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Abstract

The influence of salt marsh on estuarine bacterioplankton was investigated in two

estuaries with different hydrodynamic characteristics (Ria de Aveiro and Tagus

Estuary). In the Ria de Aveiro, bacteria in the flood water overlying the marsh were

two times more abundant and five to six times more active than in the main

channel. In the Tagus Estuary, bacterial abundance was similar in flooding and

channel water, but bacterial activity was up to two times higher in the main

channel. The two salt marshes have distinct influences on estuarine bacterioplank-

ton abundance and activity. In the Ria de Aveiro, salt marsh enhanced estuarine

bacterial communities, increasing their size and stimulating their activity. By

contrast, the salt marsh in the Tagus Estuary does not seem to increase the bacterial

abundance and production in the channel water. These distinct influences may be

explained by the hydrodynamic characteristics of the salt marshes, which were

confirmed by the hydrodynamic model implemented for both systems.

Introduction

Bacteria are one of the most abundant and important

biological components involved in the turnover (transfor-

mation and mineralization) of organic matter in aquatic

systems (Pomeroy, 1981; Cho & Azam, 1990). In estuaries,

bacterial abundance and production depend on the loca-

tion, quantity and quality of the pool of organic matter that

is used as growth substrate (Cunha et al., 2000). In salt

marsh sediments, bacterial productivities are high and

strongly influenced by dissolved organic matter (DOM)

release after decomposition of higher plants or exudation

from primary producers (Moriarty & Pollard, 1981). This

DOM is readily assimilated and incorporated into bacterial

biomass or rapidly transformed to CO2 (Créach et al., 1999).

The size and heterotrophic activity (Bagwell et al., 2001,

2002), as well as the species composition (Burke et al., 2002,

2003) of bacterial populations from the rhizosphere of salt

marsh vegetation show host specificities, reflecting adapta-

tion to distinct environmental pressures. The presence of

plant species with distinct patterns of growth and resource

allocation can lead to differences in the proportion of

modified bulk soil present and thus result in different

populations or degrees of activity of soil microorganisms

(Semenov et al., 1999). The relationship between plants and

bacteria is highly variable according to the area and plant

species studied (Creach et al., 1999). The relative impor-

tance of macrophyte production as a source of organic

carbon to bacteria depends on the input and the availability

of nonmacrophyte material to the sediments of salt marshes

(Boschker et al., 1999). The study of the relationship

between bacteria and DOM in the salt marsh environment

is highly complex owing to the multiplicity of organic

matter sources and to the diversity of metabolic capacities

and physiological states of bacterial communities.

The contribution of salt marshes to the estuarine organic

matter pool has been assessed in many studies and the

subject of some speculation. Much has been written about

whether salt marshes are sinks or sources of nutrients

(Weinstein & Kreeger, 2000). Early attempts to assess the

relative contribution of salt marshes as sources of organic

matter to adjacent coastal waters lead Odum (1968, 1980) to

formulate the ‘outwelling hypothesis’, according to which

considerable amount of materials would be exported from
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the salt marshes to the main estuarine water body (Nixon,

1980; Lefeuvre et al., 2000). However, further studies

indicated that the amount of macrodetrital material ex-

ported is small, accounting for less than 1% of the net marsh

primary productivity (Dame, 1982), and that the majority

of the halophyte detritus is trapped within the ecosystem

(Bouchard & Lefeuvre, 2000). Additionally, other studies

indicated that salt marshes could be a sink for particulate

organic matter produced by primary producers in the

estuary (Huang et al., 2003), leading some investigators to

conclude that the outwelling paradigm should not be taken

for all salt marshes and that the export varies geographically

and interannually, with plant communities, tidal amplitude

and geomorphological characteristics of each individual

system (Nixon, 1980; Bouchard & Lefeuvre, 2000). Recent

studies have included numerical models to reproduce coast-

al systems and understand the impact of different tidal and

current regimes on estuarine systems (Dias et al., 2001,

2003). These numerical models provide powerful tools to

investigate and reproduce coastal systems, and may be used

to study and understand specific scientific problems.

The objective of this study was to evaluate the influence of

salt marsh bacterial abundance and activity in the estuarine

environment. Numerical results from hydrodynamic models

for the Ria de Aveiro and Tagus Estuary are explored in

order to understand the behaviour of bacterial communities

in these two environments.

