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Abstract

In this work, the density of bacterioplankton and environmental parameters were monitored over a 11 month period (July 1999-June 2000),
and also during one tidal cycle (15 June 2000), at two sampling stations, in the estuary of River Mondego. These data were treated by
multivariate analyses methods in order to identify the key factors that control the dynamics of the bacterioplankton in the estuary. Bacterial
dynamics were dominated by temporal gradients (annual seasons and tide-related) and less by the spatial structure of the estuary. Three main
metabolic groups of bacterioplankton—aerobic heterotrophic bacteria, sulphate-reducing bacteria (SRB) and nitrate-reducing bacteria
(NRB)—involved in the cycling of organic matter, were present in the water column of the estuary. Their relative abundance depended on the
particular physical, chemical and biological environment. The abundance of aerobic heterotrophic bacteria, during the 11 month study, was
modelled as a function of nitrate (the most important variable, with a negative effect), temperature, salinity and pH (with positive effects). SRB
appeared to be limited to the water-sediment interface, where concentrations of sulphate and POM were greater. A competition between SRB

and NRB for carbon has also been suggested.

© 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Bacterioplankton dynamics; Environmental parameters; Seasonal variation; Tidal variation

1. Introduction

Estuaries are areas of highly variable environmental pa-
rameters, and its dynamics are not easily predictable. In fact,
it is general knowledge that seasonal cycles in estuaries
depend on the temporal occurrence of deliveries of nutrients,
the relative magnitudes of the sources, and the demands of
the specific groups of organisms present (Valiela, 1995).

Bacteria have a very important role in planktonic marine
microbial foodwebs. They comprise an important share of
plankton biomass and their activities have a large impact on
ecosystem metabolism and function (Gasol and Duarte,
2000), through their roles in the biogeochemical cycles,
namely in carbon (Valiela, 1995), sulphur (Fauque, 1995;
Valiela, 1995), nitrogen (Herbert, 1999) and iron cycling
(Tordell et al., 1999). Determination of the composition of
bacterial populations, abundance of each metabolic group,
and the discrimination of the different activities is therefore
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essential for understanding pelagic ecology. A lot of effort
has been taken towards determining the environmental and
biological factors that control the dynamics and activity
profiles of bacterioplankton communities, e.g. temperature,
nutrient availability, viral infection and bacterial predation
(Almeida et al., 2001a, b; Brett et al., 1999; Gasol and
Duarte, 2000). Bacterial activity is, however, generally af-
fected by these factors in a concerted manner, in which most
studies using bivariate analyses can only provide a frag-
mented view (Gasol and Duarte, 2000).

The estuary of the Mondego has been extensively de-
scribed from the point of view of nutrient dynamics
(Azeiteiro and Marques, 2000; Lillebg, 2000; Marques et al.,
1997; Pardal, 1998) and the composition of estuarine inver-
tebrates communities (Azeiteiro and Marques, 1999;
Azeiteiro et al., 1999; Marques et al., 1997; Pardal, 1998).
The bacterioplankton only recently have begun to be investi-
gated in this estuary (Bacelar-Nicolau et al., Revista da Bio-
logia (Lisboa) 19: 51-62 (2001)). In this work, we have
analysed bacterioplankton abundance and environmental pa-
rameter data over a 11 month period (July 1999-June 2000),



S68 P. Bacelar-Nicolau et al. / Acta Oecologica 24 (2003) S67-S75

as well as during one tidal period (June 2000), using multi-
variate statistical methods. This study was aimed at identify-
ing the key factors controlling the dynamics of bacteri-
oplankton in the Mondego estuary, particularly of aerobic
heterotrophic bacteria, nitrate-reducing bacteria (NRB) and
sulphate-reducing bacteria (SRB); relevant in the overall
ecology of the estuary.

