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Abstract Wetland dynamics are probably linked to

cholera endemicity in South Asia. We focus on links

between Vibrio cholerae abundance, chitin content

and suspended particle load in size fractions of sus-

pended particulate matter (SPM) along the salinity

gradient of Sunderban mangrove waters. SPM decreased

downstream, while salinity increased from 0.2 to 4.

Particulate organic carbon (90 ± 25 lM) and nitro-

gen (9.1 ± 3.3 lM) highly correlated with SPM

and turbidity, suggesting a significant contribution

of fine particles to organic matter. Total chitin ranged

1–2 mg/l and decreased downstream. The distribution

among size fractions of SPM, chitin and V. cholerae

O1 (the bacterial serogroup mainly associated with

cholera epidemics) was similar, with *98% of the

total in the fraction \20 lm. In comparison, the

number of V. cholerae O1 attached to zooplankton

and microplankton size classes [20 lm was almost

negligible, in contrast to usual assumptions. Thus,

microdetritus, nanoplankton and fungal cells in size

classes \20 lm represent a chitinaceous substrate

on which V. cholerae can grow and survive. Total

bacteria, cultivable vibrios and V. cholera O1 increased

5–10 times downstream, together with salinity and

nitrite concentration. Overall, nitrate and silicate

concentrations were relatively constant ([22 lM N

and 100 lM Si). However, nitrite increased *9 times

in the outer sector, reaching *1.2 lM N, probably as

a result of increased abundance of nitrate-reducing

vibrios. A characterization of Vibrio habitats that

takes account of the presence of nitrate-reducing

bacteria could improve the understanding of both

mangrove nitrogen cycling and cholera seasonality.
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Introduction

The Sunderban in the Ganges–Brahmaputra delta is

one of the largest and most vulnerable tracts of

mangrove forest in the world. It contains socio-

ecological systems that are acutely threatened by

climate change, changes in land use and aquatic-borne

diseases. Vulnerability to these threats increased

following the massive damage inflicted on the Sun-

derban by Cyclone Sidr in 2007, which damaged about

30% of the mangrove forest and killed *10,000

people. The marine front of the mangroves and

villages located in the forest were particularly affected

(Fig. 1). On the other hand, the presence of mangroves

mitigated the impact of the cyclone on the coastal

region and helped prevent more widespread damage

further inland (Ocha 2007).

The dynamics of this aquatic ecosystem, charac-

terized by high inputs of organic matter and severe,

recurrent floods are poorly understood. In particular,

further research is required into seasonal variability

and linkages between water biogeochemistry and

microbiology. Although these wetlands have been

associated with endemic cholera since ancient times,

no systematic studies have been undertaken to estab-

lish causal links between hydrological and biogeo-

chemical cycles and the seasonal dynamics of the

causative agent of the disease, Vibrio cholerae, which

is a naturally occurring species in these waters.

As early as 1884, Robert Koch suggested Sunderban

mangroves as a principal source of cholera outbreaks

where the combination of brackish, organic matter-

rich coastal waters, and high human population density

in upstream areas can provide ideal conditions for

V. cholerae proliferation. Difficult access, cyclones,

and floods have precluded systematic spatio-temporal

monitoring of these habitats. Most of the few studies

undertaken have been short-term research based on

one-site samplings and do not provide information on

seasonal trends (Lara et al. in press). No systematic

investigation has been carried out into the influence of

monsoons, cyclones, increasing water salinization or

pollution on pathogen dynamics in these wetlands.

Another topic requiring research is the contribution of

aquaculture, with its high input of organic matter, fish

feed etc., to accelerated eutrophication of mangrove

areas (Anonymous 2008).