Materials and methods

Study area and sample collection

Two different Portuguese estuarine systems (Ria de Aveiro

and Tagus Estuary) were selected for the present study. The

Ria de Aveiro (Fig. 1) is a shallow coastal lagoon situated on

the north-west Atlantic coast of Portugal, separated from the

sea by a sand bar. It is a complex system characterized by

narrow channels and intertidal zones, namely mud flats and

Fig. 1. Ria de Aveiro and Tagus Estuary with

sampled salt marshes (Canal de Mira in the Ria

de Aveiro and Rosário in the Tagus estuary).
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salt marshes. During spring tides, the wet area is reduced

from 83 km2 at high tide to 66 km2 at low tide (Dias et al.,

2000). The tidal range varies between 0.6 m at neap tides and

3.2 m at spring tides, with an average of about 2 m (Dias

et al., 2000). Salt marshes account for important areas of the

intertidal zones, mainly in the central and northern zones of

the estuarine system. Salt marsh vegetation mainly consists

of Halimione portulacoides, Sarcocornia perennis ssp. peren-

nis, Salicornia ramosissima, Juncus maritimus and Limonium

vulgare. The Tagus Estuary (Fig. 1) is one of the largest

estuaries on the Atlantic coast of Europe. During spring

tides, the wet area is reduced from 320 km2 at high tide to

130 km2 at low tide. The tidal range varies between 1.2 m at

neap tides and 4.2 m at spring tides, with an average of about

2 m (Dias & Marques, 1999). The southern and eastern parts

contain extensive intertidal mud flats harbouring salt marsh

plant communities dominated by Spartina maritima,

H. portulacoides and Sarcocornia fruticosa. The Ria de Aveiro

salt marsh is located at the eastern margin of one of the main

channels of the estuary (Canal de Mira, Fig. 1) whereas the

Tagus Estuary salt marsh is located at Rosário (Fig. 1),

far from the main tidal channels.

Water samples were collected in the two salt marshes and

in the main channels in November 2003, and January, April

and June 2004 at the same tidal phase (2 h after high tide).

Sediment pore-water and overlying water were collected

from monotypic stands of H. portulacoides and S. maritima

and also from nonvegetated sediments. At each sampling

point, three pore water subsamples were collected with a

laterally perforated (1-mm pores) plastic tube with 5-mm

internal diameter, sealed at the tip, connected to a plastic 60-

mL syringe by a silicone tube. The tube was immersed in the

sediment to a depth of 5 cm and the syringe was filled only

once at each point and then removed and immersed again at

different points of the sediment bank. The volume collected

in 10–20 immersions at the same sediment area was pooled

in order to obtain a composite sample. For overlying water,

three subsamples were collected from monotypic stands of

H. portulacoides, S. maritima and nonvegetated sediments

by immersion of a bottle in the flood water. From the main

channel, one sample was collected from the margin. Samples

were transported to the laboratory and processed within 4 h.

Before determination of bacterial parameters, pore-water

samples were prefiltered through a 40-mm pore size filter to

avoid possible variation introduced by large particles. In

order to determine above- and below-ground biomass, the

two monotypic stands of S. maritima and H. portulacoides

were surveyed in both estuaries on the same dates. Above-

ground biomass was randomly determined by clipping the

vegetation at ground level in five squares of 0.3� 0.3 m2.

After cutting the above-ground material and removing the

detritus, sediment cores were taken at each stand using

a 7-cm-diameter tube 70 cm long.

Physical and chemical variables

Temperature and salinity were determined in the field with a

WTW (Wissenschaftlich Technische Werkstätten, Germany)

Cond330i/SET. Redox potential (Eh) was read with a WTW

330/SET-2 meter after 5 min stabilization. Samples for the

quantification of N-NO3, N-NO2, PO4 and SiO2 were

filtered through GF/C Whatman filters and frozen for later

analysis on a Tecator FIAstar 5020 Analyser equipped with a

Hitachi U-3200 spectrophotometer. N–NO3 and N–NO2

were determined according to Grasshoff (1976) and Bend-

schneider & Robison (1952), respectively. The molybdne-

num blue method was used to determine PO4 and SiO2.

Halophyte biomass (HB)

Above-ground plant material was transported to the labora-

tory, rinsed with demineralized water and dried to constant

weight at 70 1C. Below-ground material in the upper 35 cm

was separated from the sediment using a 212-mm mesh sieve

and demineralized water. The remaining plant material was

dried at 70 1C for 48 h and weighed (Gross et al., 1991).

Biomass values are presented in g m�2 dry weight.

Total bacterial number (TBN)

Bacterial cells were counted directly by epifluorescence

microscopy using a Leitz Laborlux K microscope with a 50-W

mercury lamp. Triplicates of each subsample were filtered

immediately after collection through black 0.2-mm polycar-

bonate membranes (Poretics) and stained with 0.03% (w/v)

acridine orange (Hobbie et al., 1977). Ten microscope fields

for each replicate or at least 200 cells were counted.

