x 10'°.I'" with an
annual average of 2.52 x 10°.1"" in the surface watefs and 4.0 x 10°.I"" to 8.62
x 10°1" with an average of 2.27 x 10°.I"" in the bottom waters. It was noticed
that the bottom waters underwent less variation (two orders) as compared to
that of the surface waters (three orders). Among the three seasons, the
highest VC-PAB in the surface waters was observed during the post-monsoon
period (4.17 x 10°I'") as compared to the pre-monsoon (1.93 x 10°.I") and
monsoon (1.8 x 10%.1"") seasons. This post-monsoon value was also 1.9 times
higher than its bottom value. Seasonally the surface and bottom waters
collected during the monsoon season showed the occurrence of cells an order
lower (10%.1"). In the bottom waters the highest number of viable cells of PAB
(3.21 x 10°.") was observed during the pre-monsoon season. The particle-
associated viable bacteria in the post-monsoon showed lot of fluctuations
even to the extent of three orders in the surface (0.01 to 22.05 x 10°.I'') and
bottom waters (0.04 to 8.62 x 10°.I"). However during the pre-monsoon
season the variation was only by an order in the surface (0.27 to 4.35 x 10°.I'")
and bottom (0.63 to 6.38 x 10°.I') waters.

In the surface waters, the VC-PAB constituted 65.23% of the total VC-
PAB population, while in the bottom waters it constituted 69.55%. A

significant contribution to the extent of 75.75% by VC-PAB to the total VC
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(2.55 x 10°.I"") was seen in the surface waters during pre-monsoon, while a
low value of 39% was observed (4.6 x 10%I") during the monsoon. The
bottom waters exhibited a different trend showing major fractions of VC-PAB
to the TVC (9.4 x 10°I") during the monsoon period (89.4%) and lowest
during the post-monsoon (61.3%) (Fig 46).

The maximum contribution of VC-PAB to the TC-PAB was observed
during the pre-monsoon in the surface (39%) and bottom (38%) waters;
whereas the minimum contribution was observed during the monsoons in the
surface (1.35%) and bottom (10.45%) waters.

The VC density correlated well with the microbial biomass, TC and
FDC in the surface and bottom waters (p>0.001). Among the hydrological
parameters, salinity appeared to control the viable population both in the
surface and bottom.

Zuari

The viable PAB varied between 8 x 10".I" in May and June to 8.62 x
10%.I'" in December at the surface and from 9.9 x 107" in September'97 to
1.39 x 10" in January in the bottom waters (Fig. 47). The bottom waters
showed a higher viable count than the surface waters as seen from the total
PAB. Maximum viable cell were observed during the pre-monsoon in the
bottom waters (4.23 x 10°.I"). Least number of viable cells was noted in the
surface (1.99 x 10%.1") and bottom waters (3.25 x 10%.") during the monsoon
season.

The VC-PAB made a significant contribution of (81.7%) to the total

viable population (5.18 x 10%.I'") in the bottom waters during the pre-monsoon
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season. During the monsoon the level of VC-PAB contribution to the total
viable bacterial population got reduced to 50% in the surface (4.0 x 108.17)
and bottom waters (6.5 x 108.1"). This level further got reduced to 39.2%
during the post-monsoon period in the bottom waters.

The VC-PAB constituted a significant portion (77.8%) of the TC-PAB
(5.44 x 10°.I") in the bottom waters during the pre-monsoon season. In the
surface waters, the VC-PAB formed 52.8% of the total PAB population during
the pre-monsoon (2.3 x 10°.I'") and 61.56% during the post-monsoon (3.5 x
10°.I'") seasons. However, during the monsoon season the VC-PAB formed a
trivial portion of only 6 and 4% of the TC-PAB at the surface (3.3 x 10°.1") and
bottom (8.08 x 10°.I"") respectively. The VC-PAB however showed significant
relationship with particles ranging in size from >25 to < 220um (p<0.001).

The maximum viable PAB population especially in the bottom waters
(1.15 x 10".I") was encountered at the coastal station. A low number of
viable cells (1.4 x 10°.1") was recorded in Zuari surface waters. In general,
viability of the total and PAB was low in both the estuaries during the
monsoon season (10%1"). Coastal bottom waters recorded the highest
number of VC-PAB (1.43 x 10'°.1"") during the post-monsoon which formed a
sizeable fraction (> 80%) of the viable count. Even in the surface waters their
numbers were high (82.97%). The contribution of VC-PAB to VC was
generally high (75.32 to 87.15%) at all stations during the pre-monsoon.
During the monsoon season, Zuari (both surface and bottom waters) showed

almost the same level of contribution (50%). In the case of Mandovi, while the
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surface waters showed a low percentage of 39.3 the bottom waters exhibited
a high percentage of 89.5%.

Both the estuaries recorded minimal contribution of VC-PAB (< 10%) to
the TC-PAB during the monsoon. The VC-PAB at the coastal station made a
significant contribution (90%) to the TC-PAB in the surface and bottom waters
during the post-monsoon season. During the pre-monsoon, the percentage
contribution in the surface and bottom waters was almost the same (38%),
while in the same season Zuari showed more than 50% and at the coastal
station surface and bottom waters it was accounted for 15% and 78.4%
respectively.

Coastal

The annual average of the VC-PAB population ranged from 4.0 x 10 to
6.78 x 10'".1"". During the pre-monsoon period, the surface waters harbored
an order lower (7.67 x 10%.I"") than the bottom waters (8.63 x 10°.I'").

The VC-PAB contributed more than 80% of the VC in the surface and
bottom waters during both seasons, except the surface waters of the pre-
monsoon where the contribution was only up to 40% (Fig. 48).The proportion
of VC-PAB to TC-PAB was the highest in the post-monsoon (90%).

VC-PAB showed a significant correlation with the TC-PAB (p<0.05) in
the surface waters and bottom waters (p<0.001). The VC-PAB also correlated
significantly with the microbial biomass (p<0.001) both at the surface and
bottom. Besides it had a positive correlation (p<0.01) with RNA-PAB (p<0.01),

PON (p<0.001) at the surface and PON (p<0.05) in the bottom waters.
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In general, the VC-PAB on the particles were higher in the bottom
waters with the maximum population of 1.15 x 10'%.I" at the coastal station. A
low number of viable cells (1.4 x 10°1") was recorded in the Zuari surface
waters. In both the estuaries the viability of the total and particle-associated
bacteria was low during the monsoon (108.1'). Coastal bottom waters
recorded the highest number of VC-PAB (1.43 x 10'°.") during the post-
monsoon season which also formed a sizeable fraction (82.97%) of the VC at
the surface waters. Maximum contribution of VC-PAB to VC was observed
during the pre-monsoon (75.32 to 87.15%) at all the stations. The contribution
of VC-PAB to VC in both Mandovi and Zuari waters was formed to be 89.5%
(Fig. 49)

Minimal contribution (< 10%) was recorded in both the estuaries during
the monsoon season. The VC-PAB at the coastél station made a significant
contribution (90%) to the TC-PAB in the surface and bottom waters during the
post-monsoon period. During the pre-monsoon, the percentage contribution
in the surface and bottom waters was almost the same (38%) in the Mandovi,
while Zuari showed more than 50%. In the coastal waters it was 15% and

78.4% at the surface and bottom respectively (Fig. 49).

4.3.2.3 Retreivable counts (RC-PAB)
Mandovi

The RC-PAB population varied from 5.0 x 10°.I" to 1.18 x 10°.I"" at the
surface and 9.0 x 10°I" to 1.93 x 10%I" in the bottom waters. During the

monsoon the number of RC-PAB was an order higher in the surface waters
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than the bottom waters. In the pre-monsoon months their numbers in the
surface waters were 2.6 times higher than that of the bottom waters (1.2 x
10°.1'"). The trend reversed in the pdét-monsoon season with the bottom
waters showing 2.3 times higher than the surface value (Fig. 50).

RC-PAB showed a positive correlation with TC-PAB and VC-PAB
(p<0.001). A negative relationship between RC-PAB and salinity (p<0.05) was
noticed in the surface waters.

Zuari

The RC-PAB population varied from 7.3 x10°%" to 9.0x 1071 in the
surface and 4.4 x10%" to 1.08 x10® I'" in the bottom waters. During the
monsoon the surface waters (4.1 x10” I') harbored higher numbers (an order)
than the bottom waters (4.0x10” I''). The same trend was noticed in the post-
monsoon also. The retrievable number (CFU) accounted for 0.92% and
0.13% of the TC-PAB and 1.9 and 0.39% of the VC-PAB in the surface and
bottom waters respectively (Fig. 50). The retrievable counts while positively
correlated with the particle DNA content in the surface waters (p> 0.05) it
negatively correlated with RNA and salinity. In the bottom waters the
retrievable counts was related to PP.
Coastal

The highest RC-PAB population was recorded during the post-
monsoon (November) in the surface waters (7.0 x 10%1"). The RC-PAB
numbers in the surface waters (8.0 x 10”.I') were 4.2 times higher than that of

the bottom waters (1.2 x 107.I") (Fig. 50).
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The RC-PAB correlated significantly with the suspended load (p<0.01)

in the bottom and DOC (p<0.05) in the surface waters.
At all the three stations, the retrievable PAB counts were two orders lower
(107.I") than the TC-PAB. The RC-PAB formed 0.13% (Zuari bottom) to 1.5%
(Coastal surface) of the TC-PAB. At the coastal station it contributed 0.16%
to 2.49% of the VC-PAB in the bottom and surface waters respectively.
Seasonal averages revealed that the maximum RC-PAB (1.55 x 10°.|") was
noticed at the coastal surface waters and the minimum (3.1 x 10°.I'") in Zuari
bottom waters during the post-monsoon. The Mandovi station had the highest
number of RC-PAB (Fig.51).

The distribution of TC, VC and RC on PAB were in the order 10° to
10°. I". The highest numbers of TC-PAB, VC-PAB and RC-PAB were
recorded during the post-monsoon season. During the same season Mandovi
surface waters showed the highest number of TC-PAB (1.68 x 10'°1"), the
coastal bottor waters showed high numbers of VC-PAB (1.43 x 10'°.'") and
at the coastal surface waters maximum number of RC-PAB (1.55 x 10%.1'").

The abundance of various biochemical groups at Mandovi and coastal
surface waters'showed a lot of gelatinase and phosphatase activity. Lipase
activity was also observed in the coastal surface waters. In the bottom waters
of Mandovi and Zuari the PAB showed a high phosphatase activity (98.52%
and 71.02% respectively). The PAB at all the stations were enzymatically
active, degrading substrates to different éxtent (Table 13). The Mandovi
bottom waters were very active showing a high percentage of substrate

degradation.
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Table 13: Enzymatic activity of the retrievable population
*Percent enzymatic activity
Enzyme
Mandovi Zuari Coastal

Surface Bottom Surface Bottom Surface Bottom
Gelatinase 57.72 99.97 7.96 17.59 43.83 25.18
Lipase 11.45 88.64 11.35 40.63 57.16 42.36
Chitinase 27.44 43.22 14.77 31.02 29.35 40.11
Phosphatase 59.67 98.52 11.43 71.02 58.30 39.63
Amylase 31.93 69.19 12.09 18.94 35.19 35.64
Dnase 32.33 39.70 7.73 36.49 33.60 11.74

* 100 % = total number of retrievable PAB




During the pre-monsoon season the PAB-biomass contributed > 54.6%
to the PAM biomass in the surface (181 pg.C.I") and 62.39% in the bottom
waters (268 ug.C.I""). During the monsoon season the PAB biomass formed
89.63% of the PAM-biomass (298 ug.C.I'") in the surface waters while in the
bottom waters it was 49%. Although the contribution of the PAB-biomass was
49% of the PAM-biomass, the total bacterial biomass dominated by 89% and
81% of the total microbial biomass in both the surface (373.3 pg.C.I") and
bottom (376.8 ug.C.I") waters respectively during this season. Similar
conditions were observed during the post-monsoon period also. However
during the pre-monsoon though the total bacterial biomass contributed 47%
(320.6 pg.C.I'") in surface waters and 38% (Total bacterial biomass-226.7
ug.C.I'; total microbial biomass-600.1 ug.C.I") in the bottom waters, the PAB-
biomass contributed > 54% to the PAM-biomass in both the surface and
bottom waters. The above situation .is unique to the pre-monsoon season in
this estuary, as the monsoon and post-monsoon don’'t show the above trend.
During the monsoon and post-monsoon seasons not only the PAB-biomass
had a major effect on the PAM-biomass but also the total bacterial biomass
which constituted more than 80% of the total microbial biomass. During the
post-monsoon, the PAM-biomass was dominated by the PAB-biomass
constituting 78.24% and 74.65% of the PAM-biomass in bofh the surface and
bottom waters respectively.

The PAB biomass constituted 19.22% of the POC in the surface and

12.24% in the bottom waters. TC-PAB showed good correlation with the POC
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(p<0.05) only at the surface. In both the surface and bottom waters of
Mandovi, the PAB showed a significant positive relation (p<0.001) with the
PAM biomass.

Hence the contribution by the minimum bactenal load to the microbial
biomass of the surface waters amounts to 24.68% and in the bottom waters
14.77%. Though the bottom waters carried a higher load of microbial and
bacterial biomass, bacteria accounted for 55.28% of the microbial biomass.
In the bottom waters during the post-monsoon PAB contributed to an extent of
33.5% of the total bacterial biomass, 33% of the total microbial biomass and
58% of the particle-associated microbial biomass.

The contribution of PAB biomass to the POC pool was 2.5% and
11.0% in the surface and bottom waters respectively.

" The PAB biomass constituted 82.72% and 60.56% of the PAM
biomass during the post-monsoon and pre-monsoon respectively in the
bottom waters, while in the surface waters contribution of 41.47% and 55.83%
during the pre-monsoon and post-monsoon respectively was noticed. The
highest contribution (49.44%) by PAB biomass to the total microbial biomass
(636.39 ug.C.I'") was recorded in the bottom waters during the post-monsoon
period. Besides the lowest PAB biomass percentage of 28.20 to the total
microbial biomass (391.13 ug.C.I") was in the surface waters during the same
season. The PAM-biomass constituted 18.12% and 35% of the POC pool in
the surface and the bottom waters respectively. The PAB biomass accounted
for as much as 89.6% (Mandovi surface during monsoon) and as low as 8.8%

(Zuari surface pre-monsoon) of the PAM biomass. At all stations and
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seasons the contribution by PAB to PAM biomass in the bottom waters
exceeded that of the surface waters except, during the monsoon when the
surface percentage was 1.8 times higher than that of the bottom (48.8%)
(Fig.52).
GENERIC COMPOSITION

Taxonomic studies of PAB showed the presence of following genera:
Vibrio, Enterobacteriaceag,  Bacillus, Comybacterium, Moraxella,

Flavobacterium, Pseudomonas, Aeromonas and Cytophaga. (Table 14).

4.3.3 BACTERIAL PRODUCTION RATES ON PARTICLES
Mandovi

The total bacterial production in the surface waters ranged from 1.5
ug.C.I" in July to 66.7 ug.C.I'" in October98 and 0.6 ug.C.I" in April to 54.2
ug.C.l“h"in September'98 in the bottom waters. The annual average PAB
production at Mandovi showed trivial difference in the surface (3.08 pg.C.I"
and bottom values (3.37 ug.C.I") (Fig 53). The bacterial production rates on
particles in the surface waters dropped to a low of 0.5 in August but in the
month of Oct '98 the value increased to 13.3ug.C.I"". In the bottom waters the
PAB productivity was 0.2 ug.C.I" in April and peaked to 9.46 pg.C.I" in
September '98.

The variation observed during the post-monsoon in the surface (4.88 +
5.61) and bottom waters (4.87 + 3.68) was mainly due to high values for PAB

production rates in the months of October. In the bottom waters maximum
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Table 14: Seasonwise distribution of bacterial genera on the particles in the study area.

5.