In the southern part of the Ganges delta, where

cholera is endemic, hydrological disturbances can

have prolonged impact on cholera seasonality. Causes

of these disturbances include changes in salinity,

particle load and associated estuarine biogeochemistry

following the construction of Farakka barrage on the

Ganges (Mirza 1998), and more rapid melting of

Himalayan glaciers (UNEP 2007). As early as 1982,

Miller et al. (1982) postulated that dam construction in

India could influence Vibrio dynamics by facilitating

salt intrusion downstream. Dam construction has

indeed reduced riverine discharge in the Bay of

Bengal, resulting in more extensive salt intrusion into

its estuaries, particularly in the SW region of Bengal

(Wolf 2001; Adel 2005). This has resulted in changes

in land use, with rice cultivation being replaced by

shrimp farming in upstream areas of the Sunderban

(Gebauer 2007). Salinization of estuaries and inland

water bodies due to dam construction or rising sea-

level provides conditions that allow halophilic Vibrio

organisms to expand their range. On the other hand,

global warming may increase glacial melting and

associated riverine runoff. The interaction of these two

factors, in the context of increasing intensity and

frequency of cyclones and flooding events, could give

rise to an extremely complex situation in the coastal

zone that in turn could influence cholera epidemicity.

As well as being pathogens, many Vibrio species

play a role in the biological cycling of refractory

organic matter. Vibrios can produce different chitin-

ases to degrade various chitin types (Svitil et al. 1997)

in marine, estuarine and freshwater environments.

Each year ca. 1011 tons of chitin are produced in

aquatic environments (Keyhani and Roseman 1999).
Fig. 1 The Sunderban forest at Kotka, severely damaged after

the cyclone ‘‘Sidr’’
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Its turnover is essential since otherwise large amounts

of carbon and nitrogen would become inaccessible

to most organisms. Interestingly, it has been recently

discovered that chitin also induces exogenous

DNA uptake in Vibrio sp. in aquatic environments,

thereby facilitating diversification (Meibom et al.

2005). There is experimental evidence of lytic phage

mediated transfer of the cholera toxin gene from one

V. cholerae strain to another aided by chitin-induced

competence (Udden et al. 2008). Bhowmick et al.

(2007) showed that V. cholerae strains were more

chitinolytic than non-cholerae vibrios, and the activity

of the chitinase genes increased under higher nutrient

concentrations and salinities.

Although there has been much speculation about

possible ocean/land interactions, based on empirical

correlations, the causal links between changes in

oceanic parameters and the incidence of cholera in

riparian inland villages remain obscure. Plankton

in both freshwater and marine environments is con-

sidered to be a principal means of transmission of

V. cholerae to humans (Colwell et al. 2003; Islam

et al. 1990, 1994b, c; Huq and Colwell 1995). Its

abundance can be estimated by remote sensing, and

has been related to the incidence of cholera in the Bay

of Bengal region by Lobitz et al. (2000). Yet,

although tidal transport of Vibrio-carrying marine

plankton towards inland areas is likely, it is improb-

able that marine plankton survive long enough to be a

source of infection in freshwater, which is what

people drink. Microbiological investigations in man-

groves have hitherto focused mainly on material

transformation and fluxes, and little is known about

pathogen dynamics in their different compartments.

The present work is part of a long-term investiga-

tion into links between annual cycles of biogeochem-

ical and hydrological parameters in mangroves

and estuaries in Bengal, the seasonal dynamics of

V. cholerae, and the incidence of cholera. In a first

phase, an exploratory screening was carried out,

focusing on Vibrio microhabitats and bacterial distri-

bution along the salinity gradient in one of the main

North–South channels of the Bangladeshi Sunderban.

Particular emphasis was placed on the characterization

of particulate organic nutrients and the relationship

between V. cholerae abundance, chitin content and

particle load in different size fractions of suspended

matter.

Materials and methods

Sampling was carried out in 2007 during the winter

(dry season) on December 3 and 4. This was shortly

after Cyclone Sidr, the strongest named tropical storm

ever to hit the Bay of Bengal, made landfall in

Bangladesh on November 15 2007. Setting out from

Mongla harbor, samples were collected over 2 days at

22 stations between Mirgamari and Kotka in the

eastern Sunderban (Fig. 2). At each station, three

samples of surface water (0.5 m depth, in the center of

the river) were collected with sterilized buckets and

the combined samples were analyzed to determine

microbiological and biogeochemical characteristics.

At 7 of the 22 stations (A–G; Fig. 2), 400 l water were

taken, and the suspended particulate matter (SPM)

therein was fractionated through nets with mesh sizes

of 20, 60, 200 and 500 lm. Aliquots (mostly 100 ml)

of the concentrated size fractions ([500, 500–200,

200–60, 60–20,\20 lm) were taken for SPM weight

and chitin determinations as well as for microbiolog-

ical analysis.