2. Materials and methods
2.1. Study site

The Mondego River, on the western coast of Portugal,
drains a hydrological basin of approximately 6.670 km?. The
estuary (40°08'N 8°50'W) has an area of 3.3 km?and a mean
water volume of 0.0075 km? (Flindt et al., 1997), and con-
sists of two arms that separate at about 7 km from the sea, and
join near the mouth . The estuary has a tidal range
0.35-3.3 m and an average freshwater discharge of 8.5 x 10°
m> s~ (Flindt et al., 1997). The average residence time is 2 d
in the north arm and 9 d in the south arm (Flindt et al., 1997).
Upstream areas of the south arm are almost completely silted
up, and consequently, the water circulation depends mainly
on tides, and to a small extent on the freshwater discharge
from a tributary, Pranto River, that is controlled by a sluice
located 3 km from the confluence with the Mondego (Flindt
et al., 1997). Two sampling stations were chosen, located at
the south arm of the estuary: station 1 (S1), close to the
mouth, and station 2 (S2), located near the Pranto River.

2.2. Field programme

Water samples were collected monthly, at high tide, at the
water subsurface (ca. 0.3 m depth) in S1 and S2. Water
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samples were also collected during one tidal cycle, in both
the stations, at about 3 h intervals, from the water subsurface
(ca. 0.3 m depth) and near-sediment surface (5-8 m and
0.5-2 m depth, respectively, for S1 and S2), on 15 June 2000.

2.3. Determination of physical and chemical parameters

All the samples were analysed in situ for salinity, tempera-
ture, dissolved oxygen, pH, E;, and conductivity. The samples
were also analysed in the laboratory (in triplicate) for their
content in dissolved nitrate, nitrite, ammonia, sulphate, phos-
phate, particulate organic matter and chlorophyll a (Strick-
land and Parsons, 1972).

2.4. Sampling procedure and enumeration of viable
bacteria

Water samples (1 1) for the enumeration of viable bacteria
were collected in parallel to those obtained for physical and
chemical analyses. The samples were collected into sterile
glass flasks, filled to capacity, sealed with gas-tight rubber
stoppers and immediately placed on ice until processing was
initiated in the laboratory (12-24 h later).

The numbers of viable aerobic chemoorganotrophic bac-
teria, SRB and NRB were estimated through the Most Prob-
able Number (MPN) method. Three or five replicates of
series of 10-fold water dilutions, in appropriate selective
liquid media (see below), were prepared in multiwell plates.
Cultures were incubated at 37 °C, in the dark, for 3 weeks
(aerobes) or 6 weeks (anaerobes). The presence of bacteria
was scored positive on the basis of turbidity or precipitate
development, and confirmed by microscopic observation.

MONDEGO ESTUARY

Pranto River

4
S2

Fig. 1. Map of the Mondego estuary showing the locations of the two sampling stations in the south arm.
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The growth of SRB and NRB required strict anaerobic pro-
cedures that were used at all times (Widdel and Bak, 1992).

The growth media used throughout this study were se-
lected from preliminary experiments (Bacelar-Nicolau et al.,
Revista da Biologia (Lisboa) 19: 51-62 (2001)). YPG me-
dium containing yeast extract (2 gl17'), bacto peptone
(1 gI™") and glucose (2 g-17") was used for the growth of
aerobic heterotrophic bacteria. An SRB growth medium was
used containing basal salts, trace elements, vitamins, lactate
(20 mM) as an electron donor and carbon source, and sul-
phate (Na,SO,, 20 mM) was used as the terminal electron
acceptor (Beech and Vitalis, unpublished). The saltwater
Widdel and Bak multipurpose medium (Widdel and Bak,
1992) was used for the growth of NRB, adding nitrate
(NaNOs, 10 mM) instead of sulphate as the terminal electron
acceptor; lactate was also added (20 mM). The concentration
of NaCl was adjusted to the average salinity of the estuary
(20 g-I""). The pH was adjusted to 7 prior to autoclaving, in
all media.

2.5. Statistical analysis
All the variables were normalised by logarithmic transfor-
mation. Pearson correlation analysis was used to assess ma-

jor linear relations between variables. Principal component
analysis (PCA) (SPAD 3.5, Cisia-Ceresta) was applied to
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identify the major sources of variability in the bacterial
communities in both time scale studies. Stepwise multivari-
ate linear regression (LEASP; Bacelar-Nicolau et al., 1998)
was applied to find an explanatory model for the dynamics of
the heterotrophic bacterial community in terms of the envi-
ronmental parameters (temperature, pH, E;, dO,, total N,
NO,~, NH;, NO,~, SO,*", N/P, chlorophyll @) during the
period between July 1999 and June 2000.