Bacterial genera

Season
Mandovi Zuari Coastal
Bacillus (86)* Corynebacterium (81) Corynebacterium (26)
Corynebactenium (6) Cytophaga (11) Chromobacter (48)
Pre-monsoon Cytophaga (8) Flavobacterium (5) Enterobacteniaceae (17)
Vibrio (3) Pseudomonas (3).
Flavobacterium (6)
Bacillus (30) Bacillus (14) Bacillus (8)
Corynebacterium (25) Corynebacterium (62) Chromobacter (62)
Monsoon Enterobacteniaceae (45) Enterobacteriaceae (24) Flavobactenium (23)
Pseudomonas (7)
Bacillus (53) Corynebacterium (58) Aeromonas (21)

Post-monsoon

Corynebacterium (20)
Enterobacteriaceae(16)
Moraxella (11)

Moraxella (11)
Pseudomonas (8)
Vibrio (23)

Corynebactenum (12)
Chromobacter (37)
Flavobacterium (14)
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variation by an order of magnitude was observed during the monsoon season -
(0.65 to 6.29 pg.C.I'") and the minimum variation was observed during the
pre-monsoon (0.2 to 3.4 ug.C.I") period. Seasonally, the production rates
were post-monsoon > pre-monsoon > monsoon in the surface and post-
monsoon > Monsoon > pre-monsoon in the bottom waters.

The seasonal contribution of the PAB-production to the total bacterial
production in the surface waters during the pre-monsoon was 46.5%. in the
bottom waters the contribution during the pre-monsoon and monsoon season
was 45%. The annual contribution by PAB production to the total bacterial
production (TBP) was 29.3% in the surface (TBP — 10.54) and 23.1% in the
bottom waters (TBP- 14.57 ug.C.I"). -

The prirhary production ranged from 0.54 to 67.7 ug.C.I.h" in the
surface and 1 t0 3.86 pg.C.I".h™" (except month of December 55.69 pg.C.I".h°
') in the bottom waters. PAB production rates also formed a significant fraction
of the primary production especially in the bottom waters. In the surface
waters the secondary production was more than the primary production.

Though PAB production did not correlate with the DNA in the surface
waters, it showed strong correlation (p<0.001) in the bottom waters. However
after integrating the surface and bottom values, the PAB production was
significantly related to the DNA (p<0.01). Production rates on PAB and the

total production related to the DNA content (p<0.001) of the particles.
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Cell specific PAB production

The specific PAB production i.e. per cell production at the Mandovi
surface waters was 2.65 fg.C.cell’.h™'. In the bottom waters the annual
average of cell speciﬁc PAB production rates was 28.24 fg.C.cell!.h™". (Table
15).
Turnover time of the PAB biomass

The turnover time for PAB ranged from 0.0001 to 1.054 in the surface
waters and.0.001 to 18.6 in the bottom wateré (Table 16). Thus the surface
water PAB had a faster growth rate as compared to the bottom waters.
However, the seasonal pattern of the turnover time was monsoon < pre-
monsoon < post-monsoon.
Detrital carbon to PAB carbon

The turnover rate of the detrital carbon by PAB was on an average of
1200 h. in the surface and 1460 h. in the bottom waters. The turnover rates of
detrital carbon were different in the surface and bottom. The difference was
conspicuous during the premonsoon (Fig. 54).
Zuari

In the surface waters low PAB production rates of 0.66 pug.C.I".h"* was
recorded in January and the highest value of 38.31ug.C.I".h" in Sept. '98
(Fig. 55). The bacterial production rates on particles were higher at the bottom
and ranged from 0.054 to 36.85 ug.C.I".h™. The average surface production
of 6.5 was slightly lower than the bottom production of 6.4 ug.C.I"h".

Seasonal averages showed that the post-monsoon season had the highest
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Table 15: Cell specific productivity of the particle-associated bacteria jt the sampling stations

4
Cell specific productivity (ug.C.I".h™")

Months Mandovi Zuari Coastal
Surface Bottom Surface Bottom Surface Bottom

S 21.08 372.0 29.09 10.74 82.19 47.61
O - 4.36 4.86 1.97 7.93 2.28 0.04
N 0.47 0.05 0.30 0.53 0.70 0.67
D 0.01 0.02 0.36 0.08 0.18 0.02 &=
J 0.27 0.03 0.23 0.07 0.1 0.05
F 0.43 0.17 0.66 0.25 1.05 0.58 -
M 0.38 2.74 0.63 0.08 4,34 0.24
A 0.30 0.09 0.53 0.34 3.87 0.21
M 1.73 0.87 1.76 0.09 1.90 0.19
J 0.09 0.37 0.28 0.32 ND* ND
J 0.05 0.08 0.28 0.27 ND ND
A 0.02 0.71 8.58 0.13 ND ND
S 0.20 1.62 21.77 2.34 ND ND
O 7.64 11.74 0.93 16.71 43.64 22.66

*ND — Not done
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Table 16: Turnover time of particle-associated bacterial carbon at all three stations

Seasons
Station Premonsoon Monsoon Post-monsoon
Surface Bottom Surface Bottom Surface Bottom
Mandovi 0.031 0.039 0.003 0.019 0.281 3.252
Zuari 0.038 0.008 0.152 0.012 0.454 0.319
Coastal 0.113 0.013 ND* ND 1.290 0.710

* ND —Not done
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production rates at the surface and bottom with the latter recording 13.54
ug.C.I'" h', which was 1.5 times the surface value.

The total PAB production ranged from 1.16 pug.C.I".h"' to 80.14 pg.C.I'
' 1" in the surface and from 0.068 ug.C.I".h" to 84.5 ug.C.I".h™" in the bottom.
The PAB production amounted to 46.8% of the total bacterial production
(11.76ug.C.I'" h") at the surface and 56% at the bottom (11.22 pg.C.I".h").
Though minimum PAB-production rates were recorded during the pre-
monsoon in the surface (1.58 ug.C.I".h") and bottom (0.66 pg.C.I".h")
waters the contribution of PAB-production rates was 59.61% to the total
bacterial production in the surface waters (2.64 ug.C.I".h'') and 42.3% to the
total production in the bottom waters (1.57 ug.C.I".h"). The PAB production
rates formed a major portion of 60.7% of the total bacterial production in the
bottom waters during the post-monsoon.

The primary production values ranged from 4.12 pg.C.I'.h'' to 63.24
ug.C.I.h" in surface and from 1.17 pg.C.I" b to 25.4 ug.C.I".h"" in bottom
waters. In the bottom waters the percentage bacterial production of primary
production was much higher than the surface waters. Bacterial production
rates on particles in the surface waters accounted for nearly 3.8% in the pre-
monsoon, 14.8% in the monsoon and 38.8% in the post-monsoon of the
primary production. During the pre-monsoon the PAB production formed 8.9%
of primary production but during the monsoon and post-monsoon it formed

211% and 200.8% respectively of the primary production values.
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Cell specific PAB production

| The cell specific production rates on particles was 0.23 to 29.09 fg.C.I
'h' in the surface and 0.07 t016.71 fg.C.I".h"" in the bottom waters..
‘Maximum cell-specific PAB production rates were observed during the post-
monsoon season in the surface (9.07 fg.C.I".h"") and bottom waters (6.39
fg.C.I".h"). The PAB had a high cell specific production during the post-

monsoon and in the surface waters during the pre-monsoon. (Table 15).

Turnover time of PAB biomass

The growth rate of PAB was found to be 1 8.6 h. A maximum seasonal
average of 0.45 was calculated at the surface waters during the post-
monsoon while the least value of 0.008 h was at the bottom waters during the
pre-monsoon. Seasonal averages showed that the PAB of the bottom waters
had shorter growth rates than those of the surface (0.142 h). As seen from
the annual average the PAB of the surface waters had a growth rate 1.7 times
greater than that of the bottom (Table 16).
Detrital carbon to PAB carbon

The tumover times of detrital carbon by PAB ranged from 17.46 h
(Sept'98) to 6092.98 h (8.5 months - April) in the surface waters and 25.69 h
(Oct'98) to 50609.26 h (70.3 months-April) in the bottom waters. In the
surface waters the pre-monsoon season recorded the maximum turnover
times of 1919 (2.7 months) while the lowest of 279.81 (11.6 h) during the
post-monsoon. In the bottom waters, the turnover times during the pre-

monsoon (17418.68h) was 37 times that during the post-monsoon (470.75 h).
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Except for the months of October'97, December, July, Sept. '98 and
October'98 the bottom waters had higher turnover times‘ than the surface
waters (Fig. 56).

Coastal

The annual average PAB production was 10.48 ug.C.I.h"" in the
surface and 9.83 ug.C.I".h™ in the bottom waters, which accounted for 60.6
and 67.5% of the total bacterial production respectively. At the coastal
station, the PAB production ranged from 1.5 (November) to 61.1 ug.C.I" .h*
(October) at the surface and 0.2 (October'97) to 82.9 pg.C.I".h™" (October’'98)
in the bottom waters. During the post-monsoon the PAB-production rates
amounted to 17.8 and 18.2 ug.C.I".h"! which accounted for 58 and 67% of the
total bacterial production rates at 'the surface and bottom respectively.
Though the PAB-production rate on particles is lower during the pre-monsoon
by an order than the post-monsoon, the PAB-production rate contributed a
higher percentage to the total bacterial production rates (83% - surface and
76.4% - bottom waters (Fig. 57).

In the coastal station, the percentage of secondary production was
higher than primary production. PAB production and the total production
correlated negatively with salinity (p<0.001) in the surface waters. In the
bottom waters production of PAB showed negative correlation with
temperature (p<0.001). The production rates on particles showed strong

positive relationship with DNA-PAB (p<0.001), and negative relation with

87



Surface

e .
m.m[ P LA i L i i 2 Pk T i)
i 4
W SSmSSmSS e =1
¢ B
=
b
B
1§
L -
]
m
o o o o | 8 m g o
s & 8§ 3 8

(4) ewap Joaouan)

(y) ey Joaouwan)

A § O

J

D J F

§ O

Post-
monsoon

Monsoon

Months

Pre-monsoon

Post-monsoon

Fig. 56 Turnover rates of detrital carbon by particle-associated

bacteria in tne Zuari estuary



S 114
20 urtace, 80
\1 OPP 61.1
s \ OPABP .
_ \ oTBP 17~
- N -
T . Q
210 N 140 ©
) ) :
Qa. N a
Dsi N 120
\
\ N
0 r — 0
Bottom 829
20 - 2084 80
~16 §A 160 _
510 140 5
2 =
& 5. {20 &
o I —\ v Y T ‘ T y 1 T T T " " o
S OND JFMAMUJ J A SO
‘98
Post-monsoon Pre-monsoon Monsoon Post-

Months

monsoon

Fig. 57: Annual variation in particle-associated (PABP), total bacterial
production rates (TBP) and primary production in the coastal station




salinity (p<0.001) in the surface waters. The production rates were also
negatively related to temperature and RNA (p<0.001).
Cell specific PAB production

The cell specific production rates on particles ranged from 0.02
fg.C.cell’.h” to 57.97 fg.C.cell’.h in the surface and 0.01 to 1015.79
fg.C.ceII".h‘1 in the bottom waters (Table 15). Annual averages of values in
the surface water showed the cell specific PAB production to be 1.42 times
that of FLB (9.85 fg.C.cell'.h™"). The cell specific production rates in the
surface waters during the post-monsoon was 11.5 times that during the pre-
monsoon (2.25 fg.C.celi’.h™). In the bottom waters, the post-monsoon
showed 55.7 times higher values than that seen during the pre-monsoon
(0.25 fg.C.cell’.h). Cell specific production rates on particles related with
chlorophyll a carbon (p<0.05) in the surface waters.
Turnover time of PAB biomass

The mean growth rate ranged from 0.005 to 4.11 h in the surface and
0.001 to 2.38 h in the bottom waters. PAB had a higher growth rate (0.405 h.)
in the surface waters than in the bottom waters (0.36 h.). In the post-
monsoon season the PAB growth rate was an order higher than that observed
during the pre-monsoon. The surface waters had higher growth rates (an
order) than the bottom waters in the pre-monsoon. It was about 1.8 times the
value of post-monsoon seasons (Table 16).
Detrital carbon to PAB carbon
The turnover rates of detrital carbon by PAB ranged from 8.35 (October’98) to

441.32 h. (Nov'97) in the surface and 10.86 (October'98) to 1700.7 h.
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(May’98) in the bottom waters (Fig. 58). The pre-monsoon season showed
3.3 and 1.3 times higher tumover time than that calculated for the post-
monsoon in the surface (160.4 h. = 6.68 days) and the bottom waters (672.8
h.). However the bottom waters had higher turnover times than the surface
waters.

It was observed that during the premonsoon period the surface waters
were highly productive. Zuari station had the longest turmover time

irrespective of the season.

4.3.4. HETEROTROPHIC ACTIVITY

The bacterial uptake potential was estimated by using 'C labeled
glucose (a monomer of carbohydrate) and glutamic acid (a monomer of
protein).
4.3.4.1 MANDOVI
Glucose

The annual average uptake velocity of glucose by PAB ranged from
0.064 (October'98) to 155.9 ug.C.I".h™" (February) in the surface waters, while
in the bottom waters it ranged from 0.092 (October'98) to 211.8 pg.C.I".h'1
(February). The bottom waters showed values twice that of the surface in the
pre-monsoon (Fig. 59). |

The uptake potential for glucose showed positive correlation with the

suspended load (p<0.05) in the whole water column.

89



Turnover time (h)

Surface

4000 -

2000 -

— 53]

il
-

‘m‘m_r_mﬁm'm‘

g

g

Turnover time (h)

S
3

Bottom

a8 uly s

e el n

mgmnmmfﬂmn

S O N

Post-monsoon

J F M A

'98

Pre-monsoon
Months

J J

Monsoon

A S O
Post-
monsoon

Fig.58: Turnover rates of detrital carbon by particle-associated
bacteria in the coastal station



o718
BPAB

b
(=]
)

Vinax (ng.C.I".0")
(4]

AT ETTFTT I FITEL
AIIITITITTIT I

‘TS,
P ITTT IS,

o .
40 - Bottom 107, 213.81
— \3
7 \ X
= 106.82
o \E
S 5- N
3 \E
= N\
:
> \ -
o T m T & T T t ::

mn
=
>
=
. ;
-
>
(7]
o

§ O N D J

Post-monsoon Pre-monsoon Monsoon Post-
Months monsoon

Fig. 59: Uptake potential (Vay) Of total (TB) and particle-associated
bacterial population (PAB) in the Mandovi estuary using '“C-glucose.




K¢+S;, value of the Mandovi surface waters ranged from 3.70 pg.C.I".h™
(December) to 5770.56 ug.C.I'.h"! (February) whereas in the bottom waters it
ranged from 9.66 ug.C.I".h"* (June) to 1917.11 ug.C.I".h"* (February). PAB

contributed as much as 93.51% (surface) and 88.25% (bottom) of the K+S,, to
that of TB (Table 17).

The turnover time (Ty) of glucose by PAB was 53.65 h in the surface
waters as compared to 39.8h in the bottom» waters. In general monsoon
season showed shorter T; at the surface (Fig. 60).

The annual average uptake per cell (cell specific activity) of PAB for
glucose was 3.3 pg.C.cell’.h™ in the surface and 7.83 pg.C.cel’.h? in the
bottom waters. (Table 18).

Glutamic acid

The uptake potential of PAB for glutamic acid ranged from 0.003
(January) to 2.78 pg.C.I".h"" (October9?) in the surface waters and from
0.0045 (December) to 0.18 ug.C.I".h™" (July) in the bottom waters (Fig. 61).
The post-monsoon season showed the highest uptake rates for glutamic acid
by PAB (0.51 ug.C.I".h") in the surface waters. The maximum contribution of
99.67% and 84.34% of the Vimax Of TB by PAB was observed in Oct. ‘97 in the
surface and bottom waters respectively.

The K¢+S, of surface waters ranged from 3.71 pg.C.I'".h"" to 120.51
ug.C.I".h" and that of the bottom waters ranged from 3.82 pg.C.I''.h" to
369.25 ug.C.I'h". Maximum values were observed in February in the
surface and bottom waters respectively (Table 17). PAB contributed 96.8%
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Table 17: K+S;, of glucose and glutamic acid in the Mandovi estuary.