Salinity was determined by electric conductivity

(WTW 340i with TetraCon325, Weilheim, Germany)

and recorded in dimensionless Practical Salinity Units.

Turbidity was measured by nephelometry (Oakton

T-100, Vernon Hills, IL, USA) and expressed in

Nephelometric Turbidity Units (NTU). Water samples

were filtered on board through GF/F filters (Whatman,

precombusted at 450�C, 3 h). Filtrates were poi-

soned with HgCl2 and stored at 4�C in 50 ml PE

bottles for later nutrient analyses (Kattner 1999).

Nitrate, nitrite, ammonium (all in lM N), silicate (lM

Si) and phosphate (lM P) were determined according

to seawater standard methods (Kattner and Becker

1991). Filters were stored frozen at -20�C until

analysis for SPM, particulate organic carbon (POC)

and nitrogen (PON), and chitin.

SPM (mg/l) was determined gravimetrically after

drying at 50�C to a constant weight. Filters for the

determination of POC and PON were dried at 50�C

for 12 h and kept at room temperature in a desiccator

until analysis. POC was determined after removing

inorganic C by acidification with 1N HCl. POC and

PON were quantified with an elemental analyzer

(Fisons, NA 2100). Standard Reference Material

1515 was used for calibration and as a quality

standard.
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Chitin content in unfractionated particulate matter

and its size fractions was determined by the WGA-

FITC method after Montgomery et al. (1990). WGA

(wheat germ agglutinin) has a high affinity for N-acetyl

glucosamine residues in chitin and binds specifically to

it even when samples contain high concentrations of

cellulose, clay and bacteria. Gallagher et al. (1985)

reported that WGA can also bind to polylactosamine-

type oligosaccharides and has a lower affinity to

N-acetylneuraminic acid. Thus, the possibility can not

be ruled out that WGA might also bind to other

glycopeptides in environmental samples. The method

was calibrated with purified crab chitin (Sigma-

Aldrich, St Louis, MO, USA) as standard, and quan-

tified by fluorimetric measurement of excess WGA

after reaction with fluorescein isocyathionate (FITC).

Total aerobic bacteria counts (TBC) were deter-

mined on nutrient agar (Difco, Detroit, MI, USA)

plates by decimal dilutions in normal saline (0.85%

NaCl, w/v) solution following spread plate technique.

Water samples (1 and 10 ml) were passed through

0.2 lm filters (Millipore), and total coliforms (TC)

were quantified using mFC agar (Difco) following

methods described earlier (APHA 2005; Islam et al.

1994b, 2001). For cultivable Vibrio counts (CVC),

water samples were inoculated onto selective thiosul-

fate citrate bile salts sucrose (TCBS) agar media

(Difco), and characteristic colonies were counted after

overnight incubation at 37�C. The cultivable Vibrio

counts were confirmed by verifying the characteristics

of bacteria grown on TCBS, e.g., oxidase, gelatinase,

and a series of biochemical tests was carried out to

identify individual Vibrio species according to West

and Colwell (1984). The NaCl concentration in each

medium was adjusted to sample salinity. Pathogenic

V. cholerae O1 were enumerated by means of the

Direct Fluorescence Antibody (DFA) technique using

the Cholera DFA kit (New Horizon Diagnostics Corp.,

Maryland, USA) according to its instruction manual,

and cells were finally observed under an epifluores-

cence microscope (Olympus, model AH-2). All anal-

yses were done in triplicate.

Statistical analyses of the obtained data sets were

made using ‘Xact’ (version 7.21d, SciLab GmbH,

Hamburg, Germany) and Statistica (ver. 10.0, StatSoft

Inc., Tulsa, OK, USA) programs. Linear and curvilin-

ear regression fits were applied to explore correlations

between variables. A P value \ 0.05 was considered

as significant.

Results and discussion

Synoptic biogeochemical trends and relationships

The amount of SPM and the optical turbidity ranged

from 45 to 170 mg/l (average 105 ± 40 mg/l) and

45–385 NTU (165 ± 97 NTU), respectively. Salinity

Fig. 2 Study region in the

eastern Sunderban

mangrove forest,

Bangladesh. Numbers 1 to

22 indicate sampling

stations and letters A to

G are stations where larger

volumes of water were

fractionated using nets of

various sizes
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was low, ranging from 0.2 to 4. Both SPM and

turbidity decreased towards the outer part of the

estuary and displayed a non-linear, hyperbolic rela-

tionship with salinity (Fig. 3a, b). SPM and turbidity

were similar to or slightly higher than values

measured in the Karnaphuli estuary (located approx.

