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Abstract: Aim: Estimating bacterioplankton density and biomass and their regulating 
factors is important in order to evaluate aquatic systems’ carrying capacity, regarding 
bacterial growth and the stock of matter in the bacterial community, which can be 
consumed by higher trophic levels. We aim to evaluate the limnological factors which 
regulate - in space and time - the bacterioplankton dynamics (abundance and biomass) 
in five tropical coastal lagoons in the state of Rio de Janeiro, Brazil. Method: The 
current study was carried out at the following lagoons: Imboassica, Cabiúnas, Comprida, 
Carapebus and Garças. They differ in morphology and in their main limnological factors. 
The limnological variables as well as bacterioplankton abundance and biomass were 
monthly sampled for 14 months. Model selection analyses were performed in order to 
evaluate the main variables regulating the bacterioplankton’s dynamics in these lagoons. 
Result: The salt concentration and the “space” factor (i.e. different lagoons) explained 
great part of the bacterial density and biomass variance in the studied tropical coastal 
lagoons. When the lagoons were analyzed separately, salinity still explained great part of 
the variation of bacterial density and biomass in the Imboassica and Garças lagoons. On 
the other hand, phosphorus concentration was the main factor explaining the variance 
of bacterial density and biomass in the distrophic Cabiúnas, Comprida and Carapebus 
lagoons. There was a strong correlation between bacterial density and biomass (r2 = 0.70, 
p < 0.05), indicating that bacterial biomass variations are highly dependent on bacterial 
density variations. Conclusion: (i) Different limnological variables regulate the bacterial 
density and biomass in the studied coastal lagoons, (ii) salt and phosphorus concentrations 
greatly explained the variation of bacterial density and biomass in the saline and distrophic 
lagoons, respectively, and (iii) N-nitrate and chlorophyll-a concentrations, water color 
and mean depth are important factors to explain bacterial density and biomass variance 
in some specific lagoons.

Keywords: bacterioplankton, bottom-up regulation, phosphorus limitation, salinity, 
tropical coastal lagoons, model selection analysis.

Resumo: Objetivo: Estimar a densidade e a biomassa do bacterioplâncton e seus 
fatores reguladores é importante para avaliar a capacidade suporte dos ecossistemas 
aquáticos em relação ao crescimento bacteriano e o estoque de matéria na comunidade 
bacteriana, que, por sua vez, pode ser consumida por níveis tróficos superiores. Nós 
objetivamos avaliar os fatores limnológicos que regulam - no espaço e tempo - a dinâmica 
do bacterioplâncton (abundância e biomassa) em cinco lagoas costeiras tropicais do Estado 
do Rio de Janeiro, Brasil. Método: O presente estudo foi realizado nas lagoas Imboassica, 
Cabiúnas, Comprida, Carapebus e Garças, que diferem em relação à morfologia e às 
principais condições limnológicas. As variáveis limnológicas, bem como a abundância 
e biomassa bacterioplanctônica, foram amostradas mensalmente por 14 meses. Análises 
de seleção de modelos foram realizadas para avaliar quais são as principais variáveis 
limnológicas que regulam a dinâmica do bacterioplâncton nestas lagoas. Resultados: A 
concentração de sais e o fator “espaço” (i.e. diferentes lagoas) explicaram grande parte 
da variação da densidade e biomassa bacterianas lagoas costeiras estudadas. Quando 
as lagoas foram analisadas separadamente, a salinidade ainda explicou grande parte 
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precipitation to evaporation balance, surface heat 
balance and respond differently to these forcing 
functions (Kjerfve, 1994). The geomorphometry 
of the lagoon (type and form) reflects the rates 
of sea–freshwater exchanges and the influence of 
surrounding terrestrial ecosystems: shore-parallel 
oriented lagoons are usually more influenced by 
marine water than shore-perpendicular oriented 
ones and lagoons with small area have a great 
perimeter/volume ratio and are strongly influenced 
by surrounding terrestrial ecosystem (Wetzel, 
1990; Kjerfve, 1994). These differences among 
lagoons result in a wide spectrum of limnological 
features (see review at Esteves et al., 2008) which, 
in turn, influence the microbial community. For 
instance, pollution and salt concentrations are 
the major regulating factors of the structure of 
bacterial communities in coastal lagoons (Fontes 
and Abreu, 2009; Laque et al., 2010; Salloto et al., 
2012; They  et  al., 2013). Bacterial density is 
related to salinity, water temperature and light in 
a Brazilian subtropical coastal lagoon (Fontes and 
Abreu, 2009), while the input of nutrients indirectly 
influenced the bacterial biomass in a Colombian 
hypertrophic lagoon (Gocke  et  al., 2004). In an 
experimental study, Farjalla et al. (2002a) observed 
that phosphorus and the quality of dissolved organic 
matter limit bacterial production is coastal lagoons 
of Rio de Janeiro State, but, so far, no study was 
performed relating the temporal changes in the 
bacterial density and biomass to the environmental 
characteristics of the tropical coastal lagoons of the 
Rio de Janeiro State, Brazil.