Ke+Sa (ug.C.I" 1)
Months Glucose Glutamic acid
PAB B PAB B
S 6.52 21.99 4.06 6.75
*87.41 336.71 0.38 4.98
o) 7.71 1871.51 10.84 19.28
2.33 25.63 5.65 7.11
N 13.56 38.26 5.78 21.17
27.58 28.17 8.53 369.25
D 1.97 3.70 2.33 3.94
68.32 75.61 0.99 3.82
J 799.71 842.55 0.43 8.2
985.2 996.36 9.48 29.16
F 5721.72 5770.56 116.65 120.51
1902.08 1917.11 17.97 54.51
M 7.34 24.49 92.04 106.17
15.43 204.93 3.93 17.39
A 153.43  498.11 0.77 5.78
23.09 164.48 1.57 5.17
M 14.87 26.52 3.38 9.67
4.3 37.5 1.24 63.1
J 16 15.71 3.47 5.76
6.79 9.66 1.97 5.45
J 12.97 137.2 25.45 52.27
13.86 21.33 7.08 47.68
A 36.31 4459 262 55
24.1 34.73 0.84 12.71
S 1.56 7.82 3.59 14.12
6.75 27.86 12.41 25.39
o) 26.12 208.76 1.24 3.17
9.87 15.64 8.30 64.22

* Figures in bold indicate bottom values
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Table 18: Cell specific particle-associated bacterial activity in the Mandovi

estuary.
Cell specific activity (}ésg.C.l".h‘1)
Months Gluéose | Glutamic acid
Surface Bottom Surface Bottom

S 4.973 53.000 2.649 0.580
0 1.159 0.208 1.130 0.094
N 0.309 0.114 0.019 0.006
D 0.003 0.031 0.0001 0.0001
J 4.747 3.465 0.0004 0.004
F 33.972 51.167 0.105 0.006
M 0.067 0.758 0.033 0.054
A 0.293 0.173 0.044 0.063
M 0.346 0.142 0.002 0.006
J 0.017 0.036 0.002 0.006
J 0.084 0.064 0.012 0.001
A 0.076 0.198 0.003 0.002
S 0.047 0.132 0.002 0.031
0 0.037 0.148 0.042 0.045
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(February) and 79.47% (October97) of the transport constant to that of TB in
the surface and bottom waters respectively.

The turnover time (Ty) of glutamic acid by PAB ranged from 3.9 h
(October'97) to 565.3 h (May), at the surface and from 29.5 (August) to
313.8h (October), in the bottom waters. The bottom waters showed shortest
time (138 h) than the surface (184 h) (Fig. 62). Turnover time of glutamic acid
with the VC-PAB (p<0.05). However, a negative correlation was observed with
cell specific production by PAB (p<0.05).

The average (annual) cell specific uptake potential for glutamic acid
was 0.289 fg.C.cell'.h™" at the surface and 0.064 fg.C.cell*.h™ in the bottom,
with highest value recorded in post-monsoon season in both surface and
bottom waters (0.64 and 0.13 fg.C.cell*.h™") (Table 18).

High uptake potential for glucose than glutamic acid (by one to two
orders) by the PAB suggests its strong preference for glucose in all thg
seasons investigated in the present study.
4.3.4.2 Zuari
Glucose

The glucose uptake potential of PAB for varied from 0.015 (March) to
55.32 ug.C.I".h"" (August) in the surface and 0.13 (December, January and
June) to 33.34 pg.C.I".h"! (March) in the bottom waters.

While, higher Vinax Was encountered in the surface waters of monsoon
(18.80 pgC.I".h"), the bottoni waters showed maximum (7.17 pg.C.I".h")

during the pre-monsoon months.
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The total bactenal uptake potential for glucose ranged from 0.088
ug.C.I.h" (March) to 55.67 pg.C.I".h"' (August) (Fig. 63). The uptake
potential by PAB to that of TB accounted for 99.11% (monsoon) at the surface
and 83.05% (pre-monsoon) in the bottom waters.

The K+S, for glucose ranged from 0.18 pg.C.I".h" (June) to 881.98
ug.C.I".h"" (August) in the surface and 0.43 ug.C.I".h" (December) to 189.5
ug.C.I'.h! (March) in the bottom waters (Table 19). PAB showed a maximum
contribution of 50.25% to the K+S, of TB in the surface (85.93 pug.C.I".h")
and 56.8% in the bottom (79.39 pg.C.I".h™") waters.

The shortest T; was observed at the surface (8.67 h) and bottom (10.10
h) waters during the monsoon period while the pre-monsoon season showed
highest T, times of 57.91 and 23.93 for surface and bottom waters. (Fig. 64).
The T, by PAB here constituted around 30% of that of TB in the monsoon and
post-monsoon seasons.

The surface waters of the monsoon season showed a high cell specific
activity of 11.7 fg.C.I".h"! while, the bottom waters recorded a low of 0.062
fg.C.I".h! (Table 20). In the surface waters the cell specific PAB activity was
high in all seasons when compared to the bottom waters.

Glutamic acid

Using glutamic acid as the substrate the PAB uptake potential varied
from 0.0032 pg.C.I".h™" (September9?) to 0.53 pg.C.I".h"" (August) in the
surface and from 0.0011 ug._C.I".h" (December) to 0.49 pg.C.I'".h™" (February)

in the bottom waters. While maximum Vs, was observed during the pre-
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Table 19: K+S, of glucose and glutamic acid in the Zuari estuary.

KetSh (ug.C.I 0" |
Months Glucose Glutamic acid
PAB B PAB B
S 12.3 17.36 1.023 5.86
*87.41 9.12 0.38 4.98
0o 1.53 2.4 1.26 226.26
2.33 3.0 5.65 7.11
N 84.06 114.06 1.48 49.68
- 27.58 43.63 8.53 369.25
D 0.19 0.77 5.29 9.17
68.32 4.21 0.99 3.82
J 4.44 11.08 20.52 209.29
985.2 3.34 9.48 29.16
F 0.24 2.68 184.66 191.59
1902.08 2.82 17.97 54.51
M 2.36 11.77 5.32 16.81
15.43 197.58 3.93 17.39
A 636.78 3246.46 1.05 3.90
23.09 369.28 1.57 5.17
M 3.86 8.52 4.35 8.06
4.30 47.09 1.24 63.1
J 0.18 3.33 0.11 14.26
6.79 3.09 1.97 5.45
J 8.09 8.97 1.31 386.95
13.86 11.97 7.08 47.68
A 881.98 882.1 16.29 28.62
24.1 18.33 0.84 12.71
S 21.38 23.96 5.24 16.57
6.75 149.26 12.41 25.39
0] 9.72 15.45 14.95 50.24
9.87 21.36 3.31 22.69

* Figures in bold indicate bottom values
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Table 20: Cell specific particle-associated bacterial activity at Zuari

estuary.
Months T S CGll:Jtr;:r)nc acid
Surface Bottom Surface Bottom
S 2.955 1.389 0.036 0.130
o 0.108 0474 0.046 0.263
N 0.303 1.286 0.002 0.049
D 0.023 0;003 0.003 0.0001
J 0.076 0.009 0.042 0.014
F 0.030 0.046 0.084 0.011
M 0.005 12.677 0.010 0.024
A 8.466 4.563 0.284 3.063
M 0.118 0.376 0.005 0.006
J 0.030 0.032 0.001 0.097
J 0.277 0.054 0.006 0.001
A 34.792 0.098 0.333 0.005
S 0.807 0.232 0.022 0.001
o 0.064 0.161 0.032 0.099




monsoon season in the surface (0.137) and bottom (0.195) waters, the post-
monsoon season showed the least values (Fig. 65).

The K¢+S, showed an annual average of 18.78 pg.C.I".h" in the
surface and 20.48 pg.C.I'".h" in the bottom waters. The pre-monsoon season
showed the highest K+S,, in the surface (43.18 ug.C.I".h"') and bottom waters
(45.1 pg.C.I".h™"). During the post-monsoon the K+S,, of the bottom waters
was 1.75 times that of the surface (Table 19).

Ty of PAB was the shortest during the monsoon period as it
contributed 39.9% and 49.61% to the TB in the surface (88.88 h) and bottom
(96.13 h) waters respectively (Fig. 66).

The cell specific activity for glutamic acid in the bottom waters of Zuari
was found to be 0.269 fg.C.I".h™", The highest cell specific activities of 0.11
fg.C.cell’.h"' (surface) and 0.62 fg.C.I".h" (bottom) were observed in the
monsoon and pre-monsoon seasons (Table 20).
4.3.4.3 Coastal
Glucose

The glucose uptake rates of PAB (Vimax) for ranged from 0.07 pg.C.I'.h-
! (April) to 11.5 pg.C.I' .1 (Oct'97) in the surface and 0.31ug.C.I".h™" (Oct'98)
to 12.2 pg.C.I".h"" (March) in the bottom waters (Fig. 67). In the month of
January the Vmax Of PAB accounted for 95.1% and 90% of the Vimax of TB in
the surface (591 pg.C.I'.h") and bottom waters (0.97 pg.C.I"'.h")

respectively.
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The coastal station showed maximum values of Ki+S;, in October'97 in
the surface (187.32 ug.C.I".h"") and in the bottom waters (287.17 ug.C.I'".h™
in September'97 (Table 21). The post-monsoon showed higher K+S,, than
that seen during the pre-monsoon. However seasonal values showed a
maximum contribution of 48.46% by PAB to the K¢+S;, of TB (131.75 ug.C.I'.n°
") in the bottom waters during the pre-monsoon.

T: of PAB at Mandovi surface waters during the post-monsoon and
Zuari surface waters during the monsoon formed 35.85% and 39.92% of the
respectively (Fig. 68).

The specific activity of PAB during the post-monsoon was an order
higher (2.89 fg.C.I".h"") than that of the pre-monsoon in the surface (0.288
fg.C.I'".h™") and bottom waters (0.398 fg.C.I".h™") (Table 22).

Maximum cell specific activity of 11.70 ug.C.I".h" for glucose by PAB
was observed at Zuari surface waters during the monsoons and at Mandovi
bottom waters (11.14 ug.C.I".h™) during the pre-monsoon (Fig. 68).

Glutamic acid

The annual uptake potential of PAB for glutamic acid ranged from
0.004 (December) to 0.28 nug.C.I".h™ (February) with highér activity in the pre-
monsoon than the post-monsoon (Fig. 69). Seasonally the PAB population
showed maximum contribution of 33.44% and 46.30% in the pre-monsoon

months.
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Table 21: K+S, of glucose and glutamic acid in the coastal station.

K+Sq (ug.C.IH"Y
Months Glucose Glutamic acid
PAB TB PAB TB
S 1.68 1343.48 0.19 0.72
*287.17 440.37 - 5.07 5.92
o) 187.32 198.42 8.10 14.95
35.76 1257.86 2.14 9.33
N 50.57 66.7 1.12 4.08
54.56 105.95 0.15 42,71
D 3.55 5.04 0.50 12.27
13.93 16.81 1.23 2.50
J 22.25 204.25 3.31 49.31
8.45 11.21 2.57 9.72
F 0.81 4.85 61.31 83.28
2.97 5.61 3.91 16.93
M 1.74 29.31 14.27 34.41
263.82 530.49 2.95 92.39
A 9.64 127.79 8.86 9.77
31.92 80.29 11.93 14.45
M 5.68 87.36 10.11 20.55
18.63 31.15 7.29 14.32
o) 67.11 71.09 27.20 98.51
9.03 116.85 5.66 104.01

* Figures in bold indicate bottom values
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Table 22; Cell specific particle-associated bacterial activity at the

coastal station.

Cell specific activity (hg.C.I".h")
v

Months Glucose Glutamic acid
Surface Bottom Surface Bottom
S 1.507 10.442 0.228 0.549
) 5.822 0.669 0.005 0.003
N 2.883 4.339 0.012 0.012
D 0.026 0.020 0.0002 0.00001
J 0.298 0.025 0.0008 0.0003
F 0.084 0.110 0.081 0.005
M 0.559 1.472 0.069 0.0007
A 0.053 0.098 0.048 0.314
M 0.444 0.286 0.019 0.001
0] 4.200 0.085 0.079 0.014
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K+S, of PAB for glutamic acid ranged from 0.19 pg.C.I'.h"
(September’97) to 61.3 pg.C.I" . (February) in the surface and 0.15 pg.C.I'
' ' (November) to 11.93 ug.C.I".h (April) in the bottom. (Table 21).

At the coastal station, K+S, of TB varied from 0.72 ug.C.I".h" to
104.01 pg.C.r".n" with PAB constituting a high of 90.69 and 82.6% in the
surface and bottom waters in the pre monsoon months.

Short turnover time of PAB (9.5 h) was observed during the post-
monsoon in the surface waters (Fig. 70). The turnover time of PAB for
glutamic acid varied from 1.4 h (April) to 790.1 h (October'97), at the surface,
while in the bottom waters it varied from 7.13 (November) to 1789.7 h (April)
.In the bottom waters salinity correlated positively with the T; of glutamic acid
(p<0.05). The PAB showed shortest T at the surface (April) and bottom
waters (November), constituting 6.9% and 5.02% of the TB.

The activity ranged from 0.00018 x to 0.23 fg.C.I".h™" in the surface and
0.00004 x to 0.55 fg.C.I".h"" in the bottom waters. The post-monsoon season
showed higher values than the pre-monsoon (Table 22).

The Vmax values for glucose in the three systems during the pre-
monsoon were always higher at the bottom than the surface. The
heterotrophic potential of the estuarine bacteria clearly indicate that their
system of uptake is more suited for a carbon source like glucose than a
nitrogen source like glutamic acid.

The avefage ratio of uptake yelocity at Mandovi, Zuari and the coastal station

for glucose was found to be 4.6:1.6 :1 and for glutamic acid 4.9:1.8:1 in the
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surface waters; while in the bottom waters it was 8.2 . 1.07 : 1 for glucose
and 1: 2.1 : 2.7 for glutamic acid. On an annual average the mangrove
dominated Mandovi, showed higher uptake velocities for both the substrates
in the surface waters when compared to the Zuari and coastal station.
However the bottom waters showed high uptake rates at Mandovi for glucose,
while the coastal bottom waters showed higher uptake for glutamic acid as
compared to other stations. Annual averages showed the Mandovi station had
the maximum K+S, at the surface (486.09) and bottom (226.94) waters
(Table 23 and 24). The cell specific activity of the three stations is tabulated in

Table 25.