300 km east) before Cyclone Akash (May 15, 2007)

(Lara et al. 2009). Although the Sunderban, located in

the south western part of Bangladesh, had been hit by

the much stronger cyclone ‘‘Sidr’’ shortly before our

sampling, the particle load was much lower than in

the Karnaphuli estuary, located in the south eastern

part of Bangladesh, immediately (2 days) after

Cyclone Akash which caused ten times higher values

in turbidity than those recorded before the cyclone.

One reason for the lower turbidity after cyclone in the

Sunderban estuary was probably the fact that the high

vegetation density and root network of the mangrove

trapped particles more efficiently than in the defor-

ested Karnaphuli estuary, where one month after

‘‘Akash’’ a severe landslide occurred (Lara et al.

2009). Further, during the 2 week time after ‘Sidr’,

exchange of mangrove water with the coastal region

might have further reduced the suspended particle

load. However, samples taken previously in the

Sunderban in May, 2007 (Lara, unpublished data)

showed similar turbidities (222 ± 187 NTU) as those

registered in December 2007, after Cyclone Sidr.

The percentage content of organic matter in SPM

was relatively constant along the estuary: The propor-

tion (w/w) of organic C was 1.09 ± 0.2% and of

organic N 0.12 ± 0.04%. POC concentrations ranged

from 48–128 lM (average 90 ± 25 lM) and PON

varied between 3.6 and 15.7 lM N (average 9.1 ±

3.3 lM). There was a highly significant linear positive

correlation between SPM and POC and PON (r = 0.93

and 0.80, respectively, n = 22, P \ 0.001). A highly

significant correlation between POC and optical tur-

bidity (r = 0.80, n = 22, P \ 0.001) suggests that a

significant fraction of this suspended organic carbon

consists of very fine particles. The POC and PON

values in Sunderban were lower but approximately

Fig. 3 Relationships

between biogeochemical

parameters in

unfractionated water from

stations along the estuarine

gradient in the Sunderban

mangrove. Turbidity and

SPM showed a hyperbolic

dependence on salinity

(dotted curves). This trend

was also observed in the

chitin data set, though it

was statistically not

significant. The encircled
data points in (c) were not

included in the regression
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within ranges measured in mangroves in other

regions. For example, in studies of Amazonian man-

groves, creek water had average annual values of 240

and 29 lM of POC and PON, respectively (Dittmar

and Lara 2001).

The slope of the linear regression between POC

and PON is a good estimate of the C:N ratio of

natural organic matter in aquatic ecosystems. The

sample data produced a slope of 6.95 (r = 0.88,

n = 22). Data from Biswas et al. (2010) indicate that

the highest phytoplankton biomass in the Indian

Sunderban occurs during the post-monsoon season

(October–December). This is consistent with the C:N

ratio derived from the POC versus PON regression in

our study since this value is close to the Redfield ratio

for active phytoplankton (Laws et al. 2001), indicat-

ing that a significant proportion of the variability in

suspended organic matter was due to phytoplankton.

The higher C:N ratio obtained from simple data

average includes the contribution of detritus and

zooplankton. The average C/N ratio in Sunderban

(10.05 ± 1.7) was also similar to the average annual

value of *8 in Amazonia (Dittmar and Lara 2001).