Bacterial biomass productivity (BBP), specific
biomass productivity per cell (BBPcell) and per
viable cell (BBPviable cell)

BBP was determined in 1-mL (pore water) and 5-mL (over-

lying and channel water) triplicate subsamples plus a control

that was fixed by addition of formaldehyde (2% final

concentration). The samples were incubated at saturating

concentration (112 nM) of 3H-leucine (Amersham; specific

activity 58–92 Ci mmol�1) for 1 h in the dark at in situ

temperature. After incubation, subsamples were fixed with

2% formaldehyde. Samples were filtered through 0.2-mm

polycarbonate membranes (Poretics), rinsed 12 times with

1 mL 20% (w/v) ice-cold trichloroacetic acid and 5 mL of

90% (v/v) ice-cold ethanol. Radioactivity was measured in a

liquid scintillation counter (Beckam LS 6000 IC) with

scintillation cocktail UniverSol (ICN Biomedics). BBP was

calculated from leucine incorporation rates using a ratio of

cellular carbon to protein of 0.86 and a fraction of leucine in

protein of 0.073 (Simon & Azam, 1989). BBPcell was
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calculated as the quotient BBP/TBN and BBPviable cell as

the quotient BBP/VBN.

Bacterial viability

Bacterial viability was determined in 1 mL of water sub-

samples from the Ria de Aveiro salt marsh. Three microlitres

of the dye mixture (propidium iodide and Syto 9, LIVE/

DEADs BacLightTM of bacterial viability kit, Molecular

Probes) was mixed with water to a final concentration of

30mM propidium iodide and 5.01 mM Syto 9. The subsam-

ples were incubated for 15 min in the dark at room

temperature according to the manufacturer’s instructions,

filtered through 0.2-mm black polycarbonate membranes

(Poretics) and mounted between a slide and cover slip with

BacLight mounting oil (Molecular Probes). The green

(intact membrane) and red (damaged membrane) fluores-

cence were counted after 18–24 h by epifluorescence micro-

scopy. Ten microscope fields or at least 200 cells were

enumerated for each of three replicate subsamples.

Statistical analysis

SPSSWIN 11.0 was used for statistical data analysis. The

significance of differences between sediment pore water and

overlying water, and between overlying water and channel

water in bacterial abundance, bacterial biomass productivity

and specific bacterial biomass productivity was assessed using

one-way ANOVA. Three subsamples were used for each variable

at the two halophyte banks and at the nonvegetated zone. For

the channel water, triplicate samples were used. Only data

showing a normal distribution (assessed by Kolmogorov–S-

mirnov test) and with homogeneity of variances (assessed by

Levene’s test) were used. As an attempt to explain the

variation of bacterial abundance and production, stepwise

multiple regression analysis was used. Temperature, salinity,

redox potential, nutrients and above- and below-ground

halophyte biomass were used as independent variables.

Numerical modelling

According to the characteristics of the Ria de Aveiro and

Tagus Estuary, a two-dimensional vertically integrated

(2DH) hydrodynamic model was considered ideal to repro-

duce their dynamics, which is essentially forced by the

Atlantic tide. A numerical model with these characteristics

was applied to the present study, developed from the

SIMSYS2D model (Leendertse & Gritton, 1971; Leendertse,

1987). The model consists of a numerical code that solves

the well-known shallow-water equations, discretized in a set

of finite difference equations. The ADI (alternating direction

implicit) method was adopted to solve these equations by

using a space-staggered grid (Leendertse & Gritton, 1971),

and the results comprised sea surface elevation and instan-

taneous mean vertical velocity for the entire computational

domain. The model adopts a formulation including the

simulation of moving boundaries. Flooding and drying

occur frequently in several zones of the Ria de Aveiro and

Tagus Estuary, namely in the salt marshes and tidal flats.

This effect was simulated by making the location of the land

– water boundary a function of the instantaneous value of

the depth, thus simulating the changing boundary during

rising and falling tides.

A Lagrangean module was also coupled to the hydro-

dynamic model (Dias et al., 2001, 2003). Application of this

gives the trajectories of passive particles locally advected by

the instantaneous velocity fields previously computed by the

hydrodynamic model.

These models were implemented both for the Ria de

Aveiro and Tagus Estuary through the use of the respective

numerical bathymetry and the imposition of proper bound-

ary and initial conditions. The models were calibrated and

validated for both coastal systems (Dias, 1994; Dias & Lopes,

2006a, b) and proved to reproduce the local hydrodynamics

accurately. During the present study, extreme neap and

spring tidal cycles episodes occurring in the Ria de Aveiro

and Tagus Estuary between November 2003 and June 2004

were identified (tidal ranges of 0.64 and 3.39 m for the Ria

de Aveiro and of 0.57 and 3.15 m for the Tagus Estuary). We

performed simulations forcing the model with the corre-

sponding sea surface elevation in order to evaluate the

dynamics of these coastal areas in the extreme tidal condi-

tions that occurred during the sampling period. The instan-

taneous velocities were computed for all cells of each

numerical bathymetry with a time step of 40 s. The position

of selected particles was also registered every 40 s.