3. Results

3.1. Annual study

The variation patterns of the environmental and biological
parameters, at each station at high tide, are shown in
and 3. Water temperature showed a unimodal pattern at both
the stations, with maxima in summer and minima in winter
. The temperature values were greater at S2 in spring
and summer, reflecting the seasonal changes at this shallow
estuarine station. Most of the other parameters were affected
by the discharges from the Pranto River: the sluice, which
usually opens during winter was, in the studied period, also
open in April 2000, resulting in bimodal annual patterns,
instead of the usual unimodal patterns (Azeiteiro and
Marques, 2000). The pH values were fairly constant during
the studied period with maxima in January and June 2000,
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Fig. 2. Physicochemical and biological variables of the water column, at high tide, in S1 and S2 (July 1999-June 2000): (a) pH, temperature, (b) dissolved
oxygen, salinity, (c) sulphate, phosphate, (d) chlorophyll a and aerobic heterotrophic bacteria.
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Fig. 3. Variation of nitrogen compounds (total N, nitrate, nitrite, ammonia) in the water column, at high tide, in S1 and S2 (July 1999-June 2000).

specifically at S2 . Salinity values showed consider-
able variation with minima in January and May 2000, in
particular at S2 (Fig. 2b). Dissolved oxygen (dO,) was fairly
constant throughout the year, reaching maxima values in
January and June 2000 . The concentration of sul-
phate was fairly constant at S1 and S2 during the studied
period, except for a maximum value in September 1999 at
S1, and a minimum in May 2000 at both the stations
. Phosphate concentration was always greater at
station S2 than that at S1 . The concentration of total
nitrogen was also greater at S2 (nearly three fold) than S1,
particularly from September till December 1999, and in June
2000 (Fig. 3ajb), although the three monitored nitrogen com-
pounds differed, in their relative abundance, at the two sta-
tions (NO5~, NH; and NO,™ represented, respectively, 77%,
18% and 6% of the total nitrogen at S1, whilst they were
40%, 50% and 10%, respectively, at S2). Nitrate concentra-
tion was fairly similar at S1 and S2, except during the sum-
mer of 1999, when the nitrate level at S1 nearly doubled that
at S2. Nitrite and ammonia showed similar variation patterns
at the two stations (except for the summer of 1999), although
their concentrations at S1 were generally ca. 10-20% of
those at S2 (levels of nitrite and ammonia were similar in
January 2000).

The concentration of chlorophyll a was, in most cases,
higher at S2 than at S1 (IFig. 2d). Chlorophyll a exhibited a
bimodal pattern with maxima during autumn (1999) and
spring (2000). Viable counts of aerobic heterotrophic bacte-
ria showed a unimodal pattern, with maxima values
in summer and minimum values in winter at S1, although this
was not so clear at S2, where bacterial numbers were greater.
NRB and SRB were also detected although their enumeration
was only performed between December 1999 and June 2000
(not shown). In brief, duringthat period, NRB ranged be-
tween 4.6 x 10° and 1.1 x 107 cells-1"!, and SRB ranged
between 3.0 x 10° and 4.6 x 10° cells1™". Also, bacterial
numbers for each metabolic group were greater at S2 than S1.
The PCA of the environmental and biological factors vs.

samples (station and date) matrix, taking into account the
first three axes, explained 69.25% of data variability .