There was no significant correlation between chitin

and POC (r = 0.23, n = 22, P = 0.31), nor with PON

(r = 0.13, n = 19, P = 0.61), C:N (r = -0.11,

n = 19, P = 0.65) or SPM (r = 0.23, n = 22, P =

0.29). However, the proportion of SPM accounted for

by chitin showed a positive, highly significant corre-

lation with the C:N ratio of SPM (r = 0.83, n = 14,

P \ 0.001), except for few cases (Fig. 3c), suggesting

that detrital material makes a contribution to the chitin

pool. The proportion of chitin to SPM (w/w), repre-

senting contribution of bulk seston composition,

ranged from *0.5 to 3%. Total chitin in SPM ranged

between roughly 1 and 2 mg/l. The relationship

between chitin and salinity (Fig. 3d) showed a similar

pattern to that found between SPM and turbidity, i.e.,

higher values in low salinity waters (Fig. 3a, b), which

basically reflects their analogous distribution along the

estuary. However, the correlation of chitin versus

salinity was not statistically significant (r = 0.48,

n = 22, P = 0.024). During the sampling campaign

in the upstream, low-salinity part of the estuary we

observed hundreds of boat capturing shrimp seed for

aquaculture. We assume that shrimp exoskeleton was

partly responsible for the abundance of chitinaceous

particles and wide data dispersion in this sector of the

estuary. Chitin data was also highly dispersed at

salinities around four comparable to SPM (Fig. 3d)

which might be due to characteristic of fine particles

that are more abundant and have a greater influence on

water transparency (see discussion on size classes

below).

Distribution of bacteria and inorganic nutrients

in estuary sectors

The main features in the distribution of bacterial

counts, turbidity and salinity along the estuarine

transect allow a rough grouping of the stations in three

sectors: upstream, middle and downstream (Fig. 4).

The upstream sector had salinities of *0.5, turbid-

ity on average of 203 ± 74 NTU and the highest total

coliform counts of the three sectors (1433 ± 674 CFU/

l), most probably due to anthropogenic inputs from

Mongla city. TBC averaged 1.2 ± 0.8 9 106 CFU/l,

V. cholera O1 had 1.5 ± 1.2 9 104 cells/l and CVC of

50 ± 22 CFU/l.

In the middle sector, salinities of 0.4 ± 0.3 were

similar to upstream, while turbidity was on average

higher (228 ± 90). Coliform counts were lower and on

average about 50% of the upstream values (650 ±

346 CFU/l). Interestingly coliform values showed a

similar distribution to turbidity and there was a

significant correlation between these two variables

(r = 0.72, n = 8, P \ 0.05). These observations sug-

gest an input from the mudflats and the mangroves

fringing the estuary, but no anthropogenic influence.

Average TBC, V. cholera O1 and CVC values were

also slightly lower or similar to those in the upstream

sector.

At the downstream stations, salinities were higher

at 3.2 ± 0.9, and average turbidity of 73 ± 24 NTU

was lower than in the other two sectors. The higher

salinities, lower particle densities and the absence of

significant human impacts were reflected in coliform

values that were lowest in this sector. The correlation

between turbidity and coliform counts of the pooled

data from the middle and downstream stations was

also significant (r = 0.86, n = 16, P \ 0.001). TBC

in the downstream sector showed an average value

about five times higher than at the upstream and

middle stations, though highly variable (5.2 ± 9.3 9

106 CFU/l). Halophilic bacteria were more abundant

in this sector and average values obtained for

V. cholerae O1 (2 ± 4 9 105 cells/l) and CVC

(517 ± 1093 CFU/l) were about an order of
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magnitude higher than in the other two sectors. There

was, however, no correlation between chitin concen-

tration and V. cholerae O1 and CVC abundance along

the entire estuary; the most likely reason is that any

correlation present in the lower sectors was masked

by data from the upstream sector, where high chitin

concentrations were recorded in areas where salinities

were too low for Vibrio development.

The distribution of inorganic nutrients along the

estuary was relatively constant and did not present

any relevant features, with the exception of nitrite.

Mean nitrate values in each sector of the estuary were

higher than 22 lM, with an overall average of 23.3 ±

1.2 lM. Phosphate levels increased from 0.65 ±

0.2 lM in the upstream sector to 0.88 ± 0.1 lM

in the middle one, and to 1.07 ± 0.1 lM in the

downstream sector. Silicate was on average 117 ±

6 lM and at all stations[100 lM. This was the only

nutrient to present a significant inverse, hyperbolic

correlation with salinity (r = 0.7, n = 22, P \
0.001), similar to those found for turbidity, SPM

and chitin. Yet, this is unlikely to be ecologically

relevant, since all silicate concentrations were con-

sistently higher than 100 lM Si.