4.4. FUNCTIONAL MODE OF PAB
Mandovi

While comparing the production and activity rates of PAB it was
observed that during pre-monsoon the PAB were more active than productive
and during other seasons they were found to be more productive than active
(Table 26).
ZUARI

In general the Zuari estuary was found to be both productive and active
(Table 27).
Coastal

As illustrated in Table 28, it was observed that the PAB population at
the coastal station in general was more productive than active. This was

obvious specially during the post-monsoon which showed a
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Table 23: Turnover time and K+S, of glucose by particle-associated bacteria (PAB) and total bacteria (TB) during different seasons

Post-monsoon

Pre-monsoon Monsoon
Station K¢+Sa T Ke+S,, T, K¢+Sh Ty
(ug.C.I.h" (h) (ug.C.I.h" (h) _(pg.Cl'hYy) (h)
PAB TB PAB B PAB T8 PAB T8 PAB T8 PAB T8
Mandovi | 133941 | 143245 | 47.08 | 6590 | 16.96 | 6583 | 1633 | 8323 | 957 | 35867 | 77.78 | 96.67
1586.02* | 1664.08 | 24.44 | 5099 | 14.92 | 2191 | 2243 | 78.86 | 33.71 | 8494 | 61.30 | 108.58
Zuari 129.54 | 1656.10 | 57.91 | 12774 | 29675 | 29813 | 867 | 2858 | 2153 | 39.00 | 31.19 | 103.99
55.02 124.02 | 23.93 | 69.95 395 | 1113 | 1041 | 1919 | 17.38 | 3843 | 1298 | 42.61
8.02 90.71 33.39 | 76.71 @ 62.05 | 336.95 | 9.47 50.70
Coastal 6516 | 131.75 | (26.51) | 97.66 | NP ND ND ND | goog9 | 387.57 | 60.09 | 108.95

* Values in bold indicate bottom values
@ND - Not done




Table 24: Turnover time and K+S,, of glutamic acid by particle-associated bacteria (PAB) and total bacteria (TB) during different seasons

Pre-mOHSOOn Monsoon Post-monsoon

Station K+S, K+S, T, K#+Sh

(ug.C.I".h") (ug.C.I".h" (h) (ug.CI"n")

PAB 18 PAB 8 PAB 8 PAB 810 PAB | TB PAB 8
Mandoyi | 4285 | 5007 | 27168 | 38645 | 10.15 | 2118 | 13199 | 20760 | 464 | 1150 | 137.00 | 38211

6.84* | 33.87 | 146.86 | 23741 | 3.30 | 2195 | 73.01 | 13067 | 6.04 | 7943 | 161.47 | 242.64
e 4318 | 8593 | 31408 | 37819 | 591 | 14328 | 3548 | ssss | 487 | 5063 | 17458 | 24863

ani 4510 | 79.39 | 236.28 | 31079 | 334 | 27.95 | 4769 | 9613 | 854 | 3251 | 21291 | 28352

1957 | 39.46 | 229.41 | 359.74 o 742 | 2611 | 24245 | 302.21

Coastal 573 | 2056 | 561.03 | 63478 | "D ND ND ND 2.85 | 3289 | 15456 | 204.19

* Values in bold indicate bottom values

@ND - Not done
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Table: 25 Cell specific activities of the PAB using glucose and glutamic acid as substrate at the study sites
during different seasons '

Cell specific activity (fg.C.cell".h™)
Station
Water Pre-monsoon Monsoon Post-monsoon
Column Glutamic Glutamic Glutamic
Glucose acid Glucose acid Glucose acid
Surface 7.88 0.04 0.06 0.006 1.09 0.64
Mandovi ‘
Bottom 11.14 0.03 0.10 0.003 8.94 0.13
Surface 1.79 0.08 11.70 0.1 0.71 0.02
Zuari
Bottom 3.53 0.62 0.06 0.03 0.59 0.09
Surface 0.29 0.04 ND* ND 2.89 Sos
Coastal
Bottom 0.39 0.06 ND ND 3.1 0.11

* ND — Not done




Table 26: Mode of functioning of the PAB in Mandovi estuary

ug.C.I h*

Station _

Water Production V max Vmax Productivity: PAB mode of

Column rates (Glucose) | (Glutamic Activity* function

acid)

Surface 3.089 14.32 0.29 17:83 Activity>Productivity
Mandovi

Bottom 3.369 23.37 0.06 13:87 Activity>Productivity

Surface 5.499 4.84 0.11 52:48 Productivity>Activity
Zuari

Bottom 6.395 3.07 0.12 67:33 Productivity>Activity

Surface 10.477 3.13 0.06 77:23 Productivity>Activity
Coastal

Bottom 9.833 2.86 0.16 76:24 Productivity>Activity

* Sum of production rates and activity assumed to be 100%




Table 27: Mode of functioning of the PAB in the Zuari estuary

ug.C.I'.n’

Season

Water Production Vimax Vmax Productivity: PAB mode of

Column rates (Glucose) | (Glutamic Activity* function

acid)

Surface 1.68 7.17 0.14 3.97 Activity>Productivity
Pre-
monsoon

Bottom 0.66 1.59 0.20 8:92 Activity>Productivity

Surface 5.33 18.80 0.19 22:78 Activity>Productivity
Monsoon

Bottom 1.67 0.58 0.10 71:29 Productivity>Activity

Surface 8.85 0.58 0.05 93.7 Productivity>Activity
Post-
monsoon

Bottom 13.54 0.89 0.08 93.7 Productivity>Activity

* Sum of production rates and activity assumed to be 100%




Table 28: Mode of functioning ofithe PAB in the coastal station

p.g;.C.I".h‘1
Season i
Water Production Vmax Vmax Productivity: PAB mode of
Column rates (Glucose) | (Glutamic Activity” function
acid) '
Surface 3.14 1.38 0.09 68:32 Productivity>Activity
Pre-
monsoon
Bottom 1.46 2.97 0.28 31:69 Activity>Productivity
Surface 17.81 4.88 0.04 78:22 Productivity>Activity
Post-
monsoon
Bottom 18.21 2.75 0.03 87:13 Productivity>Activity

* Sum of production rates and activity assumed to be 100%

PPN




productivity:activity ratio of 78:22 for the surface waters and 87:13 for the
bottom waters. |

An analysis of carbon production rates in the three systems showed
that each system is unique by itself (Table 29). At Mandovi the PAB
production constituted 25.7% of the TBP and 19.8% of primary production.
The PAB production was 3.23 pg.C.I".hr, but the uptake potential of glucose
was 18.85 pug.C.I".h" and that of glutamic acid was 0.18 pug.C.I".h"; thus
showing that this station to be more active than productive. At the Zuari
station, the PAB production constituted 51.8% of the total bacterial production
and 31.3% of primary production. The PAB production rate was 5.95 pg.C.I
'h' and the uptake potential rate for glucose was 3.96 pg.C.I".h" and
glutamic acid 0.12 pg.C.I'.h'. This concludes that this system is both
productive and active.

At the coastal station, PAB production. rates constituted 64% of the
total bacterial production, and 88% of the primary production. The PAB-
production was 10.2 pg.C.I".h™! and the uptake potential was 3 pg.C.I".h™ for
glucose and 0.1 ug.C.I".h™" for glutamic. Thus, this coastal station was more
productive than active. Hence, it is inferred that the PAB in the mangrove-
dominated Mandovi estuary is more active mineralizer than productive; the
coastal station in the Arabian Sea is more productive than active; and the
Zuari estuary that is influenced by mangroves and marine environment
imbibes the properties of bpth the above systems and therefore, is equally

productive and active.
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Table 29: Annual outlook of the mode adopted by PAB in the three systems

ug.C.I".h"!
Stations Vmax Productivity:
Production Vmax (Glutamic | Activity* PAB mode of
rates (Glucose) acid) Ratio function
Mandovi 3.230 18.850 0.180 14:86 Activity> Productivity
Zuari 5.950 3.960 0.117 59:41 Productivity>Activity
Coastal 10.150 3.000 0.117 77:23 Productivity>Activity

* Sum of production rates and activity assumed to be 100%




4.5. STATISTICAL ANALYSIS
4.5.1 MODELLING

The multiple regression analyses were performed on independent
variables using bacterial biomass and production rates as the response
separately. The software avoids highly related variables and thus prevents
multi-colinearity.

Modeling of various parameters to derive a predictive model for PAB
biomass and PAB production rates on particles lead to the inclusion of 12
essential parameters as best regression set can be seen in the various
equations. These parameters can be classified into three groups as physico-
chemical parameters, biochemical parameters and primary production. The
regression equation has been derived on the assumption that the observed
values would repeat for three annual cycles without variation for purpose of
multiple regression analysis.

MANDOVI

The multiple regression equations for total particle-associated bacterial
biomass (B) and particle-associated production rates (PBP) for Mandovi
surface and bottom waters are:

Surface waters:

I.f"()é; B\ = 1430+ 308 T - 423 pH + 5.81 S - 5303 SPM ~ 0.QOO44}2 PN +
166 é)C -3.08 ’RNA +4.49 DNA’+ 177 R +1.68 MB + 7.53 PP + 3.61 Cha
Bottom waters:

LogB =2606-938D-935T + 3.40 pH + 0.850 S + 15.0 SPM + 0.020

PN + 0.993 RNA + 0.256 DNA —-7.06 R + 0.868 MB + 13.8 PP - 7.64 Cha
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Surface waters:
PBP= -4518+120T -1.54 pH - 0.159 S + 0.000016 PN - 110 SPM -
19.5 OC - 0.126 RNA + 0.158 DNA + 573 R - 0.00422 MB + 0.477 PP +
0.130 Cha
Bottom waters:
PBP =80.48-5.19T - 5.71 D+ 10.6 pH -0.0816 S + 0.000692 PN - 17.5
SPM - 0.00309 RNA —~ 0.00906 DNA + 0.369 R + 0.00668 MB + 0.658 PP —
0.125 Cha
Zuari

The regression equation for total particle-associated bacterial biomass
(B) and particle-associated bacterial production rates (PBP) for Zuari surface
and bottom waters. -
Surface waters:
LogB =-1190.5+324T-474pH + 348 S + 622 SPM - 0.0128 PN -
1582 OC - 3.32 RNA + 6.45 DNA + 247 R- 0.130 MB + 17.0 PP- 2,98 Cha
Bottom waters:
LogB = -132+250D-315T + 780 pH + 111 S + 1955 SPM + 4741 OC -
0.808 RNA - 7.39 DNA- 10.8 R—-1.29 MB - 9.46 PP- 10.2 Cha
Surface waters:
PBP=8735-19.7T+ 776 OC + 1.33 RNA-2.19 DNA + 2.67 S - 739 SPM
-107R-22.2pH-6.09 PP + 1.58 Cha + 0.000603 PN + 0.00464 MB
Bottom waters:
PBP =-46.4+10.5T-8.47 D + 0.0686 AM + 0.00618 RNA + 0.496 DNA -

245S-82.8 SPM+0.113R-23.9 pH + 0.0401 PP - 20.8 OC + 0.0976 Cha
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Coastal:

The regression models were drawn using PAB-biomass (B)and PAB-
production (PBP), as predictors for the surface and bottom waters. The
regression predictive equations are given below.

Surface waters:

LogB = 2280-253T-134pH-34.1S + 3219 SPM - 0.575 RNA + 3.36
DNA + 929 R+ 222 MB

Bottom waters:

Log B = 25545+ 358 D—-254 T — 586 S — 2978 SP + 37.2 RNA - 39.4
DNA- 1730 R- 0.581 MB

Surface waters:

PBP = 173.3-351T—- 134 pH -6.37 S + 318 SPM - 0.421 RNA + 0.602
DNA + 14.9 R + 0.0852 MB |
Bottom waters:

PBP = 115-0.184 T + 1.27 D - 4.06 S — 25.8 SPM - 0.191 RNA + 0.801
DNA +2.70 R-0.00981 MB

Comparative analysis:

Multivariate analysis of the parameters showed that the regression
equation derived for the predictive model included the same parameters for the
response variable PAB biomass and PAB production. The R-sq. Adj. = 100%.
However station-wise there was a minor difference in the variables responsible

for the response (Table. 30)-
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Table 30: Comparison of parameters present in the regression equation for

PAB biomass and PAB production rates at all the stations

Parameters

Mandovi

Zuari

Coastal

Surface | Bottom

Surface | Bottom

Surface | Bottom

Depth

oh

Temperature

H

Salinity

NN S

Particle number

Suspended load

NN NSNS

Organic content

RNA content of particles

DNA content of particles

RNA:DNA ratio

PAM biomass

NN NS

NN NS

Primary production rates

Chlorophyll a carbon

N NNNSNNANANBANEKANKRKN

S N N CN EN AN

N N NN NN ANSNNEANKNKS

NN NNNSNNSNKKNS




4.5.2 PRINCIPAL COMPONENT ANALYSIS (PCA)
Mandovi

At Mandovi station PCA analysis was done using 15 parameters and
gave 5 factors in the surface waters (Table 31) with a cumulative percentage
variation-to an extént of 84.3%, while in the bottom waters (Table 32) 84.4%
of the variation was by four factors. The master group for the surface waters
which accounted for 30.9% of the variation included suspended load, primary
production, salinity, (positive loadings) and DNA-PAB (negative loadings),
while the factor 2 contained total PAB number (positive loading) chlorophyll a
carbon and PAB production rates (negative loadings) which accounts only for
19.3% of the variation. In the bottom waters the master group which is
responsible for 32.8% of the variation includes RNA-DNA-PAB, RNA-PAB,
(positive loadings) and pH, temperature (negative loadings),. The factor 2,
which causes 21% of variation, includes salinity and chiorophyll a carbon
(negative loadings). From this it is obvious that the master groups of both the
surface and bottom waters contain different parameters that are responsible
for the variation in the surface and bottom waters.
Zuari

At Zuari station principal component analysis was done using 15
variables and gave 5 factors in the surface (Table 33) and 6 factors in the
bottom waters (Table 34) accounting for 85.2% and 92% of the variation
respectively. The master group which accounts for 28.2% in the surface
includgs suspended load  organic content of particles, RNA:DNA-PAB

(positive loadings) and DNA-PAB (negative loadings). The second factor,
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Table 31: Principal component analysis of the parameters at the surface
waters of the Mandovi estuary

Parameters Factor | Factor | Factor | Factor | Factor
1 2 3 4 5
Temperature -0.278 | -0.206 | 0.215 | 0.338 | 0.245
pH -0.085 | -0.230 | -0.026 | 0.649 | 0.149
Salinity 0.329 | -0.299 | -0.230 [ 0.053 | 0.117
Suspended load 0.357 | 0.103 | 0.169 | -0.278 | 0.304
Particle number -0.095 -0.336 0.242 | -0.345 | 0.070
Organic 0.079 | 0.143 | 0.415 | 0.339 | -0.139

RNA content of particles ‘0.324 -0.182 | 0.329 | 0.144 | -0.224

DNA content of particles | -0.378 | 0.032 | -0.255 | -0.084 | 0.172

RNA:DNA ratio 0.342 | 0177 | 0.354 | -0.056 | 0.206
PAM biomass 0.297 | -0.057 | -0.145 | 0.114 | 0.596
Total PAB 0.040 | 0.442 | -0.124 -0.025 -0.055
Viable PAB 0.259 | -0.181 | 0.411 | 0.060 | -0.332
PAB production rates -0.167 | -0.334 | 0.006 | -0.240 | 0.322

Primary production rates | 0.339 | -0.178 | -0.305 | 0.067 | -0.054

Chlorophyll a carbon 0.006 | -0.481 | 0.209 | -0.199 | -0.301

Percent variation 309 | 193 |155 116 | 69

Cumulative percentage 30.9 50.3 | 65.8 77.4 84.3




Table 32: Principal component analysis of the parameters at the
bottom waters of the Mandovi estuary

Parameter Factor | Factor | Factor | Factor
1 2 3 4
Depth 0.038 | 0.204 | 0.283 | -0.352
Temperature -0.354 | -0.156 |-0.279 | 0.000
pH -0.410 | -0.038 | 0.074 | 0.094
Salinity -0.258 | -0.423 | -0.048 | 0.017

Total suspended load 0.291 | -0.299 | -0.106 | 0.326

Particle number -0.234 | -0.059 | 0.192 | 0.435

RNA content of particles | 0.366 | -0.225 | -0.144 | 0.200

DNA content of particles | -0.238 | 0.328 | 0.090 | 0.391

RNA:DNA ratio 0.400 | -0.119 | -0.100 | 0.251

PAM biomass -0.074 | -0.309 | 0.356 | -0.118
Total PAB 0.135 | -0.152 | 0.472 | 0.094
Viable PAB -0.176 | -0.271 | 0.377 | -0.034
PAB production rates -0.136 | 0.387 | -0.085 | 0.415

Primary production rates | -0.135 | -0.030 | -0.439 | -0.319

Chiorophyli a carbon -0.239 | -0.383 | -0.235 | 0.131

Percent variation 32.8 21.0 19.9 10.7

Cumulative percentage | 328 | 538 | 73.7 | 844



Table 33: Principal component analysis of the parameters in the surface
waters of Zuari estuary.