The current study evaluated bacterial density 
and biomass as well as several limnological 
variables of 5 tropical costal lagoons in the state 
of Rio de Janeiro during a 14 month period of 
time. These lagoons are different in terms of 
geomorphology, river inputs, sewage disposal and 
connectivity to the ocean; resulting in broad ranges 

1. Introduction

Bacterioplankton are historically related to dead 
organic matter decomposition and to inorganic 
nutrients release in the environment. More 
recently, bacterioplankton were also incorporated 
to planktonic food webs, through the microbial 
loop concept (Pomeroy, 1974; Azam et al. 1983). 
According to such concept, planktonic bacteria 
incorporate dissolved organic matter into bacterial 
biomass, which is consumed by higher trophic 
level organisms, such as protozoa, rotifers and 
cladocerans. Estimating bacterial numbers and 
biomass is important in order to evaluate aquatic 
ecosystems’ carrying capacity regarding bacterial 
growth and the stock of matter and energy in 
the bacterial community. For instance, it is well 
established that bacteria hold most of the planktonic 
biomass in the aquatic oligotrophic ecosystems (e.g. 
del Giorgio and Gasol, 1995; Gasol et al., 1997). 
However, just some studies on such subject were 
performed in tropical inland aquatic ecosystems 
(e.g. Roland et al., 2010) and only a few of them 
were done in coastal lagoons (Abreu et al., 1992; 
Farjalla et al., 2002a; Gocke et al., 2004; Fontes and 
Abreu, 2009; Hsieh et al., 2012; They et al., 2013). 
In a recent review, Amado et al. (2013) observed that 
bacterioplankton respiration is higher in tropical 
inland ecosystems than it is in temperate ones, 
suggesting that there are differences of bacterial 
dynamics between tropical and temperate aquatic 
ecosystems. Amado et al. (2013) also highlighted the 
need for more studies focusing on bacterioplankton 
dynamics in tropical ecosystems in order to better 
understand the role played by such community in 
the aquatic ecosystems.

Coastal lagoons are shallow inland water bodies 
wholly or partly sealed off from the adjacent coastal 
ocean by a narrow sand barrier. Coastal lagoons 
are influenced by river input, ties, wind stress, 

da variação da densidade e biomassa bacterianas nas lagoas Imboassica e Garças. Por 
outro lado, a concentração de fósforo foi o principal fator regulador da densidade e 
biomassa bacterianas nas lagoas Cabiúnas, Comprida e Carapebus. Houve uma forte 
correlação entre a densidade a biomassa bacterianas (r2 = 0,70, p < 0,05), indicando que 
variações na biomassa bacteriana são altamente dependentes das variações na densidade 
bacteriana. Conclusão: (i) Diferentes variáveis limnológicas regulam a densidade e 
biomassa bacterianas nas lagoas costeiras estudadas, (ii) as concentrações de sais e fósforo 
explicaram a maior parte da variação da densidade e biomassa e bacterianas nas lagoas 
salinas e distróficas, respectivamente, (iii) As concentrações de N-nitrato e clorofila-a, a 
coloração da água e a profundidade média da lagoa são importantes fatores que explicam 
a variação na densidade e abundância bacterianas em alguns casos específicos.