Nitrite showed a remarkable pattern compared to

the other nutrients although concentrations were low

and nearly constant in the upstream and middle

sectors with 0.08 ± 0.01 lM N, average concentra-

tions in the downstream portion increased *9 times

to 0.71 ± 0.5 lM N, reaching *1.2 lM N in the

outermost part at the highest salinities. These higher

nitrite values do not seem to be relevant from the

point of view of plankton nitrogen requirements,

since nitrate levels were consistently high, but rather

point to locally enhanced heterotrophic activity.

Nitrite distribution showed a similar pattern to

salinity, which excludes a riverine source. However,

neither is a marine source plausible, since the nitrite

maxima occurred at salinities of *4, i.e., *9 times

lower than average seawater, where nitrite is usually

markedly lower than 1 lM N. Exceptions are regions

where nitrate-reducing bacteria are abundant, or

where nitrite is produced from ammonia by the action

of nitrifying bacteria and accumulated (Brandhorst

1959). In an undisturbed mangrove forest along the

central west coast of India, ammonium and nitrite

regeneration rates were generally highest in nearshore

waters, and nitrite production and use were closely

coupled to those of ammonium. Nitrogen balance

analyses showed that proximity to mangrove vegeta-

tion enhanced the flux rates (Dham et al. 2002). In the

downstream sector, the Sunderban mangroves have a

Fig. 4 Distribution of biogeochemical and microbiological

parameters along the estuarine gradient in waters of the

Sunderban mangrove. CVC cultivable Vibrio counts (CFU/l),

Vibrio cholerae O1 DFA-counts/l, TBC total bacteria counts

(CFU/l), TC total coliforms (CFU/l)

Wetlands Ecol Manage (2011) 19:109–119 115

123



denser creek network and thus the sampled channel

may be more influenced than the upstream sectors by

exchange processes between surface sediments and

vegetation and/or by regular flooding. Under such

conditions one would expect higher water turbidities,

which however were lowest in this sector. Thus,

nitrite production is probably mainly the result of

activity of halophilic, nitrate-reducing bacteria. Many

Vibrio species have the capability to reduce nitrate,

including those commonly found in nearshore water,

sediment and mangrove habitat (e.g., V. mangrovi,

V. cholerae, V. parahaemolyticus, V. alginolyticus,

V. campbellii, V. harvey, etc.) (Rameshkumar et al.

2010, Ishimaru et al. 1996, MacFarlane and Herbert

1982). Thus, it is likely that the higher nitrite values in

the nearshore sites can be at least partially explained

by the presence of high numbers of vibrios.

Distribution of chitin, SPM and V. cholerae O1

in size classes

More than 97% of chitin and SPM occurred in the

size fraction \20 lm (Fig. 5a). Chitin accounted for

about 1.6% (w/w) of SPM in this fraction. The

remaining chitin was distributed in the other size

fractions and composed of microphytoplankton,

mesozooplankton, etc. Slightly higher values were

recorded in the fraction 60–200 lm, but these still

amounted to less than 1% of the total. SPM decreased

from *98% of the total in the fraction\20 lm to 1%

in the size class 20–60 lm to 0.02% in the fraction

[500 lm.

As mentioned above, there was a positive corre-

lation between the proportion of chitin in SPM and

C:N ratio in the unfractionated samples. Considering

Fig. 5 Distribution

of a chitin, SPM and

b V. cholerae O1 in size

classes of suspended

particulate matter
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that (i) most of the chitin was in the fraction\20 lm,

(ii) pure chitin has a C:N ratio of 8.1, (iii) phyto-

plankton and living zooplankton have C:N ratios

generally in the range from 5 to 10 (e.g., Moloney

and Field 1991; Gismervik 1997) and (iv) most

zooplankton is [20 lm, the observed trend suggests

that a large portion of chitin was probably present in

form of degraded micro-detritus such as old exuviae

or adsorbed on sediment particles. In addition, fungi

may contribute to the chitin pool in the fraction

\20 lm because they have cells walls that contain

chitin with higher C:N ratios (7–25; Wichern 2004)

than bacteria and phytoplankton. There are, however,

no data in the literature that allow a comparison with

those in the present work.