Residual velocity was determined from the application of

the Lagrangean module. Passive particles were emitted in

each cell of the numerical bathymetry of these coastal areas

and followed during a full tidal cycle. The residual velocity

for the areas surrounding the sampling sites, for extreme

spring and neap cycles, was determined from the quotient

between the difference from final to initial positions of all

these particles and the tidal period.

Particle trajectories for each sampling site were released as

passive particles at the beginning of the local flood and of the

local ebb, for both extreme spring and neap tidal cycles. The

advection of these particles induced by the tidal currents was

followed during a full tidal cycle through the application of the

Lagrangean module, and their trajectories were registered.

Results

Physical and chemical variables

Water temperature varied between 14.4 and 24.3 1C in the

Ria de Aveiro salt marsh and between 6.0 and 21.8 1C in the
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Tagus salt marsh (Table 1). Salinity in the Ria de Aveiro salt

marsh ranged between 10.3 and 37.5 PSU and from 16.0 to

28.3 PSU in the Tagus salt marsh. Eh in the Ria de Aveiro salt

marsh varied between 114.8 and 156.0 mV at S. maritima

stands, between 136.6 and 160.9 mV at H. portulacoides and

between � 77.0 and 145.4 mV at nonvegetated sediments.

The difference between colonized and noncolonized sedi-

ments was not statistically significant (ANOVA, P4 0.05). Eh

in the Tagus salt marsh varied from 36.2 to 256.4 mV at S.

maritima stands, from 281.2 to 461.0 mV at H. portulacoides

stands and from 40.2 to 84.6 mV at nonvegetated sediments.

Eh differences between the two vegetated stands were

significant (ANOVA, Po 0.05). Nitrates plus nitrites varied

between 0.03 and 28.40mM in the Ria de Aveiro salt marsh

and between 0.08 and 13.99mM in the Tagus salt marsh

(Table 2). Phosphates varied between 0.03 and 3.82mM in

the Ria de Aveiro and between 0.04 and 24.46mM in the

Tagus salt marsh. Silicates ranged from 3.26 to 134.80 mM in

the Ria de Aveiro and from 18.46 to 484.27mM in the Tagus

salt marsh.

Halophyte biomass

In the Ria de Aveiro salt marsh halophyte above-ground

biomass varied between 349 and 465 g m�2 (dry weight) and

between 957 and 1657 g m�2 (dry weight) at S. maritima and

H. portulacoides monotype stands, respectively (Fig. 2). The

above-ground biomass of the two halophytes was signifi-

cantly different (ANOVA, Po 0.05). However, below-ground

biomass of both halophytes was similar (ANOVA, P4 0.05),

ranging between 4313 and 6625 g m�2 (dry weight) at

S. maritima stands and between 2594 and 5763 g m�2 (dry

weight) at H. portulacoides stands. Below-ground biomass

was significantly higher than above-ground biomass (ANOVA,

Po 0.05), by factors of 13 and three times at S. maritima

and H. portulacoides stands, respectively. In the Tagus salt

marsh, halophyte above-ground biomass ranged between

375 and 1100 g m�2 (dry weight) and between 1426 and

2143 g m�2 (dry weight) at S. maritima and H. portulacoides

stands, respectively (Fig. 2). Halimione portulacoides above-

ground biomass was three times higher than S. maritima

(ANOVA, Po 0.05). Spartina maritima and H. portulacoides

below-ground biomass were similar (ANOVA, P4 0.05),

varying between 2556 and 4268 g m�2 (dry weight) for

S. maritima and between 3930 and 6171 g m�2 (dry weight)

for H. portulacoides. Below-ground biomass was signifi-

cantly (ANOVA, Po 0.05) higher than that of above-ground

biomass, six and three times higher at S. maritima and

H. portulacoides stands, respectively.

Bacterial abundance

TBN ranged between 2.1 and 95.0� 109 cells L�1 in the Ria

de Aveiro salt marsh (Fig. 3a) and between 2.0 and

53.5� 109 cells L�1 in the Tagus Estuary salt marshes

(Fig. 4a). At the Ria de Aveiro and Tagus salt marshes TBN

in pore water was, respectively, 10 and five times higher than

in overlying water. The difference was significant (ANOVA,

Po 0.05) for vegetated and nonvegetated sediments in both

salt marshes. TBN in pore water from vegetated and

nonvegetated sediments was similar (ANOVA, P4 0.05) in

both salt marshes. In the Ria de Aveiro salt marsh, stepwise

multiple regression (Table 3) revealed silicates as the variable

that best explained (71%) TBN in overlying water. TBN

variation in pore water was not explained by the set of

variables tested. In the Tagus salt marsh TBN was better

explained by silicates and temperature (63%) in pore

water and by salinity and nitrites (83%) in overlying water.