Palavras-chave: bacterioplâncton, regulação ascendente, limitação por fósforo, 
salinidade, lagoas costeiras tropicais, análises de seleção de modelo.
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2.2. Sampling and analytical procedures

Sub-surface water samples (10-20 cm depth) 
were monthly collected with acid-cleaned plastic 
bottles in the central limnetic region of all lagoons, 
from June 2002 up to July 2003. Basic limnological 
variables were measured immediately in the field, 
such as depth and Secchi Disc depth, temperature, 
salinity and electrical conductivity (digital sensor 
Thermistor YSI-30). Water samples were collected 
to determine pH (pHmeter Analion PM-630), 
alkalinity by the method of Carmouze (1994) and 
dissolved oxygen concentration by the Winlkler 
method modified by Golterman et al. (1978).

 Sub-samples were filtered on Whatman GF/C 
filters (0.7 µm pore size), which were used to 
measure chlorophyll-a, after extraction with ethanol 
and absorbance measurements (Nusch and Palme, 
1975). The filtered water was used to evaluate 
the water color and nutrient concentrations. 
Absorbance measures at 430 nm were performed as 
an indicator of water color characteristics. Soluble 
reactive phosphorous (SRP) and total dissolved 
phosphorus concentrations were determined by 
the ascorbic acid-molybdate reaction before and 
after acid-digestion and autoclavation, respectively 
(Golterman  et  al., 1978). Dissolved nitrogen 
concentrations were obtained through digestion 
and distillation by using the Kjeldahl method 
(Mackereth et al., 1978). N-nitrate concentrations 
were determined by a Flow Injection Analysis 
System (FIA – Asia Ismatec) (Zagatto et al., 1980) 
and the N-ammonium was determined by a 
spectrophotometer after applying a blue indophenol 
method (Koroleff, 1978). Rainfall data were 
obtained from a meteorological station located in 
a local farm located nearby the lagoons.

In order to determine bacterial numbers, 
18  mL sub-samples were fixed with 3.7% 
buffered formaline in-site (Hobbie  et  al., 1977). 
1 mL replication aliquots were filtered on 0.2 µm 
Nucleopore membranes in the laboratory, which 
were stained for 10 minutes using 0.01% acridine 
orange. By using a Zeiss epifluorescence microscopy, 
bacteria were counted in 40 chosen fields and 
separated in three classes (rods, cocci and vibrius) 
for measurements and estimation of biovolume (Fry, 
1990) and conversion to biomass through the factor 
of 0.0056 g C µm–3 proposed by Bratbak (1985).

2.3. Data analysis

All data, except pH, were log transformed 
in order to meet homoscedasticity requirements 
and a normal distribution (Shapiro-Wilks test). 

of limnological conditions. Model selection analyses 
were performed in order to assess what variables 
could better predict bacterial density and biomass 
variances in the studied lagoons. We hypothesized 
that different factors would regulate the variation of 
bacterial density and biomass among the lagoons.

2. Material and Methods

2.1. Study area

The current study was carried out at Imboassica, 
Cabiúnas, Comprida, Carapebus and Garças 
lagoons, which are located on the coastal sand 
plain of northern Rio de Janeiro State, Brazil (22°-
22° 30’ S and 41° 30’-42° W). Those are shallow 
lagoons (depths below 3 m) with surface areas of 
3.26, 0.34, 0.13, 6.50 and 0.96 km2, respectively, 
and are separated from the sea by a ~ 20 m length 
sandbar. A detailed map of the region can be at Di 
Dario et al. (in press - this volume). The climate in 
the region is warm and humid, with mean annual 
temperatures of 26.6 °C and rainfall concentration 
between October and March.