Variables Factor | Factor | Factor | Factor | Factor
1 2 3 4 5
Temperature | -0.156 | -0.326 | 0.400 | -0.068 | 0.052
pH 0.114 | 0.039 | 0.196 | 0.368 | -0.583
Salinity 0.099 | -0.505 | -0.021 | 0.230 | -0.141
Particle number -0.183 | -0.415 | -0.415 | 0.076 | 0.335

Total suspended load 0.404 | -0.061 | 0.060 | 0.163 | 0.360

Organic content 0.411 | 0.145 | -0.021 | 0.324 | 0.175

RNA content of particles | 0.158 | -0.390 | -0.060 | -0.353 | -0.104

DNA content of particles | -0.381 | 0.250 | -0.052 | 0.120 | -0.026

RNA/DNA ratio 0.459 | -0.027 | 0.011 | 0.187 [ 0.170
PAM biomass -0.148 | -0.077 | -0.467 | -0.043 | 0.293
Total PAB 0.199 | 0.130 [ -0.346 | 0.124 | -0.274
Viable PAB -0.210 | -0.211 | -0.305 | 0.364 | 0.072
PAB production rates -0.259 | 0.259 | 0.015 | 0.448 | 0.106

Primary production rates | -0.048 | -0.262 | -0.494 | 0.043 | 0.047

Chlorophyll a carbon -0.178 | -0.146 | 0.332 | 0.190 | 0.483

Percent variation 28.2 21.3 18.2 9.7 7.8

Cumulative percentage 28.2 49.5 67.7 77.5 85.2




Table 34: Principal component analysis of the parameters in the bottom

waters of Zuari station

Parameters Factor | Factor | Factor | Factor | Factor | Factor
1 2 3 4 5 6

Depth -0.015 { -0.171 | 0.322 | 0.489 | 0.078 6.356
Temperature 0.109 | 0.427 | 0.337 | -0.034 | -0.129 | 0.077
pH -0.399 | 0.160 | 0.142 | -0.151 | 0.257 | -0.011
Salinity 0.024 | 0.451 | -0.207 | 0.154 | -0.265 | 0.059
Total suspended load | 0.373 | 0.085 |-0.169 | -0.155 | -0.221 | 0.352
Organic content 0.350 | -0.327 | -0.093 | 0.201 | -0.023 | -0.004
RNA content of particles 0.356 0.121 | -0.196 | -0.231 | -0.292 | -0.086
DNA content of particles | -0.360 | -0.173 | 0.027 | -0.155 | -0.345 | 0.412
RNA:DNA ratio 10319 | -0.340 | -0.071 | 0.233 | 0.014 | -0.040
PAM biomass -0.212 | 0.124 | 0444 | 0.328 | 0.087 | 0.113
Total PAB -0.136 | -0.246 | -0.427 | -0.091 | 0.283 | 0.203
Viable PAB -0.127 | 0.196 | -0.478 | 0.142 | 0.040 | -0.270
PAB production rates -0.303 | -0.191 { -0.115 | 0.066 | 0.588 | 0.175
Primary production rates | 0.158 | 0.061 | -0.134 | -0.427 0.558 0.524
Chlorophyil a carbon 0.111 | 0.362 | 0.000 | 0.441 | 0.153 | 0.359
Percent variation 28.3 19.9 18.2 11.0 7.7 6.7

Cumulative Percentage 48.2 66.4 77.5 85.2 92.0

28.3




which was responsible for 21.3% variation, included RNA-PAB, salinity and
particle number (negative loadings). The master group for the bottom waters
accounted for 28.3% which included suspended load, organic content of
particles, RNA-PAB (positive loadings) and pH (negative loading), while the
second féctor showed 19.9% of the variation exhibited by temperature, salinity
(positive loadings) and RNA:DNA (negative loading). The Zuari surface
waters more of less have the influence of common parameters like SPM and
organic content to the bottom waters.
Coastal

Principal component analysis was performed for the surface (Table 35)
and bottom waters (Table 36) using 11 parameters and gave 4 factors which
accounted for 92.3% of the variation for surface waters and 85.8% of the
variation due to 3 factors in the bottom waters. The first master group
accounted for 42.7% of the variation, which included parameters like RNA
(positive loadings) with bacterial production rates on particies and DNA
(negative loadings). The second factor consisting of total-PAB and viable-
PAB numbers (negative loadings) was responsible for only 26.3% of the
variation. In the bottom waters for the master group parameters like
temperature, RNA, RNA:DNA (positive loadings), bacterial production rates
~on particles and DNA (negative loadings) an accounted for 42% of variation,
while 26.2% variation in factor 2 was due to the same parameters as those of
the surface waters with additional parameter, PAM biomass all of which are

with negative loadings.
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Table 35: Principal component analysis of various parameters at the
coastal surface waters.

Parameters Factor | Factor | Factor | Factor
1 2 3 4
| Temperature 0252 | 0.339 | -0.100 | 0.548
PH 0.035 | -0.208 | -0.754 | 0.071
Salinity 0.392 | -0.009 | 0.398 | -0.063

Total suspended load 0.1564 | 0.355 | -0.368 | -0.221

RNA content of particles | 0.419 0.022 | -0.175 | -0.103

DNA content of particles | -0.435 | 0.141 | -0.031 | 0.145

RNA:DNA ratio 0.340 | -0.169 | -0.196 | -0.375
PAM biomass 0.173 | 0403 | 0.030 | 0.575
Total PAB 0.016 | -0.560 | -0.087 | 0.161
Viable PAB -0.280 | -0.414 | 0.050 | -0.321

PAB production rates 0.411 0.139 | -0.216 | 0.100

Percent variations 42.7 26.3 13.3 10.1

Cumulative percentage 42.7 69.0 82.3 92.3




Table 36: Principal component analysis of various parameters in
the bottom waters of the coastal station

| Parameters Factor | Factor | Factor
1 2 3
Depth | 0.001 | -0.116 | 0.638
Temperature 0.434 0.050 0.149
Salinity 0.003 | -0.066 | 0.640

Total suspended load 0.032 | -0.296 | -0.318

RNA content of particles | 0.4356 | -0.126 | -0.142

DNA content of particles | -0.453 | -0.014 | -0.055

RNA:DNA ratio 0443 | 0.057 | 0.018
PAM biomass 0.031 | -0.564 | -0.132
Total PAB -0.044 | -0.542 | 0.125
Viable PAB -0.119 | 0.497 | 0.031

PAB production rates -0.450 | 0.120 0.035

Percent variations 42.0 26.2 176

Cumulative percent 42.0 68.2 85.8




Thus, comparing the parameters responsible for the variation in the
first 2 major groups, it was observed that 5 of the parameters were
responsible for variation in both the surface and bottom waters, except the
parameters like temperature, RNA:DNA and PAM biomass which cause
variations in the bottom waters exclusively. Hence, not much variation is
observed between the surface and bottom waters of the coastal station.
Comparative analysis:

Communality of variables as seen in Table 37 showed that pH was the
main factor responsible for variation at the surface waters of all stations.
Apart from this PAM biomass was also responsible for variation at Mandovi
and coastal surface waters, while at Zuari the particle numbers influenced the
variation.

The bottom waters of Mandovi were influenced by the viable PAB and
PAB production rates, Zuari by DNA content of particles and PAB production
and in the coastal station depth and salinity played a major role in the
variation.

The general anaerobic counts of particle-associated bacteria were 2.32
x 10%.I" and 1.33 x 105.I" in the bottom waters. The SRB population in the
bottom water was found to be five times the value (1 x 10°.I'") of the surface.
The nitrate reducers showed a higher population in the bottom water of 2.1 x
107.I", which was, more than an order higher than its surface value. The
denitrifiers were 2.2 x 10°.I" at the surface and 1 x 10°.I"" in the bottom
waters. The thiobacillus like organisms showed surface values to be more

than twice than that of the bottom value (2.0 x 10°.I""). All the anaerobic PAB
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Table 37: Proportionality of total variables

Communality of variables

Variables Mandovi Zuari Coastal
Surface | Bottom | Surface | Bottom | Surface | Bottom

Depth 0.25 0.53 0.42
Temperature 0.34 0.23 0.30 0.54 0.49 0.21
pH 0.50 0.18 0.53 0.93 0.62
Salinity 0.27 0.29 0.34 0.39 0.32 0.41
Particle number 0.30 0.25 0.50
Suspended load 0.34 0.28 0.33 0.98 0.33 0.19
Organic content 0.33 0.33 0.86
RNA content of particies 0.32 0.24 0.32 0.91 0.22 0.23
DNA content of particles 0.25 0.27 0.23 1.06 0.23 0.21
RNA:DNA ratio 0.32 0.25 0.28 0.81 0.32 0.20
PAM biomass 0.48 0.25 0.33 0.76 0.52 0.34
Total PAB 0.22 0.25 0.27 0.64 0.35 0.31
Viable PAB 0.38 0.33 0.32 0.62 0.36 0.26
PAB production rates 0.30 0.35 0.35 1.04 0.24 0.22
Primary production rates 0.25 0.31 0.32 0.92

1 Chiorophyll a carbon 0.41 0.28 0.43 0.70




formed more than 80% of the total bacterial population except in the bottom

"~ waters where the PAB nitrate reducers and denitrifiers formed 55.26% and

16.67% of the total bacterial population respectively.
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5.0 DISCUSSION

Food webs in estuarine systems revolve around particles, which are
mostly detrital in nature. The associated bacteria thrive on terrestrial and fluvial
organic matter that passes through these systems to the oceans. One of the
common features of tropical estuaries specially when compared with oceanic
environment is the high abundance of particies and the bacteria attached to
them. The contribution of particle associated bacteria in the tropical estuarine
system is much more significant than in lakes, rivers, open seas and temperate
estuaries. Their role can be even more substantial than those in shelf waters
(Wangersky, 1984). The tropical Indian estuarine systems are more dynamic
as they come under the influence of monsoon and experience a wind field,
which is energetic and at times possesses a well-marked annual cycle (Shetye
et al., 1985).

The present study focuses on the bacteria associated with particles of >
3 um in size. It discusses their abundance, activity and productivity in
relationship to a variety of factors, which are known to affect them. It deals with
the role of bacteria associated with particles and develops regression models to
predict bacterial abundance and productivity in Mandovi and Zuari estuaries
and the coastal ecosystem. Further, it attempts to explain the extent of
influence of different variables through principal component analyses. Finally, it
projects the importance of PAB in the estuarine food web and traces the flow of

carbon through them.
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5.1 BACTERIAL ABUNDANCE

in Mandovi and Zuari estuaries the PAB numbers ranged from 0.08 x
10°." to 1.88 x 10'°.I". There has been no discernible variation in the PAB
numbers between the surface and bottom waters. Particle associated bacteria
are relatively numerous in some of the freshwater and estuarine environments
(Wilson and Stevenson 1980, Bell and Albright, 1982 and Ducklow, 1994). In
river Danube in Austria, the attached bacterial density varied from 0.1-1.4 x
10%.1" (Hoch et al., 1995). The bacterial abundance and variation on particles
in Zuari and Mandovi estuaries was higher than in the temperate waters. The
variation in the estuaries of higher latitudes was by a factor of 3-14. (Ducklow
1982, Kondratiff and Simmons 1985, Hoch et al., 1995). This variation have
been attributed to factors like temperatures and salinity. Temperature affects
directly by increasing the growth rate of bacteria associated with particles. The
effect of salinity is indirect. In Columbia river estuary (Crump et al, 1998)
maximum abundance was observed in the ETM (Estuarine Turbidity Maximum)
region. In this region where fresh water meets the marine, there is increased
turbidity where particles and the associated bacteria accumulate.

in the Mandovi and Zuari estuaries, the variation in abundance of PAB is
much more i.e. by a factor of 100. This variation is perhaps due to the variation
in the particle dynamics which in turn gets influenced by the changes in the
hydrological parameters. Unlike the temperate estuaries, the variation in
temperature in the tropical one is less marked. in Mandovi and Zuari estuaries,
temperature showed little vari;eution which, indicates that they are typical tropical
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systems. Nevertheless, an unusual negative relationship was observed
between temperature and the abundance of PAB. This negative relationship is
because temperature is a wide variable, which could be used as a proxy for
sunlight, which influences the bacterial population negatively. The effect of
sunlight is mitigated when the waters are turbid as in the case of Mandovi.

The abundance of PAB is influenced by the salinity factor as in the
temperate region. The effect is indirect here also and linked to the monsoons.
There is a lot of terrigenous particles associated with the fresh water inflow
which not only trigger the muiltiplication of the autochthonous bacteria but also
add allochthonous ones. vThis accounts for the high PAB observed in the
monsoon season especially in Mandovi. These numbers build up to an all time
high in the post monsoon.

Another factor that could influence abundance of PAB of the particle is
the size. Bacterial colonization on particles in the size rangé of >1 =140 um
varied from 2 — 192 cell per particle and on particles of the size of < 40 um, it
| varied from 2-80 cells (Almeida and Alcantara, 1992). In this study the numbers
ranged from 1-27 per particle which are higher to the range of 2.9 - 6.4 cells per
particle obtained by Irriberri et al., (1987) in coastal waters.

Bacteria occupied about 3.26um? of the surface area of the particle
colonizing about 10.6% of the surface.  Most of the particles in the network
were in the size range of 3 - 15um and accounted for 55% of the total particles.

A similar observation was made in the Humber estuary where >60% of the
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particles were in the range of 5-14um and maximum colonization were
observed on these particles (Goulder 1976, 1977). However, colonisation of
smaller particles is also not uncommon (Nagata 1987, Almeida and Alcantra
1992, Kirchman, 1983, Berger et al., 1996).

Besides number and size, nature of particles dictate the preference and
extent of colonization. SEM scan showed that selective particles are colonised.
Sieburth (1968) observed no colonisation on the surface of diatomsand certain
phytoplankton. Likewise, particles rich in inorganic content harbour less
number of bacteria. In these tropical estuarine systems it was found that the
inorganic content ranged from 0.001 to 1.0 mg.I". This was less than the
amount seen in Danube estuary (Hoch et al., 1995)) where inorganic content
ranged from 2.2 - 13.2 mg.I". In Mandovi and Zuari estuaries particles rich in
abundance of inorganic content drastically reduced the colonization. The
absence of relationship between suspended load and PAB could be due to
inorganic nature of the particles. Inorganic particles associated with organic
matter was much higher than the inorganic particles alone in Danube (Hoch et
al., 1995 and Berger et al, 1996) However, when inorganic particles are
associated with the organic matter, colonisation is effected. In San Francisco
Bay particles are largely composed of mineral grains, bound together with
organic matter. This organic coating is also responsible for glueing several of
these discrete particles together and forming larger units. The degradation of

these units is very fast showing clearly that bacteria have a preference for
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attaching to particles. This organic matter may consist of carbohydrate, protein
and nucleic acids.

The bacterial distribution depends to some extent on the organic matter
as the organic content of particles promote bacterial colonization. There was a
fluctuation in the amount of organic carbon from 10 to 40 mg.I" in these
estuaries. However, the concentrations did not co-vary with the abundance. It
could be due to complex nature of matter constituting POM. Organic matter is a
complex size continuum of largely uncharacterized mixture of monomers and
polymers including humic acid like material not utilized by bacteria (Azam et
al., 1995, Wafar et al., 1997). From the analyses of the nature of particles, for
example orgahic content in totality did not give any meaningful relationship with
PAB abundance though it is an important parameter. Hence analysis of
utilizable organic substrate could be more meaningful (Azam et al., 1995). With
new and sophisticated techniques being introduced it could be possible to
analyze the spectrum of compounds utilized by bacteria in nature.

The higher proportion of PAB at all the stations especially in the Mandovi
could not only be attributed to the high organic content but also to the smaller
particle size (Almeida and Alcantara, 1992). The influence is conspicuous
during the monsoons when the POC content increased. Positive relation of TC
with POC (r=0.5172: p<0.05) at Mandovi surface suggests that 25% of the
variation is due to this factor. In the other stations the relationship was absent
or negative for example as in the bottom waters of the estuaries indicating that
the bottom dwelling diatoms can have an éntagonistic role.
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Monsoon triggered an increase in bacterial load in the post-monsoon
season. This could be due to the increase in the allochthonous carbon input
when freshwater meets seawater. Besides the Mandovi station is the
shallowest which means an additional sedimentary organic exchange into the
water column.

Nucleic acids are important constituents of particles, which are a source
for N and P (Paul et al,. 1987). These are present at a lower concentration as
compared to other molecules and Could be derived in the form of dead and
living matter.l The concentration of DNA was abundant in post-monsoon
together with the increase in bacterial numbers.