The first axis (PC1; 43.89%) revealed a strong opposition
between the two sampling stations, therefore defining a spa-
tial gradient: samples characterised by greater levels of total
nitrogen, ammonia, nitrite, chlorophyll a, phosphate and
temperature largely corresponded to those from S2, while
samples characterised by higher salinity corresponded to
those from S1. The second axis of variability (PC2; 14.67%)
opposed samples characterised by higher levels of sulphate
and salinity, mostly collected during autumn 1999 (mostly at
S2), and samples characterised by higher levels of nitrate,
dO, and pH, which correspond mostly to those collected in
spring 2000 (mainly May). The third axis of variability (PC3;
10.69%) defined an opposition between the samples charac-
terised by higher levels of temperature, pH and counts of
aerobic heterotrophic bacteria, corresponding to samples
mostly collected during summer, and samples characterised
by higher levels of nitrate, corresponding to samples col-
lected in winter 1999 and spring 2000. Therefore, the second
and third factors defined two distinct temporal gradients
(autumn vs. spring; and winter/spring vs. summer). Multiple
linear regression analysis of the environmental and biologi-
cal (aerobic heterotrophic bacteria) variables vs. sample ma-
trix indicated that the density variation of the aerobic het-
erotrophic bacteria (for the period July 1999 till June 2000)
was explained by the interaction of the following four envi-
ronmental parameters: nitrate, salinity, pH and temperature
1) The multiple linear regression analysis (r = 0.875;
r~=0.766) indicated that the number of heterotrophic bacte-
ria increases with increasing temperature, and decreases with
increasing levels of nitrate, salinity and pH.

3.2. Tidal study

Variation patterns of the environmental parameters, at
each station and depth, during the tidal cycle are shown in

Most parameters were clearly influenced by the tidal

flux. At station S1, the effect of saline intrusion was observed
in the fluctuations of salinity, conductivity, £, and dO,, and
a dilution effect was observed in the variation of temperature,
pH, phosphate, nitrite, POM and chlorophyll a. At station S2,
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Fig. 4. Projection of the principal components 1, 2 and 3 (PC1, PC2 and PC3) for the PCA of physical, chemical and biological factors vs. sample matrix during
the period July 1999-June 2000 (SPAD 3.5, Cisia-Ceresta). Descriptors: salinity (SAL), temperature (TEMP), pH (pH), dissolved oxygen (DO2), total nitrogen
(NTOT), nitrate (NOy), nitrite (NO,), ammonia (NHj), phosphate (FOSF), sulphate (SULF), chlorophyll a (CHLA) and aerobic heterotrophic bacteria (HETS).

the effect of tidal intrusion was also observed in salinity,
conductivity, sulphate and phosphate levels, and E , (the
latter, only at the surface water); a dilution effect was ob-
served on POM and chlorophyll a . The different patterns for
temperature at S2, when compared to S1 (especially promi-
nent at the surface water), certainly reflected the time of day
at which sampling took place (between 9.15 a.m. and 18.10
p.m.). The somewhat peculiar patterns of Eh, dO, and pH, at
the surface water in station S2, could be related to the fact
that there was a small but continuous input of freshwater
(Pranto River) through leakage over the sluice. The tributary

Table 1

Variables in the equation of multiple regression for the variation of the
abundance of aerobic heterotrophic bacteria over the 11 month period
(LEASP; Bacelar-Nicolau et al., 1998); r = 0.875; r* = 0.766

Variables Regression Standard deviation of the
coefficient regression coefficient

Nitrate —-15.056 3.0631

Salinity -0.125 0.0282

pH —2.112 0.5031

Temperature 0.1391 0.0529

Constant 24510

river receives water that leaches highly fertilised, iron-rich
agricultural fields and this could affect the phosphate and
ionic dynamics of the receiving stream (M.J. Pereira, pers.
com.), and be responsible for the distinct patterns observed at
the surface and near-sediment water at S2.

Bacterial numbers were also influenced by tidal
fluxes. The numbers of aerobic heterotrophic bacteria exhib-
ited a dilution affect, especially at S1, decreasing with flood
tide and increasing with ebb tide. SRB were only detected in
samples collected near the sediment, duringebb tide at S1 and
at high tide at S2. The number of NRB (not shown) was
always greater than 2.4 x 10° cells-I"" at all the studied sites.

The first three principal components defined by the PCA
of environmental and biological factors vs. samples matrix,
explained 80.82% of the tidal data variability. The first axis
(45.29%) revealed a strong opposition between the two sam-
pling stations (irrespective of depth; , defining a
spatial gradient: samples characterised by higher levels of
phosphate, nitrite, temperature, E , pH, total nitrogen and
POM, largely corresponded to those collected at S2, while
samples characterised by higher salinity and conductivity
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corresponded to those from S1. The second axis (20.18%)
clearly defined an opposition between the samples collected
at S2, near the sediment and those collected at low tide,
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P. Bacelar-Nicolau et al. / Acta Oecologica 24 (2003) S67-S75 S73