In channel water, TBN varied between 1.2 and

7.5� 109 cells L�1 and between 1.8 and 13.1� 109 cells L�1

in the Ria de Aveiro and Tagus Estuary, respectively. In the

Ria de Aveiro, TBN was two-fold higher in the overlying

water than in the channel water. However, the difference was

only significant between S. maritima banks and the main

Table 1. Temperature, salinity and redox potencial in the Ria de Aveiro and Tagus Estuary

Temperature ( 1C) Salinity (PSU) Eh (mV)

Nov Jan Apr Jun Nov Jan Apr Jun Nov Jan Apr Jun

Ria de Aveiro Estuary

Spartina maritima 14.4 15.0 20.8 19.0 12.9 28.4 34.6 34.5 124.0 ND 156.0 114.8

Halimione portulacoides 14.4 15.0 23.1 18.9 10.3 27.9 33.6 37.5 136.6 ND 160.9 139.72

Nonvegetated sediment 14.4 15.0 24.3 19.2 10.9 29.5 35.5 35.5 � 77.0 ND 144.6 145.44

Channel water 12.5 14.0 19.8 18.4 10.7 32.4 34.0 36.0 ND ND ND ND

Tagus Estuary

Spartina maritima 12.5 9.2 15.6 21.8 26.0 16.0 26.3 26.3 256.4 119.4 44.2 36.2

Halimione portulacoides 11.7 7.1 14.9 19.2 26.0 19.0 28.3 28.3 281.2 374.2 360.4 461.0

Nonvegetated sediment 12.5 6.0 14.4 17.2 26.0 26.0 28.3 25.3 40.2 57.4 62.2 84.6

Channel water ND ND ND ND 27.0 23.0 25.0 25.0 ND ND ND ND

Nov, November; Jan, January; Apr, April; Jun, June.

ND, not determined.

FEMS Microbiol Ecol 60 (2006) 429–441 c� 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

433Influence of salt marsh on bacterial activity in estuaries



Table 2. Nutrient concentrations in the Ria de Aveiro and Tagus Estuary

Salt marshes

Nitrates1nitrites (mM) Phosphates (mM) Silicates (mM)

Nov Jan Apr Jun Nov Jan Apr Jun Nov Jan Apr Jun

Ria de Aveiro

Sp

Pw 24.83 1.42 2.27 2.01 3.73 3.43 0.68 0.36 12.6 7.1 73.4 135

Ow 14.36 0.27 0.34 0.79 0.45 0.07 0.29 0.14 4.8 6.0 10.8 36.6

Hal

Pw 28.40 2.55 1.24 3.36 3.82 3.61 0.69 0.03 ND 23.3 28.4 41.4

Ow 14.53 0.53 0.46 1.28 0.22 0.46 0.55 0.83 3.3 7.2 23.0 60.9

NV

Pw 2.18 2.95 2.89 4.65 3.04 3.30 1.36 0.82 47.0 ND 82.7 125

Ow 15.22 0.03 0.10 0.30 0.94 0.45 0.93 0.83 30.4 3.3 17.6 46.8

C

Cw 3.35 0.74 0.18 1.71 3.33 3.18 0.47 3.18 13.4 5.0 12.0 18.8

Tagus Estuary

Sp

Pw 0.55 0.34 0.12 0.08 3.41 4.49 7.64 0.63 101 81.7 127 484

Ow 2.41 1.49 0.08 1.73 4.09 1.66 0.04 1.37 18.5 119 110 104

Hal

Pw 1.89 0.33 0.27 1.77 3.76 3.16 0.75 2.32 46.8 280 440 180

Ow 1.56 1.16 2.12 0.23 1.48 15.91 2.75 0.11 49.5 93.2 28.1 238

NV

Pw 0.54 0.55 0.41 1.26 18.58 21.33 24.46 7.79 105 285 405 389

Ow ND ND ND ND ND ND ND ND ND ND ND ND

C

Cw 7.74 13.99 5.45 7.20 2.72 3.65 1.47 1.71 20.6 29.7 46.1 42.6

Sp, Spartina maritima; Hal, Halimione portulacoides; NV, nonvegetated sediments; C, main channel; Pw, pore water; Ow, overlying water; Cw, channel

water; Nov, November; Jan, January; Apr, April; Jun, June.