DNA and RNA concentrations generally displayed negative relationship
with each other (p<0.001) at the surface (p<0.05) and at the bottom waters.
These nucleic acids are known to generally display opposite temporal pattern
which are likely to be dependant on the nature and characteristics of DNA and
RNA molecules (Dell'anno et al., 1999). The contrasting abundance could be
due to the difference in the activity/productivity mode of the particle-associated
bacteria as discussed later in detail under section on productivity. Holm-
Hansen and Booth (1966) opine that majority of the DNA was' detrital, but
Fabiano et al., (1993) argue that DNA:RNA ratio is a relative measure of the
metabolic state of the suspended particles. DNA is abundant when the
population is productive and RNA when active. Such differences have been

noticed in the network both temporally and spatially. Besides, DNA has lower
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turnover (Karl et al., 1988) and longer degradation rates than RNA (Novitsky,
1986).

The proportion of the PAB to the total bacterial load was much higher to
those reported for temperate waters. Their abundance was generally < 10%
(Ducklow, 1982, Bell ar;d Albright, 1982, Kirchman and Mitchell 1982, Hoch et
al,, 1995, Berger et al.,, 1996). However, there have been reports of values
that are close to the present values. The Mandovi estuary harbored the
maximum amounting to 76% of TB almost similar to that observed in Humber
~ estuary in England, Goulder (1977) or York river estuary in U.S.A (Ducklow
1982), or Frazer river plume in Canada (Bell and Albright, 1981). The only
report of high PAB was from a tropical creek of Indus valley (Bano et al.,1997).

These data show that PAB not only constitute a significant portion of the
total bacterial population but also éontinue to be significant throughout the
annual cycle in both the surface and bottom waters. Attached bacteria were
variable during different sampling periods becoming dominant at times.
Monsoonal peak was more dominant in Mandovi thus showing a seasonal
pattern in abundance. Temporal variations are less marked in the tropical
estuaries as in for example Indus river delta (Bano et al., 1997), when
compared to temperate waters, where seasonality in bacterial abundance is
- well established.

The interrelationship between parameters influencing the nature of
particles differs in the three systems. POC is highly related to detritus indicating
that most of these are from sources other than phytoplankton. The strong
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relationship between organic content and detritus suggest that it is mostly
organic. The PON in the coastal surface perhaps derives the nitrogen from the
nucleic acids. In the coastal station PAB is related to both PON and POC.
Therefore it is apparent that the distribution of PAB is dependant on the definite
parameters in the coastal station whereas in the estuaries these parameters are
not limiting as the estuarine system is complex and the environmental
parameters not directly related to their distribution. Nevertheless the organic

content is an important parameter that influences the PAB distribution.

5.2 BACTERIAL PRODUCTIVITY

One of the most important variables for the assessment of the bacterial
trophic role is their production rate. Like PAB abundance (secondary standing
stock), production showed a spatio-temporal variation in the present study. The
annual average values were 77.5, 142.8 and 248.8 pgl'd™ at Mandovi, Zuari
and coastal stations respectively, with exceptionally high values during certain
months. The post monsoon recorded the highest bacterial production. Such
wide variations have been recorded by Nagata (1987) who calculated bacterial
production rates for <1um fraction which ranged from 5-50ug.I''d™ in Biwa lake
in Japan. Rublee et al., (1984) found it to be 1-13 pgl*d’ in New port estuary.
In Columbia estuary, the production rate varied from 14.16 to 108.0 ugl'd™
(Crump et al, 1998). These estimates are much lower than the values

recorded in the tropical estuaries. Higher values than the values in the present
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study has been reported for Loire estuary (803 ug.I''d™) in temperate regions in
Bietri Bay, Ivory coast (2184 pg.I'd™") and in a tropical mangrove tidal creeks of
Indus river Delta in Pakistan (900 pg.I''d™") in the tropical regions (Bano et al.,
1997, Ducklow and Shiah, 1993). This is very similar to the Hudson river
estuary which is highly productive (Findlay et al., 1991). Based on high
productivity values, estuaries under study can be classified as heterotrophic
ecosystems. This heterotrophic nature is further confirmed by the high bacterial
turn over rates which has been is discussed later in this chapter.

The contribution of the bacterial production to the total production also
showed a wide variation. The average annual contribution of PAB productivity
to the total ranged from 23 to 57% with sporadic peaks and which was higher
than the previously recorded values of 7-22% in New port estuary (Rublee et
al., 1984). The values recorded at Columbia estuary (90%) by Crump et al.
(1998) or mangrove delta (73-93%) were higher than the values observed by
Bano et al., (1997). These tropical estuaries had a constantly high contribution
to the total productivity throughout the year and formed a significant component.
Higher productivity of 60-67% in the coastal station as compared to the
estuarine stations is due to the spatial shift of organic input from the estuaries to
the coast. Such a shift is also continuous by the vertical fiux of the PAB to the
bottom layer. Ducklow et al., (1982) have measured the settling rates of 0.12 -
1m d™ for attached bacteria in Hudson river plume and have estimated that 3-
67% of the daily production.setties out of the water column. No data are

available on the settling rate in tropical estuarine systems. Yet, it is presumed
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that the setting may be taking place at a good rate as there was no clear
stratification seen throughout the year. As particle bound bacteria are a major
component of the estuarine system, it is presumed that there would be potential
loss of a significant fraction of the total productivity with sinking particles from
the water column to the sediments. This variability may be seasonal and
spatial as observed in the present study. Besides, sedimentary inputs of organic
matter of apparently labile nature could augment the bacterial number in the
bottom water. |

Season-wise, bacterial production on particles was the highest during the
post monsoon period which, may be a consequence of a large in put of
suspended matter in to the estuaries during the monsoon, and the coastal
station recorded the highest. The predominance of high productivity in the
coastal station is due to the estuary borne import of the detrital carbon into the
coastal system. The variability in productivity could be due either to bacterial
abundance or growth rates or both (Griffith et al., 1990 and Unanue et al,
1992).

The pattern of bacterial production was neither parallel to the abundance
of bacterial standing stock nor to the total viable fraction on particles. Similar
absence in relationship has been discussed by Wehr et al, (1998). As
productivity is related to abundance, factors that affect abundance also affect
productivity. The other factors affecting the abundance in the Mandovi and

Zuari estuaries have been discussed at length in the preceding section.
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It is therefore possible that productivity in this estuarine water was more
dependent on growth rate. PAB have a higher growth rate than the unattached
bacteria in both lacustrine and marine realms (Crump et al.,1998). The growth
rate of bacteria attached to particles was high as they were observed to be
large. Large bacteria are active and they grow faster (Goosen et al., 1995).
This high growth rate is in turn dependant on both temperature and substrate.
These factors have long been recognized as dominant factors in regulating
bacterial growth rates in aquatic systems (Cole et al, 1988). Temperature
affects growth rate more in the temperate waters (White et al,,1991; Hoch and
Kirchman,1993, Shiah and Ducklow, 1994 a,b). It gains more importance and
becomes a major regulating factor when nutrients are non-limiting. ‘In tropical
estuaries, the variation in temperature was not as wide as in the temperate
region. Still it was enough to affect estuarine production during the monsoon
when temperature dropped as nutrients were non limiting. Other important
factors that affects the growth rate are the quality and availability of substrates.
Though the substrate availability and bacterial standing stock was highest
during the monsoon the productivity was the lowest. This is because, bacteria
colonise on the particles but there was not sufficient time to acquire an
estuarine adaptation to increase their growth rate. Besides, the available
substrate may not be labile enough to accelerate the growth. In the estuaries,
the quantity and quality of the organic substrates would explain most of the

variations in bacterial production while temperature had only a seasonal effect.
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In a given population the cell specific productivity is dependent not only
on the growth rate cell per se but also the number of productive cells in a
population. The cell specific productivity is calculated on the gross abundance
and it varied from < 1 to 82. An average ratio of 2.6 has been reported from
Columbia estuary (Crump et al., 1998) though others have reported higher ratio
(Kirchman and Mitchell, 1982, Kirchman and Ducklow, 1987). The rate of
thymidine incorporation per cell was high 30 fg.C.cell.h™'. Bacterial production
per cell has also been found to be higher in attached bacteria in some estuarine
and coastal system (Iriberri et al.,1987, Crump et al 1998 , Griffith et al., 1994.)
but not in others (Ducklow and Kirchman, 1983). The tendency of organic
matter to absorb on to particle allows this material to be available to attached
bacteria (Pedros Alio and Brock ,1983). This may explain the high thymidine
incorporation per cell.

The variation in specific activity could be due to the variation in the viable
fraction (Crump et al, 1998). A high ratio of thymidine incorporation rate to cell
abundance could also be due to the existence of large population of active cells
among attached bacteria (Crump et al.,1998). However, one failed to find a
relationship between viable cells and productivity. Hence it is inferred that this
lack of relationship could be due to the differences in individual cells of the
viable fraction. Therefore a large variability in this property reflects that the
productivity is dependent more on growth rate of individual viable cells than on
the total viable bacteria on particles. Besides, PAB were large and showed a
variation from 0.1to0 4.7 pum®. In nutrient rich environment bacteria have been
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reported to be larger in size (Iriberri ef al., 1987). Consequently, there would
be large variation in carbon content cell 1. The use of a conservative factor of
20 fg (Lee and Fuhrman, 1987) would have under estimated the productivity in
these waters. Bell et al., (1983) recommended the use of 30 fg.C.ceII'1 for
environments with high load of nutrients. Moreover, some conversion factors
for incorporated thymidine to bacterial cell number obtained emperically in the
riverine water are higher (6-8 x10 '® cells per mole (Iriberri et al., 1990). In
general, the productivity of this system was limited by the growth rate of the
actively growing cells as depicted by the relatively high Vmax and Ki+S, (vide
section on heterotrophic activity). The seasonal variation in this eutrophic
ecosystem is regulated by temperature and nature of the substrate available
with the former playing a lesser role.

Bacterial specific growth or turnover time measured in estuaries in
riverine plumes and deltas generally ranges from 0.02 to 1.5 d', although
higher specific growth rates (> 24 d') have been measured in tropical salt
marsh. The range of bacterial specific growth rate observed in the present
work (0.01 to 1 h) is not in agreement with other estuarine waters.

The bacterial production in Mandovi and Zuari estuaries is not related to
primary production and is supported to a greater extent by allochthonous input.
Statistical analyses further emphasized the fact that bacterial production was
more dependant on suspended load and other abiotic parameters like
temperature, and not on primary production related parameters like primary
productivity rates and chlorophyll a concentrations. Hence the trophic state of

117



the estuaries is heterotrophy with a high tumovér rate of bacterial biomass
ranging from less than a few hours to a maximum of 1 d' coupled with high
growth rate. Thié is reflected in the high abundance of attached bacteria
(Crump et al., 1998). Therefore the system is not only heterotrophic but also a'
very dynamic one. Unlike the Schelde estuary (Goosen et al, 1997) in the
temperate region where bacterial production is controlled by 1 or 2 factors, such
as temperature for lower estuary and primary productivity for higher estuary,
Mandovi and Zuari estuaries are more complex with many factors limiting the
abundance and productivity. Multiple regression analyses showed that there
are more than 10 factors (biotic and abiotic) controlling the bacterial production.
Thus Mandovi and Zuari estuaries are’ more complex where variability is not
dependant upon 1or 2 factors but a combination of different factors with
different weightage.

In order to understand the influence of the variables on this estuarine
system and to reduce the complexity, Principal Component Analysis were
carried out. The present study has examined 71 parameters on annual cycle to
understand the role of particle-associated bacteria in trophic dynamics. An
examinatidn of the correlation between these parameters has shown that they
are significant at 0.05 levels of probability and are responsible for remarkably
augmenting the productivity or activity and yet others influence these
parameters negatively e.g. primary production enhances bacterial abundance at
the coastal station (r= 0.81 p<0.01) or SPM decreases DNA content (r=-0.75
p<0.01) at Mandovi. However in order to understand the combined influence of

118



these parameters on the total variability in the estuarine network, it is needed to
understand the factors of different parameters. Linear combination of the
original variables are chosen such that each component explains a maximum of
the variants left unexplained by preceding components, subject to the constraint
that all components are orthogonal to each other (Cuadarado and Perillo,
1997).

The principal component analysis of the parameters of the three systems
shows that there are only 2 parameters in the first factor that is common to all
the stations. DNA content of particles for all the three stations and SPM for the
estuarine stations. The DNA content of particles exerts a contrasting negative
influence on the total variation of all these systems.

In Mandovi besides DNA, salinity, SPM and PP form the first factor,
which is responsible for 30.9% of the variation. In Zuari, SPM and RNA:DNA
ratio are other two variables besides DNA in the first factor contributing up to
28.2% variation. At the coastal station RNA and PAB production are the other
parameters in the first factor responsible for 42.7% of the variation. It is
probable that the DNA in the system has a contrasting effect compared to the
other variables in the component.

The contrasting effect of DNA to the other variables in the major
component could be due to the following reasons: (l) the bottom waters are .
equal or more productive than the surface, it is therefore probable that the DNA
content at the surface is relatively more recalcitrant as compared to the bottom
waters. As the variation in DNA content is much less as compared to other
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parameters and is more refractory than RNA it displays opposite temporal and
spatial pattern as compared to RNA which is more dynamic and varying.
However RNA can also have contrasting effects like the DNA under certain
circumstances like that of the Zuari surface waters, it is inferred that such
circumstances could be accounted for when the concentration of RNA can get
relatively low (26 ug.l“). The concentration of RNA in the surface waters is
1226 ug.I" which is the lowest in the surface waters of all the stations. Besides
RNA the other variables in the second factor that contribute 21.3% of variability
are salinity and particle numbers. These also have negative loadings indicating
that their contribution is analogous to RNA content on particles. It is also
because these variables show least variation at the surface of this station. The
second major factor in the case of Mandovi station is PAB-production rates and
chlorophyll a carbon. At the coastal station both productivity and activity are
high, temporally marked by stability and little variation.

The variation in the bottom waters is not governed by the same
parameters as that of the surface. Whereas in the other estuarine system, of
Zuari though deeper, is less heierogeneous than Mandovi system because
SPM and organic carbon form two common variables in the first component.
The factors that influence the variation in three systems are different as there is
a gradation in the variation. In Mandovi the surface is very different from the
bottom as none of the variables overlap in the first principal factor. At Zuari

there is a certain amount of commonality in variables that influence the surface
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and bottom waters. Whereas, at the coastal station 3 parameters that influence
the surface also influence the bottom waters.

At the coastal station RNA and DNA content of particles are the main
parameters in the major factor. These variables are responsible for bacterial
productivity.

The gradation that was observed from the three systems from the least
homogenous to the most, corroborates with the classification from the least
produétive and most active and the least active to the most productive.

PCA of the parameters of the surface waters of the three systems
indicate that the variation is commonly governed by different groups of
parameters at all the stations at different levels of variations in estuarine
systems. PCA showed that the deeper coastal waters are much more
homogenous than the shallow estuarine waters.

Further, regression analyses and modeling were carried out to be able to
redefine these interrelationships between various parameters and also to be
able to predict either the secondary standing stock or production. Regression
analysis assumed that the independent variables are measured with out error.
However, in practice the measurement of any continuous variable are unlikely
to be error free. Nevertheless regression models can be used for predictive
purposes if the variability between true replicates is small relative to the range
of observations under a given condition and time at a given place provided
there are no disturbance factors of environmental and anthropogenic origin
(Harkantra and Parulekar, 1991).
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In our regression analysis we have assumed that one set of values are
repeated for 3 consecutive times assuming the data to be repetitive. Simulation
modeling has been an albeit adhoc component of the field of aquatic microbial
ecology for the past 2 decades (Hopkinson and Vallino, 1994). Models of
microbial food web are important as bacteria are energetic subsidy for higher .
trophic levels leading to harvestable fisheries (Ducklow, 1994). It would be
difficult to have a single generic model to address all questions concerning the
microbial food web in this estuarine system because of the inherent complexity.
However several models have been explained since the publication of
Pomeroy’s bioscience article (Pomeroy, 1974) that first conceptualized the
significance of DOM and bacteria in food webs. The earlier models were mostly
descriptive (Pace et.al.1984, Wetzel and Christian, 1984) while the latter ones
tried to explain the mechanism that controlled the system (Fasham et al., 1990,
Malloney and Field, 1991, Wright and Coffin, 1983). Each model addresses
different questions at varying levels of complexity. These models also differ on
the degree of mechanistic control included (Hopkinson and Vallino, 1994).
Ducklow (1994) rightfully highlights the value of modeling and the inherent
limitations. In the present study are presented regression models for the
estuarine network to address the following questions 1.What are the physical
and biological parameters that control PAB biomass and productivity?
2.Whether this model could be predictive for a given time and space frame?