PC2 -20.18%

(@ a
0 0 A St (a)
O s2
@ [ Sub-surface
30T [ Water-sediment
interface
157
0
6 A
Ag
-15T A3

PC1 - 45.29%

PC3 -15.37%

O (®)
3.0

157 &

doO:

POM
Eh pH SN 6
TEMP
0 NO2CHLA
FOSF -
NTOT 3
0
@
-1510 Y A3
12
. 20 A3
-5.0 -25 0 25

PC1 - 45.29%

Fig. 7. Projection of the (a) principal components 1 and 2 (PC1 and PC2) and (b) principal components 1 and 3 (PC1 and PC3), for the PCA of physical,
chemical and biological factors vs. sample matrix during the tidal cycle on 15th June 1999 (SPAD 3.5, Cisia-Ceresta). Descriptors: salinity (SAL), conductivity
(COND), temperature (TEMP), pH (pH), E, (Eh), dissolved oxygen (DO?2), nitrate (NO;), nitrite (NO,), ammonia (NH;), total nitrogen (NTOT), sulphate
(SULF), phosphate (FOSF), chlorophyll a (CHLA), aerobic heterotrophic bacteria (HETS), and SRB (SRB). Numbers 0, 3, 6, 9, 12 correspond to sampling
times, respectively, 9:15, 12:00, 14:05, 16:30 and 18:10.



S74 P. Bacelar-Nicolau et al. / Acta Oecologica 24 (2003) S67-S75

of dO,, nitrate and ammonia. The third principal factor
(15.37%) recognised an opposition between the samples
collected during flood tide, characterised by higher levels of
nitrate and ammonia, and samples collected during ebb tide,
characterised by higher levels of sulphate and dO, .

4. Discussion

Our results indicate that bacterial dynamics are mainly
affected by temporal gradients (annual seasons, and tide-
related gradients), and less by the spatial structure of the
Mondego estuary in both the time scale studies.

The three metabolic groups of bacteria were present in the
estuary, although we were only able to model the dynamics
of aerobic heterotrophic bacteria (due to insufficient data).
The abundance of aerobic heterotrophic bacteria during the
quasiannual period was modelled as a function of four pa-
rameters, that dictate its increase with increasing temperature
(as found by other authors Cunha et al., 2000; Ducklow and
Shiah, 1993; Hoch and Kirchman, 1993), but decreasing with
pH, salinity and nitrate (the latter being the most important
variable). Hence, the biogeochemical cycle of nitrogen is
central for understanding the overall dynamics of the south
arm of the Mondego estuary. The high input of nitrogen as
nitrate, at S2, from the Pranto River, resulted in a localised
increase of phytoplankton (chlorophyll @) abundance, which
led to an increase of ammonia concentration (resulting from
excretion or biomass degradation (Valiela, 1995). This in
turn led to eutrophication and depletion of dO,. Under these
conditions, aerobic heterotrophic bacteria would be inhib-
ited, as evidenced by the multiple regression analysis. Under
the same set of conditions, microbial denitrification may
occur with the production of ammonia (via hydroxylamine
intermediates) or nitrite (Herbert, 1999; Zumft, 1997), as
observed particularly at S2. These observations are also sup-
ported by the positive correlation of total N, ammonia and
nitrite with chlorophyll @, and the negative correlation of
ammonia with dO,. NRB were detected during the tidal
study on 15 June 2000 and on previous counting experi-
ments, even though denitrifying activity by NRB and their
contribution to the ammonia production was not quantified.

Phosphorus (as phosphate) was apparently of less impor-
tance to the bacterial community, even though some authors
have emphasised that it can be the limiting resource for
bacterioplankton (Currie, 1990; Rivkin and Anderson, 1997).
It appeared, however, to be limiting to the phytoplankton, as
suggested by the positive correlation between the two vari-
ables, and by the fact that the ratio N:P was above the
Redfield ratio value (N:P values ranged 17.2-81.1 and
20.1-122.5, respectively, at S1 and S2), throughout the study
period. The analysis of the tidal data further showed a very
strong positive correlation of phosphate with nitrite and tem-
perature. Phosphate in water and sediments is, to a large
extent, determined by biological activity (Valiela, 1995) and
therefore dissimilative reactions, including nitrate reduction,
result in the regeneration of phosphorus (supported by the