ND, not determine.
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Fig. 2. Spartina maritima and H. portulacoides

above- and below-ground biomass in the Ria de

Aveiro (a) and Tagus (b) salt marshes. Nov,

November; Jan, January; Apr, April; Jun, June.
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channel (ANOVA, Po 0.05). In the Tagus Estuary, TBN in the

overlying water was similar to that in the main channel

water (ANOVA, P4 0.05). Bacterial abundance at the main

channel in both estuaries was not explained by the variables

tested (Table 3).

Bacterial viability

In the Ria de Aveiro, VBN ranged between 0.3 and

49.9� 109 cells L�1 at the salt marsh and between 0.2 and

3.1� 109 cells L�1 at the main channel (Fig. 3b). In the salt
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Fig. 3. Total bacterial number (TBN) (a), fraction of viable bacteria (% of viable bacteria) (b), bacterial biomass productivity (BBP) (c), bacterial biomass
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marsh, VBN was 15 times higher in pore water than in

overlying water. Values were significantly different under the

influence of both halophytes and in nonvegetated sediments

(ANOVA, Po 0.05). VBN in pore water was similar at both

vegetated and nonvegetated sediments (ANOVA, P4 0.05).

VBN in overlying water was similar to that of the main

channel (ANOVA, P4 0.05). The fraction of viable bacteria

varied from 26.7% to 76.8% in salt marsh water and from

29.0% to 66.5% in channel water. The values were, on

average, 1.3 times higher in pore water than in overlying

water, but the difference was only significant for overlying

waters of the S. maritima stands and of nonvegetated

sediments (ANOVA, Po 0.05). The fraction of viable bacteria

in the main channel was, on average, 1.3 times higher than

in salt marsh flood water. The difference between the values

obtained in water flooding the S. maritima bank and

nonvegetated sediments was significant (ANOVA, Po 0.05).

BBP, BBPcell and BBPviable cell

BBP in the Ria de Aveiro varied from 0.72 to

24.32mg C L�1 h�1 at the salt marsh and from 0.18 and

7.54 mg C L�1 h�1 in the main channel (Fig. 3c). In the Tagus

Estuary, BBP ranged from 0.53 and 15.03mg C L�1 h�1 in the

salt marsh and from 1.10 and 18.71 mg C L�1 h�1 in the

channel (Fig. 4b). BBP in sediment pore water was similar

at vegetated and nonvegetated sediments, in both estuarine

systems (ANOVA, P4 0.05). In the Ria de Aveiro salt marsh,

BBP in sediment pore water was four times higher, on

average, than in flooding water. However, the difference

was not significant at the H. portulacoides stand (ANOVA,

P4 0.05). In this salt marsh, flooding water BBP was, on

average, five times higher than in the main channel, but the

difference was only significant for H. portulacoides flood

water. In the Tagus Estuary, BBP in the salt marsh overlying

water was, on average, three times higher than in sediment

pore water. The difference was only significant for H.

portulacoides stands (ANOVA, Po 0.05). BBP in the main

channel was 1.3 higher, on average, than in salt marsh flood

water, but this difference was not statistically significant

(ANOVA, P4 0.05). The variable that better explains BBP in

the Ria de Aveiro salt marsh and in the Tagus salt marsh was

salinity, 91% at the Ria the Aveiro channel water and 59% at

the Tagus salt marsh overlying water. The variables studied
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did not explain the variation in the other samples (Table 3).