An examination of the 3 systems shows that of the 71 parameters
studied over an annual cycle about 13 of them control the above two bacterial

122



parameters. Of these 13 parameters 7 of them are physico-chemical namely
depth, temperature, pH, salinity, particle number, suspended particulate matter
and organic content; four biochemical parameters like RNA, DNA, the ratio
between these two and PAM biomass. The important biological parameters are
primary production and chlorophyll a carbon. Almost all these parameters
influence all the three systems except particle numbers, organic content,
primary production and chlorophyll a carbon which do not form a part of the
equation modeling the coastal ecosystem. Between the surface and the bottom
waters particle number and organic content does not affect the bottom waters of
Zuari and Mandovi respectively. Like wise pH does not have an effect in the
bottom waters of the coastal station.

The microbial loop paradigm has been legitimized by a large amount of
work following the introduction of the Pace et al. model (1984) (Ducklow and
Carlson, 1992). However there is still comparatively few suitable data sets wifh
which these models could be calibrated and verified (Ducklow, 1994).

It is emphasized here that the regression model presented above could
be at best workable under the condition at which the observations have been
made. It would perhaps be more reliable to examine these models with more
data sets or sub r;iodel could be examined with fewer numbers of parameters
with larger number of replicates. This sub model could be a component of a
larger model to evaluate the effects of quality and quantity of organic matter,
inorganic nutrient inputs on estuarine food web structure and efficiency
(Hopkinson and Vallino, 1994).
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5.3 HETEROTROPHIC ACTIVITY

It has been established in the previous section that Mandovi and Zuari
estuarine systems could be heterotrophic because of the abundance of POM
and the factors that govern its concentrations. Hence it is importaht to
understand the heterotrophic potential of the system as mere standing stock
would not indicate their potential activity. The potential activity was measured
using labeled glucose and glutamic acid. These are only two of the many
organic substrates that are utilized by bacteria and it is assumed that theée are
representative of the total metabolism. The uptake potentialities depend on
kinetic parameters like maximum velocity (Vmax) turnover time (T,) and natural
concentration and transport constant of the substrate (K+S,). The maximum
uptake velocity Vmax for glucose was found to vary from 0.015 to 212.81ug C'h
! with Mandovi showing the maximum activity. This system reflects the
eutrophic nature as it has high maximdm velocity (Gocke, 1977). The measured
activity in the estuary was the highest for glucose and low for glutamic acid.
Although Vnax was the highest in Mandovi the maximum cell specific activity
was in the coastal water. High Vnax in Mandovi could be due to the high
availability of the substrate and the low specific activity could be attributed to
the large number of inactive forms in the standing stock as discussed under

section on bacterial standing stock. Published literature shows that the

glucose uptake was 10.4 x10-8 to 7.2 ug cell'n! (Meyer-Reil et al , 1978, Seki
et al, 1975) Glucose uptake was higher than that of the amino acid. Kirchman

and Mitchell (1982) also found less incorporation of glutamate to particle

124



attached bacteria as compared to glucose. Bell and Albright (1982) are of the
| opinion that amino acid uptake was more associated with attached bacteria.

There was variation in glucose uptake and activity with season and
depth. Season-wise, the estuaries were most active during the pre-monsoon
unlike the coastal station where it was active during the post-monsoon. Bent
and Goulder (1981) showed that Viwax was not only different spatially but also
temporally. Albright (1977) found higher Vma, in winter and lower in summer.
Moshiri et al., (1979) found high Vn,ax during winter and spring.

During the wet season, the particles from the terrestrial run-off are rich
in organic matter but not all is labile. Hence the bacteria have to colonise and
actively degrade the complex material to simpler forms. This is reflected in the
high activity during the subsequent dry seasons in these tropical estuaries.

Thus the potentialities are largely dependent on the supply of degradable
organic compounds. The K+S, values may not only vary with different
substrates but also with different locations. Higher values for glucose were
invariably recorded for both the estuaries. However, K#+S, was higher for
glucose than glutamate. This variation may be attributed to the natural
concentration or to the transport constant of the substrate. Several authors
have reported varying concentration of substrate depending on the
geographical variation. The high uptake value of glucose indicates good
adaptation of the bacterial population to take up such substrates even in low
concentration. The uptake of different substrates also depends on the
heterotrophic potential of the individual cells. It is a common assumption that
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bacterial spécies cannot be successful competitors at both high and low
substrate concentrations. Andrews and Harris (1986) affirm that bacteria that
have high maximum growth rates and that which require abundant substrate
concentration to support this rapid growth are r —strategists. The others which
have lower maximum growth rate with lower concentration of the substrate are
K strategists. Maximum growth rate (umay) IS viewed as the primary determinant
of competitiveness when resources are abundant Whereas substrate affinity Ks
becomes more important when the substrate concentrations are low (Velicer et
al, 1999). From the present observation of Ve and K+S, for glucose and
glutamate uptake it is deciphered that these microbes in the estuaries may be
r-> K strategists as they were adept at both lower and higher concentrationof
substrates. This was further verified with laboratory experiments on some of
the particle associated isolates. It is probable that these microbes are versatile
and are able to adapt themselves to changing concentration of the substrate
and also to a variety of allochthonous source of carbon. (Munster, 1991).

The flux of a substrate depends on T, and S, concentration (Gocke,
1977). The turnover time of the substrate studied showed considerable
variation both in space and time. Generally, estuarine waters exhibited high T;
when compared to the coastal station. The other difference is the overall
preference to glucose. This is further supported by the K+S,, values. It can be
seen from the results that Ty was not constant but showed variation which are
mainly due to temporal factor. The difference in the T; of the two substrates

suggests the differences in the availability and presumably the physiological
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and genotypical adaptation of the planktonic community. The two substrates
may be used differently for biosynthesis and energy requirement at different
seasonal situations. In Lake Constance , Germany the turnover of glucose was
constantly larger than those of the amino acid except in the surface waters from
mid-July to September (Navarro et al., 1993) Therefore the dynamics of both
the substrate classes are different. It is thus evident that PAB are highly active
in mineralising organic compounds. This is further corroborated by the high
elaboration of different enzymes by the PAB

Environmental parameters may also dictate the differences in
heterotrophic potential. Significant correlation were found between V. of
attached bacteria and some environmental variables. The correlation with
suspended load concentration, POC, POM and phaeophytin may be a result of
these variables being independently correlated with the density of attached
bacteria (Bent and Goulder, 1981). In estuarine waters of intermediate
salinites, Bell and Albright (1981) found a relationship for bacterial
heterotrophic activity and attributed it to a favorable regime where freshwater
and salt water mix. Stevenson and Erkenbrecher (1976) in a review on
estuarine bacteria found that heterotrophic potential of these cells to be
significantly greater than those in the sea or fresh water environment. Though
fresh water and marine systems have not been compared in the present study,
it is indicated that PAB have high heterotrophic potentialities with Mandovi
showing maximum of the three. This is partly because the salinity drops to
almost limnetic conditions and resembles fresh water system. The relationship
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between Vnax Of attached bacteria and temperature is positive. However, Bent
and Goulder, (1981) obtained negative relationship with temperature. They
explain that the factor relates negatively to suspended solids and therefore
indirectly to the density of bacteria.

Besides heterotrophic glucose uptake measurements, the percent active
population in the total abundance also reflects their potential activity. Thus the
percentage of active population among the particles assessed by enumerating
acridine orange stained active orange cells showed that the maximum in these
active cells matched with the post-monsoon maximum in number in December.
Besides, frequency of actively dividing cells (FDC) were more abundant in the
surface waters than the bottom perhaps suggesting that abundance were linked
to POC (p<0.05 in surface waters).

The viable numbers are also a measure of the potential activity of the PAB
population. It ranged from < _10% of TC-PAB to a significant 90%. In general
viable numbers were more at the bottom in case of Mandovi. This is suggestive
of the dependence of viability on organic content from sediments. RC-PAB
varies from 10° to 101" which is 2 orders lower than the TC-PAB. Many of
these RC were active and were able to express a number of enzymatic
activities as stated earlier. The activities were better expressed in the bottom
waters suggesting a distinctly active function to these forms. Thus these
estuaries had a relatively high number of PAB with an appreciable number

being viable and active cells with marked seasonality.
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5.4 FOOD WEB

It is now possible to understand that PAB are an important trophic
source not only because of their abundance but also because of their potential
for higher productivity and activity . The increasing understanding of microbial
interaction based on numerous studies in different aquatic systems has lead to
a gradual transformation of the original microbial loop concept (Azam et al
.,1983) into the microbial food web (Sherr et al ., 1988) which is now spreading
from the sub-micron viruses to metazoan invertebrates (Legendre and
Rassoulzadegan, 1995). PAB have a very significant role in the food web
because they may be directly grazed by the metazoans, bypassing
consumption by protozoan grazers and short-circuiting the microbial loop
(Baross et al, 1994). In Elbe estuary, 50-75 % of rotifers was found to be
associated with suspended aggregate particles. (Zimmermann and Kauch,
1996).  Studies on Columbia estuary have shown that epibenthic copepods
directly feed on particle attached to bacteria. In the Mandovi- Zuari estuarine
system the annual POC input into the estuary has been estimated to be almost
entirely detrital which is nearly 2 orders (x100) more than phytoplankton carbon.
Cole et al.,(1988) had shown that decomposition of phytoplankton by attached
bacteria is unimportant and over-emphasizes that phytopinkton's contribution is
negligible. Gauns (2000) has shown that microzooplankton to be an important
component of the estuarine food web, which may depend on detrital carbon.
Bacteria are high quality food sources and when they are attached to particle
they increase the quality of the detrital material as food (Heinle et al., 1977).
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Detrivorous metazoans may therefore be the principal consumers of PAB
biomass in our systems.

The percentage of bacteria attached to particles is very high, which
reduces the recalcitrance and improves the nutritive value of particles. In our
estuaries, the C:N ratio was lower than 17 which is in agreement with
Russell-Hunter, (1970) who postulates that animals have protein nutritional
requirement which corresponds to this value of 17. These bacteria have been
found to have high turover rates and are highly heterotrophic with broad
enzyme profile. The PAB thus converts the low quality terrigenous to high
quality (low C:N ratio) biomass as food for grazers. As PAB are major
component of the system the contribution is highly significant. The percentage
of attached bacteria was variable and amounted to as high as 80% of the total
number. As most of the particles were in the suitable size range for detrivores
(Crump and Baross,1996) this bacterial production would be directly available
to them. Moreover bacteria have a low C:N ratio ~ 4 (Lee and Furhman, 1987).
Such transfer of bacterial production to the higher trophic levels is probably
quite significant. Thus the dominance of PAB in our estuarine network suggest
that the contribution of bacteria to the estuarine food web is mediated by

particle dynamics.

5.5 CONTROL OF BACTERIAL MEDIATED CARBON
Bacterial and phytoplankton biomass and production rates have been
expressed in units of carbon in order to compare the two trophic groups. The
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average bacterial carbon: phytoplankton was 4.8% at Mandovi surface. This
high value is indicative of eutrophic system (Dortch and Packard, 1989, Simon
et al .,1992). In a eutrophic system the low ratio would refiect the dominance of
the grazer food chain.

The ba&eﬁal production was on an average 4.8% of the net primary
production at the Mandovi surface. Other authors have found values between
30-35% (William5,1981, Cole et al., 1988). The Mandovi- Zuari estuaries
despite high load of detrital carbon and high bacterial net production is also the
area that support higher rate of primary production, except bottom water where
it reaches values of 100% of NPP, the carbon flux in estuaries is mostly
mediated by bacteria attached to particles. The sources of carbon could be
intrinsic from phytoplankton or extraneous from terrestrial inputs. The extent of
control exercised by the particulate organic carbon and covarying parameters
varies with the station and season. Thus the carbon flow in Mandovi estuary
represents the sum of many complex processes that vary in space and time.
The average amount of bacterial biomass in terms of carbon is nearly 20 times
more than the primary biomass. The average secondary bacterial production is
around 3 pg C.I"h™ as compared to the primary production of 28 pg C.I'h™".
The net amount of organic carbon is sufficient to support bacterial production in
the photic zone in this estuary. However, given that the allochthonous input of
carbon is important in this estuary it is not clear at present to what proportion
the 2 carbon sources (allochthonous and phytoplankton derived) are being

utilized by bacteria. Moreover, secondary production do not correlate to the
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primary production and therefore it appears that they are uncoupled in this
estuary. The trophic state of the estuary appears to be less autotrophic though
it has a higher primary production rates than the other two systems. The high
turnover of biomass in this estuary due to short turn over time ranged from
0.003 to 0.3h. This further supports the contention that this estuarine system
could be heterotrophic with a substantial amount of detrital carbon flowing
through particle associated bacteria.

To summarize, the abundance, activity and productivity studies of the
Mandovi, Zuari station along with the adjoining coastal station demonstrate that
bacteria associated with particles are not only a significant component but also
heterotrophically dynamic. Among the three stations, the mangrove dominated
Mandovi estuary is more active than productive. The marine coastal station is
more productive than active as it is supported by the estuarine input. The Zuari
estuary is intermediate in nature and so is as active as well as productive. The
system is relatively more balanced than the other two. In short the above study
has given a picture of the sources and sinks of particle attached
bacterioplankton production in this estuarine system and underscores the
importance of terrestrial carbon sources as opposed to those derived from in

situ primary production.
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6.0 SUMMARY AND CONCLUSIONS

Particles form a significant component of estuarine aquatic systems.
The bacteria inhabiting these systems are able to convert the dissolved organic
matter to particulate organic matter and their ultimate fate will be greatly
influenced by the material to which they are attached. The importance of the
attached state is associated with the flow of bacterial biomass in the food web
as the free-living and attached bacteria may be predated selectively by different
species. Particle attached bacteria can have a very different role in a food web
than free living bacteria because they may be directly grazed by larger
metazoans, bypassing consumption by protozoan grazers and “short-circuiting”
the microbial loop (Baross et. al., 1994). While a lot work has been carried out
in the temperate regions there are virtually no study describing bacterioplankton
production dynamics of the tropical estuaries like Zuari and Mandovi

While the contribution of PAB to the total bacterial production and
heterotrophic activity, in temperate aquatic ecosystems has received a great
deal of attention there has been a paucity of information in tropical areas
especially Indian waters. The present work deals with various parameters that
could play a role in the particle-associated bacterial dynamics in an integrated
manner. )

The study aims to examine the factors affecting particle-associated
dynamics and attempts to elucidate the significance of PAB in a tropical

estuarine system in terms of biomass, productivity and activity. Particle-
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associated bacterial parameters were calculated by subtracting the values of
3.0 um pore size filtered water from the unfiltered water.

For the purpose of this study three stations Ribandar in Mandovi estuary,
Chicalim in Zuari estuary and Cabo in coastal were examined in detail for a
period of 14 months from September 1997 to October 1998.

The stations were generally shaliow with a maximum depth of 8 m in the
estuaries and 18 m at the coastal station. While temperature showed littie
variation, salinity ranged from 1.8 to 35.4%, and the pH from 5.9 to 8.
Suspended load is a significant component of this estuarine ecosystem at all
seasons. During monsoon, bottom water samples carried higher suspended
load accounting for as much as 5 times the surface values. The particle size of
the suspended load mainly ranged from 1.75 pm to 50 um with 3 um particles
dominating both in number and weight. These particles are mainly composed of
three groups, organic, inorganic and clay minerals. The organic component
was 3 orders greater than the inorganic during the monsoons. The clay mineral
component of the particle showed a combination of montmorollinite, gibbsite,
goehite, illite, chlorite, kaolinite besides other non-clay minerals like feldspar
and quartz.