The DFA counts of V. cholerae O1 in the

different size fractions revealed that the highest

abundance occurred in the fraction\20 lm (Fig. 5b)

and showed essentially the same pattern as SPM and

chitin. This implies that microdetritus, sediment

particles, nanoplankton and fungal cells (with some

restrictions, see Lio-Po et al. 2005) represent a

chitinaceous substrate on which V. cholerae can

attach and grow. V. cholerae has been reported (Islam

et al. 1994b, c) to be associated with the mucilagi-

nous sheath of cyanobacteria such as Anabaena sp.,

which builds long strains. Although these filaments

are much larger than the smallest mesh size used in

this work (20 lm), it has still to be investigated

whether mucin in phytoplankton cells in the nano-

plankton fraction represent a significant reservoir for

Vibrio in the estuarine environment as they do in

larger algae.

The fact that the highest proportion of chitinaceous

particles was in the smallest size fraction has pro-

found implications for the understanding of the

ecology of V. cholerae, including its seasonal varia-

tion. Up to now investigation has focused on

zooplankton in the size class [60 lm and on phyto-

plankton in the size class 20–60 lm, as reservoirs of

V. cholerae (Huq and Colwell, 1995; Colwell et al.

2003; Islam et al. 1994a, 2007and references therein).

Attention has often focused on living zooplankton,

due to its chitinaceous exoskeleton, given that vibrios

are chitinolytic bacteria. However, there are reports

that chitinaceous detritus could promote growth of

V. parahaemolyticus more than other particulate or

dissolved nutrients. Watkins and Cabelli (1985) found

that growth and survival of V. parahaemolyticus

was stimulated more by addition of pulverized chitin

than by living zooplankton, which in turn caused more

stimulation than sewage or other nutrients. In vitro

experiments with seston[64 lm showed that clinical

V. cholerae O1 isolates attached preferentially to

moulted zooplankton exoskeletons (exuviae) rather

than to whole specimens (Tamplin et al. 1990).

The results of this work show that the number of

V. cholerae O1 attached to the zooplankton and

microplankton size classes above 20 lm is almost

negligible compared to that in the fraction \20 lm

(Fig. 4b). On average, and in each of the seven samples

[99% of DFA counts were in that fraction. The

distribution of V. cholerae O1 among the different size

fractions shows essentially the same pattern as for

SPM and chitin. The fractionation study supports the

assumptions of a positive influence of suspended, fine-

grained material on Vibrio abundance, since optical

measurements showed that most turbidity in unfrac-

tionated water was contributed by the particles in the

fraction\20 lm.

Conclusions

In the present study, the main finding is that

maximum values for V. cholerae O1 and chitin were

both found in the same small size fraction \20 lm

and not, as usually assumed and studied, in the larger

size fractions which mostly harbor zooplankton,

larger exuviae or a wide variety of phytoplankton.

Since covariation does not imply causality, and SPM

also peaks in this fraction, it is not possible to assert

which of the particulate parameters had a major

influence on Vibrio abundance: the amount of chitin

or the simply the amount of suspended particles. This

consideration is relevant for two main reasons:

mangroves are environments naturally rich in chiti-

naceous organisms (e.g., plankton, detritus, shrimps,

and crabs), and chitin abundance can favor Vibrio

mutations (Meibom et al. 2005). Further, the high

density of shrimps and vibrios in aquaculture ponds

and the nutrient input from megacities that induces

coastal plankton blooms could favor the emergence

of new and highly pathogenic Vibrio types in and

near South Asian mangroves (Faruque et al. 2003).

Regarding the role of particle load on Vibrio

dynamics, higher turbidities in tropical estuaries

caused by stronger and more frequent cyclones and
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erosion associated with changing patterns of land use,

together with more extensive salt intrusion could

favor growth and habitat expansion of vibrios, with

increasing risks for aquatic resources and human

health in the coastal zone (Lara et al. 2009).

To date there are no field studies linking V. cholerae

diversity to chitin abundance along with other dis-

solved and particulate components such as mucin in

wetland ecosystems, especially in the nanoplankton

fraction. Knowledge of the seasonal variations of these

parameters could help further clarify current cholera

dynamics and future trends. Future Vibrio research

in mangroves should include the determination of

nitrate-reducing halophilic species in order to better

characterize the structure of V. cholerae habitats and

uncover hitherto unknown links to the nitrogen cycle

in wetlands.
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