BBPcell in the Ria de Aveiro ranged between 0.06 and

4.71 fg C cell�1 h�1 in the salt marsh and between 0.13 and

6.25 fg C cell�1 h�1 in the main channel (Fig. 3d). In the

Tagus estuary, BBPcell varied from 0.01 to

2.04 fg C cell�1 h�1 in the salt marsh and from 0.29 and

4.45 fg C cell�1 h�1 in the main channel (Fig. 4c). Pore water

BBPcell was similar at vegetated and nonvegetated sedi-

ments in both salt marshes (ANOVA, P4 0.05). BBPcell in

vegetated and in nonvegetated salt marsh sediments was

significantly higher (ANOVA, Po 0.05) in overlying water

than in pore water, eight- and 15-fold, on average, in the Ria

de Aveiro and Tagus Estuary, respectively. In the Ria de

Aveiro, BBPcell in salt marsh flood water was, on average, six

times higher than in the main channel. In the Tagus Estuary,

BBPcell in the main channel was, on average, two times

higher (ANOVA, Po 0.05) than in salt marsh flood water. In

the Ria de Aveiro, BBPviable cell ranged between 0.4 and

11.5 fg C cell�1 h�1 in the salt marsh and between 0.3 and

11.0 fg C cell�1 h�1 in the main channel (Fig. 3e). BBPviable

cell in salt marsh pore water was similar in vegetated and

nonvegetated sediments (ANOVA, P4 0.05). In salt marsh

flood water, BBPviable cell was, on average, eight times

higher than in pore water and six times higher in channel

water (ANOVA, Po 0.05). BBPcell in the Ria de Aveiro salt

marsh was explained by silicates in pore water (47%) and by

salinity (32 and 90%) in the overlying and in the channel

water, respectively (Table 3). In the Tagus salt marsh BBPcell

was explain by salinity in pore water (44%) and by tem-

perature in the overlying water (50%). The variation of

BBPcell at channel water was not explained by the variables

studied.

Numerical modelling results

The residual circulation field determined for the Ria de

Aveiro (Figs. 5a and b) for both neap and spring tides is very

homogeneous, even close to the side channel boundaries,

and points out to the north (direction of lagoon mouth,

toward the Atlantic Ocean). This therefore indicates a long-

term tendency for the net export of water properties in this

channel, as well as for the interaction between the sideways

salt marsh and the main channel. This trend is also verified

from the trajectories of particles (Figs. 5c and d) released at

Table 3. Multiple stepwise regression between biological and physiochemical variables

Salt marsh Independent variables Regression equation Adjusted r2

TBN

Ria de Aveiro Pore water – – –

Overlying water Log Silicates (b= 0.858; P = 0.001) TBN = �1.4� 10917.0�109 Log

Silicates

0.707

Channel water – – –

Tagus Estuary Pore water Log Silicates (b= 0.586; P = 0.014)

Temperature (b= 0.438; P = 0.049)

TBN = � 6.7� 101013.3� 1010 Log

Silicates11.7� 109 Temperature

0.634

Overlying water Log Salinity (b= � 1.021; P = 0.002)

Log Nitrites (b= � 0.567; P = 0.023)

TBN = 6.4� 1010–4.4� 1010 Log

Salinity �1.5� 109 Log Nitrites

0.825

Channel water – – –

BBP

Ria de Aveiro Pore water – – –

Overlying water – – –

Channel water Log Salinity (b= � 0.970; P = 0.030) BBP = 18.76–11.60 Log Salinity 0.911

Tagus Estuary Pore water – – –

Overlying water Log Salinity (b= � 0.807; P = 0.015) BBP = 48.76–31.07 Log Salinity 0.593

Channel water – – –

BBPcell

Ria de Aveiro Pore water Log Silicates (b= � 0.729; P = 0.017) Log BBPcell = � 0.004–0.36 Log

Silicates

0.473

Overlying water Log Salinity (b= � 0.620; P = 0.042) Log BBPcell = 1.66–1.25 Log Salinity 0.316

Channel water Log Salinity (b= � 0.966; P = 0.034) Log BBPcell = 3.82–2.95 Log Salinity 0.899

Tagus Estuary Pore water Salinity (b= � 0.703; P = 0.011) Log BBPcell = 0.70–7.23� 10�2

Salinity

0.443

Overlying water Log Temperature (b= 0.756;

P = 0.030)

Log BBPcell = � 1.6811.19 Log

Temperature

0.500

Channel water – – –

TBN, total bacterial number; BBP, bacterial biomass production; BBPcell, specific bacterial biomass production.

–, Variation not explained by the set of variables tested.
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the sampling site that move along the channel interacting

with the main tidal flux. During the spring tide, the particles

released at the beginning of the ebb are flushed out of the

lagoon. In the Tagus Estuary, the residual circulation field

(Figs. 6a and b) reveals a circulation cell at the north that

inhibits property exchange between the main tidal channel

and the study area, especially during neap tides. It should be

also noted that the residual circulation pattern in the specific

area of the sampling site promotes the retention of proper-

ties in the salt marsh. These results are confirmed by the

short trajectories of the particles released at the sampling site

(Figs. 6c and d), even during spring tides, that are confined

to a restricted channel, and therefore are retained in the salt

marsh area.

Discussion

Although only small differences in abiotic factors (tempera-

ture, salinity, pH, Eh) as well as in halophyte biomass

content above and below ground were found between the

two estuarine systems, the contribution of bacterial com-

munities of the two salt marshes to organic matter cycling

was clearly different.