The particle-associated bacterial (PAB) density ranged from 107 to 10'°
. The minimum and maximum densities were recorded during the pre-
monsoon and post- monsoon period. There was a significant difference in
abundance between ‘stations.’ The percentage contribution of PAB to the total

was from 66 to 81% at Mandovi, 27 to 56% at Zuari and 50 to 53% at the

134



coastal station. While the viable bacterial population on particles was an order
less, the retrievable population was two orders lower than the total PAB. The
trend in the distribution of the viable and retrievable fractions was similar to that
of the total. The particles not only harbored a high bacterial density but also an
equally high microbial biomass (7.1-1862.15 pg.C.I'"). This particle-associated
biomass sometimes accounts for 55% (237 ug.C.I") of the total microbial
biomass.

The PAB carbon production rates ranged from 0.4 to 61 ug.C.I'".h! in the
surface waters while that at the bottom they ranged from 0.2 to 83 ug.C.I'.h™".
The contribution of carbon production rate by PAB to the total bacterial carbon
production was 38% at Mandovi while at the other stations it was 64%.

The assimilation capacity (heterotrophic uptake rate) for PAB was high
with specific preference for glucose over glutamic acid. Studies on cell specific
activity showed that PAB had higher activities than that of FLB using glucose a
substrate while the FLB dominated the PAB uptake rates when glutamate was
used as substrate.

The average uptake potential of glucose by PAB was maximum at
Mandovi in the bottom (23.37 ug.C.I".h"") and surface waters (14.32 pg.C.I"".h').
At the bottom waters of all stations the contribution of the Vmax of PAB to the
total bacterial population was high during the pre-monsoon being 89.24% at

Mandovi, 83.05% at Zuari and 59.59% at the coastal station.
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In general the uptake potential for glutamate was maximum during the
pre-monsoon seasons at all the stations. The PAB of Mandovi surface waters
had the highest uptake rates for glutamate compared to other stations. At the
Mandovi surface waters the Viax Of PAB: Vmax of TC was 0.7, while in the
coastal bottom waters it was 0.46 by PAB Vpay.

The metabolic state of the PAB as estimated by the RNA/DNA ratios
suggest that they are highly active with the surface PAB being more active
throughout the year. The size of the PAB ranged from 0.1 to 4.7um*.

At the coastal station the contribution of bacterial biomass was 24.64%
to the POC (1142.86 ng.C.I'") pool of which 16.93% was due to bacteria
associated with particles. At Mandovi the total bacterial biomass contributed
21.32% to POC (1417.44 ug.C.I'") of which 15.28% was by PAB biomass. The
PAB At Zuari where the dissolved organic carbon was the lowest (0.1 g.I"), the
total bacterial biomass accounted for 12.84% of the POC (1897.65 ug.C.I") of
which 5.73% was by PAB biomass.

The bacterial production (BP) on particles ranges from 0.05 to 82.9
pg.C.I"h' and carbon production was as high as 62% of the primary production
(PP) in the system. At the coastal station the average PAB production rates
contributed 64% to the total bacterial production and 88% of the carbon that is
produced by priméry production.

The viable bacterial growth on particles was an order less than the total.

Retrievable counts, were two orders low. Retrievable counts as CFU were
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generally higher on the particles. The aerobes formed 62% and the general
anaerobes formed 96% of the total retrievable popula}ig)_rﬂ

Classical taxonomic analyses showed PAB to be dominéted by
Comybacterium and Bacillus followed by Enterobacteria, Pseudomonas,
Aeromonas, Vibﬁ'o, Flavobacterium and Cytophaga.

In general PAB were found to elaborate various enzymes like chitinase,
phosphatase, lipase, amylase, gelatinase and Dnase ( 31, 56, 42, 33, 42 and
27% of the retrievable PAB which was 38.52 x 10°.I"").

Laboratory experiments with estuarine samples from Zuari showed that
nearly all of the PAB in these waters get grazed. Though the generation time of
PAB is low i.e. 8.3 h at low ambient substrate concentration, it is highly
probable that PAB are continuously being replenished from the total bacterial
population which have a generation time of 2.8 h. This is complemented by the
high turnover of PAB biomass. Typical PAB were more of r strategist and can
build up their lowered stocks whenever the substrate availability increases.

Multiple regression analysis demonstrated that the variables like
temperature, ATP-PAB, RNA-PAB, DNA-PAB, salinityy, RNA:DNA ratio,
suspended load and pH were important independent variables explaining in part
the variability in PAB biomass and PAB production rates. The regression
models.indicated the involvement of 12 variables for predicting the particle
associated bacterial biomass and productivity at R-sq Adj=100%.

Principal component analysis indicates that the factors that influence the
variation in three systems are different, as there is a gradation in the Variation.
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In Mandovi estuary the surface water is very different from the bottom water as
none of the variables overlap in the first principal factor. At Zuari estuary there
is a certain amount of commonality in variables that influence the surface and
bottom waters. Whereas at the coastal station 3 parameters that influences the
surface influence the bottom waters also.

Communality of variables showed that pH was the main factor
responsible for variation at the surface waters of all stations. Apart from this
PAM biomass was also responsible for variation at the Mandovi and coastal
surface waters, while at Zuari the particle numbers influenced the variation.
The bottom waters of Mandovi were influenced by the viable PAB and PAB
production rates, Zuari by DNA content of particles and PAB production and in

the coastal station depth and salinity played a major role in the variation.

CONCLUSIONS

o Particles form a significant part of this estuarine system and the associated
bacteria account for 26 to 81% of the total bacterial biomass in these waters.
This dominance of PAB in the Mandovi-Zuari estuarine complex suggests
that the contribution of bacteria as biomass to the estuarine food web is

mediated by particle dynamics.

o In the whole estuarine network the PAB account for ~50% of total bacterial
carbon production in the POC pool. Interestingly at the coastal station and

Mandovi their production rates are ~50% of the primary productivity.
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The ratio of carbon conversion by PAB bacteria per day from mangrove:
phytoplankton : other sources, is 10 : 1 : 32 at Mandovi, 5 (2 22 at Zuari

and 10 : 1 : 45 at the coastal station.

The bacterial load on particles was not only high, but also showed high
metabolic potential. The coastal bottom waters were very productive and
accommodated a high level of viable and total PAB. This perhaps indicates
that the flux from the estuaries is made available for bacterial regenerative

cycle in the much more stable bottom waters in this station.

During the post-monsoons, the PAB in the coastal bottom waters showed
high viability and productivity. This indicates that this station contributed
significantly to the higher trophic level during this season as the quality of a
particle as a food source is dependant not only on the type of bacteria

colonizing them but also on their activity and productivity.

Cell specific uptake rates of PAB showed them to have a preference for

glucose. fl"he system is therefore nitrogen Iimitedj A

PCA showed the three systems to be unique by themselves. The Mandovi
besides being influenced by physico-chemical parameters was also

influenced by factors like PAB production rates, primary production, and
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chlorophyll a carbon; at Zuari variation was by particle number, their organic
content and the physico-chemical parameters. The factors that influenced
the variation at the coastal station were microbial and bacterial biomass,

production rates and macromolecular content.

The mangrove-dominated Mandovi estuary is more active than productive,
‘the marine-dominated coastal station in the Arabian Sea is more productive
than active; and the Zuari estuary that is influenced by mangroves and
marine environment imbibes the properties of both the above systems and is

as productive as active.

Irrespective of season, the Zuari estuarine complex contributes more
towards the carbon flux than the nitrogen. It is apparent that the Mandovi-
Zuari estuarine complex supports a productive coastal ecosystem. Particle

linked food web is a major nexus of energy in this tropical estuarine network.
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8.0 APPENDIX

MEDIA

A. NUTRIENT AGAR (HIMEDIA, BOMBAY)

Peptone .........c.oveiiiii 50¢9
Sodium chioride...........cocovviiiiniii 1569
Beefextract...........c.oceviiiviiiiiii 1569
Yeastextract.............coovvevieiiiinnininaee 1.5¢
AQAr......ooviiiiiiiieee 15.0¢9
50% seawater.............coccoeviiiiiiii 1000.0 mi
PH. .. e 74

B. AMYLOLYTIC MEDIA

Nutrientagar.............cooooeieiiiiiin 28.0¢g
StaArCh. . ceeit e e 20g
50% seawater.............ccoeeiiiiiiiinann, 1000.0 mi

C. PROTEOLYTIC MEDIUM

Nutrientagar.............ccoooevveiiiiiieen s 28.0¢
Gelatin........coo i 409
50% seawater............cooeeeiiiiiiinnnnnnn, 1000.0 mi

After the colonies have grown overlay the plate with HgCl, solution

HCI(CONC.) .. i 20.0 ml

Distilledwater............ccooiviiiiiiiicienen. 100.0 mi



D. PHOSPHATASE MEDIUM
Nutrientagar...............cooiviiiiiii e 280g
50% seawater.................coceiiiniinnnn 1000.0 mi
After autoclaving and just before pouring the substrate filter sterilized
p-nitrophenyl phosphate (Sigma) was added to the medium so as to
obtain a final concentration of 0.02%.

E. LIPOLYTIC MEDIUM

Peptone..........coooiiiii 10.0g
Sodium chloride...............coooviii 50¢9
CaCla. e 0.1g
FTWEEN. ..ottt e e e 10.0 ml
AQAr.....ooiiii e, 15.0¢g
Distilled water...............ccooiiiiii . 1000.0 ml
PH. .o 70t0 7.4

* Tween was autoclaved separately and added to the medium before
pour-plating.

F. DNASE TEST AGAR

Dnase test agar (Himedia, Bombay)................ 4209
Toludine blue (Himedia, Bombay)..................... 01g
Distilledwater................ccoooiiiiin e 1000.0 ml

~G. CHITINASE MEDIUM
Zobell's marine agar 2216 (Himedia, Bombay)..27.55 g

Agar..........ooeeeineee. e e e 759



Chitin (Sigma).......coeveiiiiiieei 50g¢g
50% SCA WAL ......oi ettt e eiaeeans 250.0 mi
Distilled water.......c.cceoie e eeeens 750.0 mi

H. MODIFIED LIESKE’S MEDIUM

NBCL ..o et 31.00g
N2:S203.5H20. . ..eoiiieii e 5.00g
KINO . .. oo e e 5.009g
*NAHCO3. ..ot e 1.00g
K2HPO . oo, 0.20 g
MGCL.BH2O ..o 0.10¢
NHACL oo e e 2009
CaCI2.6H20. ..ot 0.01g
FeClaBH20. ..ot 0.01g
AN e e 8.00¢g
PH. e 7.8-8

(*Bicarbonate was filter sterilized and added to the medium just before
inoculation)
. SRB MEDIUM

Liquid medium

Yeastextract .........coooiiiiiiiiii 1.09
NHACH 20g
KoHPO ... e 02¢g



Sodium acetate............cooeiiiiii 1.0g

SodiUm laCtate. .. ..o e 7.5 mi
50% SEAWALET . ... oottt 1000.0 ml
PH. 7.5-7.8

Last minute addition

5% N@2S. ...t e e 25ml
FeS04.TH20 (0.4%) ....ooveveieeeiieiiniiiiii e 04g
(acidified with 0.1ml of 4N H,SOy)

Solid medium

SRB liquid medium ... 1000.0mi

Sodium thioglycoliate( 3%)........ccccocveiiiiiiiiianni, 5.0mi

0.5N NBOH. ... ot ere e 4.0 N

FeS04.7H20(10%) 5.0mi

Agar 8.0g
REAGENTS

SL4 (TRACE ELEMENT SOLUTION)

ZNSO4THLO. ..o 10.0 mg
MNRCL.AH2O0. ... 3.0mg
HaBOa .. oo 30.0 mg
CoChBH20. ... 20.0 mg
CUCL.2HO .. 1.0 mg

NiClo.6H,0.............. et e ettt 20mg



NasMOO42H2O ... 3.0 mg

CaCla.2Hao0. ..o 20.0 mg

0.1V PHOSPHATE BUFFER SOLUTION

Solution A: 0.2 M sodium phosphate monobasic solution

NAH2PO&H20 .. ov oo 2769

Mix 19 ml of solution A with 81 ml of solution B . The mixture had a

pH of 7.4 and osmotic pressure of 210 mOsm.

TRIS BUFFER (FOR ATP)
Tris hydroxymethylaminomethane............................ 25¢g
Distilledwater..............c.cooooiiiiiiiii 1000.0 ml
PH. e 7.7-7.8

pH was adjusted using 20% HCI.

PREPARATION OF 3,5-DIAMINOBENZOIC ACID DIHYDROCHLORIDE

The DABA.2HCI was prepared from DABA (Sigma) as follows:
Sufficient amount of DABA was dissolved in 6N HCI so that the solution is
almost saturated (about 10g of DABA per 100ml of HCI). One to 2 g of
Norit A was added and stirred for a few minutes. The charcoal was removed
from the suspension by filtration through a coarse filter paper (Whatman no.
42) on a buchner funnel. buring filtration the suspension was maintained



near boiling point and the filter and the holder was preheated to prevent
crystallization of DABA. The DABA. 2HC| was crystallized out of solution by
cooling of the filtrate at 5°C for 2-3 hours. The slurry was than filtered
through the sintered glass base of a Millipore filtration apparatus. The crystal
of DABA.2HC| were then dried at 60°C for 2 hours, ground in a mortar and
stored in a glass stoppered bottle at 5°C. (Holm-Hansen et al., 1968)
TOTAL ANAEROBIC COUNTS

Cuiturable anaerobic heterotrophic bacteria (AnPAB) were estimated
using nutrient agar medium (prepared in 50% seawater) which was
supplemented with filter sterilized 0.03% sodium thioglycolate.
FUNCTIONAL GROUPS
Sulphate Reducing Bacteria (SRB)
SHAKE AGAR METHOD.

SRB were enumerated on modified Hatchikian’s medium (Hatchikian
1972, Loka Bharathi and Chandramohan, 1985). SRB were quantified using
the agar shake technique (Pfennig et al. 1981). Here 14 ml screw-capped
culture tubes containing 12 ml medium and inoculum were gently tilted to
allow mixing and then allowed to set. A sterile mixture of paraffin wax and oil
(2:1viv) was then poured on top to maintain anaerobiosis. SRB were
enumerated after 10-15 days of incubation at room temperature. The
numbers are expressed as averages of triplicate tubes.
Thiobacillus like organisms

The enumeration of thiosulfate-oxidizing denitrifying bacteria (TODB)

and thiosuifate-oxidizing nitrate-reducing bacteria (TONRB) was carried out




r\

on modified Lieske's medium. A combination of agar shake technique and
most probable number (MPN) technique (Rodina 1972) was employed to
enumerate anaerobic thiosulphate oxidizing bacteria (TOB) (Loka Bharathi
1989, Loka Bharathi et al., 1988). Direct aliquots from water samples
(maximum 5 mi) were distributed into 15 ml screw capped tubes. For PAB,
water samples were filtered on to 3.0 um Millipore fiiter. The filter was then
shaken in 5 ml of sterile seawater and used as inoculum. Freshly autoclaved
and cooled medium to which sterilized NaHCO; had been added was
introduced into the tubes containing inocula to fill up to 5/6 of the tube
volume. The tubes were than tilted to mix the inoculum, allowed to set and a
mixture of paraffin wax: paraffin oil in the ratio of 1:2 was poured on top to fill
the remaining 1/6™ portion of tube volume. The same set of tubes was used
to estimate TODB by the MPN method and TONRB by counting of colony
forming units (CFU) in the tubes. All the tubes showing gas formation
(bubbles or crack formation in the agar) were considered positive for TODB.
Their MPN was calculated using McCready’s tables. For the estimation of
TONRB, CFU in all tubes were counted and the average populations were
expressed as number per litre irrespective of the presence or absence of
gas. Samples were recognized by gas formation in tubes with in ten to
fifteen days’ time. Visible CFU were however noted only after prolonged

incubation (30 to 35 "days).
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