tidal variation). This process is temperature dependent both
because increasing temperature increases microbial nitrate
reduction, and also because temperature (representing light
intensity) indirectly induces the anaerobic conditions neces-
sary for nitrate reduction via the blooms of primary produc-
ers (Pardal, 1998). These correlations are mostly evident in
the tidal scale study, because it focuses on the short scale,
on-going, metabolic processes. In marine environments, par-
ticularly in aerobic conditions, sulphate is the most abundant
form of sulphur. The reduction of sulphate to sulphide, under
an anaerobic environment, depends on factors, such as diffu-
sion and availability of organic matter. In the presence of
oxygen or nitrate, sulphide is in turn oxidised chemically and
biologically to more oxidised forms of sulphur, including
sulphate (Valiela, 1995). In the estuary of the Mondego,
sulphate dynamics are strongly linked to nitrogen dynamics
as evidenced by the negative correlation of sulphate with
nitrate (both the time scale studies) as well as with total
nitrogen, ammonia and nitrite (annual study). Also, the PC
analyses for both the time scale studies revealed a clear
opposition between samples with higher levels of sulphate
(mostlysummer months or ebb tide) and those with higher
nitrate levels (mostly spring months or flood tide). This might
be partly explained by the presence of SRB (detected, al-
though in low numbers, during the tidal study), as these
bacteria are active mostly under the anaerobic conditions
produced by the input of high levels of nitrogen in the
estuary. The numbers of SRB were closely related to the
concentration of sulphate (and supported by PC3; Bacelar-
Nicolau et al., in press) and POM. The fluctuation of SRB
and sulphate concentration in this case appeared to result
from sediment resuspension induced by the water influx and
outflow during the tidal study, as they coincided with high
tide at S2, and ebb tide at S1. The opposition nitrate vs.
sulphate revealed by the two PCAs, moreover, suggests a
competition between SRB and NRB for carbon resources in
the estuary. This may, however, be limited to the water-
sediment interface, where both groups of bacteria are most
active (Herbert, 1999; Teske et al., 1998), and where the
supply of organic matter increases, as suggested by PC3
(Sampou and Oviatt, 1991).

Phytoplankton and heterotrophic bacterioplankton are of-
ten closely related in aquatic systems, less clearly in estuaries
where the allochthonous supply of organic matter is appre-
ciable (Chatila et al., 1999; Ducklow, 1999; Jugnia et al.,
1999). In both our studies, a close relationship was observed
between phytoplankton (chlorophyll a) and aerobic het-
erotrophic bacteria. In addition, for the tidal period, PC2
revealed a close relationship between POM, phytoplankton
and aerobic heterotrophic bacteria, as well as a strong oppo-
sition between those three variables and levels of dO,. These
results, therefore suggest that the fluctuation of organic mat-
ter in the south arm of the estuary may be mainly due to
phytoplankton metabolism. They also indicate a strong reli-
ance of the aerobic heterotrophic bacterial abundance on in
situ plankton metabolism, as observed in the Chesapeake
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Bay (Ducklow et al., 1999). The population of aerobic het-
erotrophic bacteria would thus utilise carbon resources and
oxygen, or use carbon resources under low dO,conditions
(Bacelar-Nicolau et al., Revista da Biologia (Lisboa) 19:
51-62 (2001)). Under these conditions, NRB activity may be
of great relevance in the cycling of carbon, particularly at S2
(supported by the levels of nitrite, the positive correlation of
POM and nitrite, and by the PCA of tidal data).

Our data thus support the hypothesis that the relative
importance of each of the three metabolic groups of het-
erotrophic bacteria to the carbon cycling in the water column
of the Mondego estuary depends on the particular physical,
chemical and biological environment. Nitrate appeared to be
the most important key parameter controlling the profiles of
heterotrophic bacteria, with a negative effect on aerobic bac-
teria (and suggestively positive on NRB), although tempera-
ture, pH and salinity also affected the system. SRB may be of
relevance to the system at the water-sediment interface,
where sulphate and POM are more abundant.
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