The higher bacterial abundance and activity in the Ria de

Aveiro salt marsh compared with that of the main channel

suggests that bacterial carbon can be exported to the

estuarine system. The bacterial community in overlying salt

marsh water was more abundant and active than in the main

channel. In pore water, bacterial abundance (total and
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viable) and total productivity were significantly higher than

in the overlying water, but bacterial specific productivity was

significantly higher in the overlying water. These results

suggest that during the flooding of the salt marsh, bacteria

may be transported from the pore water to the overlying

water, for instance by sediment resuspension, increasing

specific bacterial activity in the flood water. The tendency

for net export of bacterial carbon from the salt marsh to the

estuarine system was supported by the 2DH hydrodynamic

model implemented for the Ria the Aveiro. The hydrody-

namic model showed a strong interaction between salt

marsh and the main channel of the estuarine system. This

trend was confirmed by the trajectory of the particles

released at sampling site through the application of the

Lagrangean module. Previous work in this estuary (Almeida

et al., 2002) and in other estuarine systems (Lefeuvre et al.,

2000) showed similar results, confirming the export of

materials from the salt marsh to the main estuarine water

body.

The percentage of viable bacteria in the pore water and in

the overlying water of the salt marsh and in the main

channel of the Ria de Aveiro was very similar. The stability

in the fraction of active bacteria suggests that the variation

of bacterial production in the estuary depends on the

absolute size of the active subcommunity and on the

intensity of their activity rather than on variation of the

proportion of the active fraction. Similar results were

observed in this estuarine system (Almeida et al., 2001).

In the Tagus Estuary, conditions are not appropriate for

the exportation of bacterial carbon from the salt marsh to

the estuary. In contrast to the Ria de Aveiro, in the Tagus

Estuary bacterial abundance and total activity were similar
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in the channel water and in salt marsh overlying water,

suggesting that the salt marsh had no influence on estuarine

bacterial community abundance and productivity. This

evidence was also supported by the bacterial activity per

cell, which was higher in the channel than in the salt marsh

flood water. Although bacterial abundance in the salt marsh

pore water was significantly higher than in overlying water,

total and specific bacterial productivity were higher in the

latter, suggesting that flood water enhances bacterial activity

in the salt marsh. The higher activity of flood water

communities became more obvious, in both compartments,

when bacterial productivity was expressed by specific activ-

ity per cell. The 2DH hydrodynamic model implemented for

the Tagus Estuary revealed a water circulation that is not

favourable to bacterial carbon exchange between the salt

marsh and the main tidal channel. Residual circulation in

the Tagus Estuary salt marsh also promotes particle reten-

tion. This pattern of variation was confirmed by the short

trajectories of the particles released at the sampling site.

Only small differences in microbial abundance and activ-

ity were detected between salt marsh sites (Spartina and

Halimione sites and nonvegetated sediments) in both es-

tuarine systems. Similar results were obtained for nitrogen-

fixing bacteria in salt marsh sediments (Burke et al., 2002).

This lack of variation may reflect bacterial communities that

are mostly affected by abiotic factors such as sediment

temperature, salinity and tidal flooding, rather than com-

munities of bacteria that are affected by plant root char-

acteristics and biomass. This assumption is supported by the

lack of covariation between bacterial communities and root

biomass. Statistical analysis revealed that halophyte biomass,

bacterial abundance and activity were not correlated. The

same response of bacterial communities at vegetated and

nonvegetated sites might also indicate that salt marsh

bacterial communities do not depend directly on the plant

organic matter sources probably because other sources are

available. Although the below-ground biomass was not

significantly different at the sites vegetated by Spartina and

the sites vegetated by Halimione, root–rhizosphere produc-

tion and carbon allocation is different for the two halo-

phytes (Semenov et al., 1999) and, consequently, bacterial

communities relying on plant carbon sources would be

differently affected. This was not observed in the Ria de

Aveiro and in the Tagus Estuary salt marshes. Moreover,

although both above- and below-ground halophyte bio-

masses reached their maximum in June, no significant

seasonal changes were observed in bacterial community

characteristics. Bacterial abundance and activity were found

to be relatively constant during the sampling period. Again,

this may reflect the greater influence of tidal flooding and

sediment characteristics. This relative seasonal stability of

the bacterial communities in salt marsh sediments has been

reported by other authors (Piceno et al., 1999; Piceno &

Lovell, 2000a, b; Burke et al., 2002). In summary, seasonal

and spatial patterns of plant growth did not explain the

variation of bacterial abundance and activity in the Ria de

Aveiro and in the Tagus Estuary salt marshes. The two salt

marshes have distinct influences on estuarine bacterioplank-

ton. In the Ria de Aveiro, salt marsh enhanced estuarine

bacterial communities, increasing their size and stimulating

their activity. By contrast, the salt marsh in the Tagus

Estuary does not seem to increase bacterial abundance and

production in the channel water. These differences were

confirmed by the hydrodynamic models of the two estuarine

systems, showing that the two salt marshes have distinct

influences on the estuarine bacterioplankton.
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