Cabiúnas, Comprida and Carapebus lagoons 
have a dendritic shape (resulting in a high surface/
volume ratio) with their main axis perpendicular 
to the sea. These lagoons are much influenced by 
natural surrounding bushy vegetation (Restinga 
vegetation) and have a small area of marine potential 
influence. Nevertheless, Carapebus lagoon had part 
of its natural vegetation replaced by sugar cane 
plantation. These three lagoons present a brownish 
gradient of water color, in which Carapebus lagoon 
usually has the lowest and Comprida lagoon 
the highest (Farjalla  et  al., 2002a). The intense 
color results from a high concentration of humic 
substances formed by organic matter decomposition 
of the surrounding vegetation which percolates 
through the sandy soil (Farjalla  et  al. 2009a). 
Garças lagoon has a circular shape with its main 
axis parallel to the sea. It is great influenced by 
marine water resulting in a salt concentration much 
higher than the sea. In its outskirts the vegetation 
is creeping type dominant. Imboassica lagoon is an 
urban lagoon which original shape was modified 
by human activity. It has a small area of marine 
potential influence, but artificial openings of its 
sandbar can increase lagoon and seawater exchange. 
Imboassica lagoon has also been exposed to a process 
of artificial eutrophication through the constant 
inflow of untreated sewage that develops in high 
phytoplankton abundance.
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3. Results

The limnological parameters varied between 
lagoons and within lagoons throughout time 
(Table 1). Cabiúnas lagoon was the deepest, while 
Garças was the shallowest lagoon. The lagoons 
showed a strong salt concentration gradient, in 
which Garças lagoon showed the greatest values 
and Cabiúnas e Comprida the lowest ones. Garças 
lagoon also showed the highest concentrations 
of total dissolved phosphorous, soluble reactive 
phosphorus (SRP) and N-nitrate. Imboassica 
presented the highest chlorophyll-a concentration 
while Comprida lagoon showed the darkest color 
(Table 1).

Bacterioplankton abundance varied around 
×1010 cells L–1 in all lagoons with the highest 
values in Garças (maximum value of 13.79 
×1010 cells L–1, March/2003) and Imboassica 
lagoons (maximum value of 8.73 ×1010 cells 
L–1, December/2002) and the lowest values in 
Cabiúnas (minimum value of 0.58 ×1010 cells L–1, 
October/2002) Comprida (minimum value of 0.96 
×1010 cells L–1, November/2002) and Carapebus 
lagoons (minimum value of 0.83 ×1010 cells L–1, 

A simple linear regression was performed aiming 
to relate bacterial density and biomass data from 
the five lagoons. A model selection test (Akaike’s 
Information Criterion) was used to investigate 
the relations between bacterial abundance and 
biomass with explanatory variables, and spatial and 
temporal categorical factors. Spatial and temporal 
categorical factors were based on samples from 
different lagoons (named as “space”) and different 
sampling months (named as “time”). We also 
performed model selection tests for data sets from 
each lagoon in order to evaluate specific dynamics 
for each ecosystem. AIC objectively identifies the 
model which holds more information while still 
being parsimony. AIC values, by themselves, are 
relatively uninformative, so AIC values differences 
among the best-fitting model and all other models 
(Δ) and their AIC weights (Wi) were also calculated. 
Models with Δ < 2 are likely to be the best model, 
once higher Wi values indicate models that hold 
more data support. We used SAM v3.0 (Spatial 
Analysis in Macroecology - Rangel et al., 2006), and 
95% confidence level to set statistical significance.

Table 1. Mean±standard deviation, (minimum-maximum) value of the limnological variables, bacterial density and 
biomass in Imboassica, Cabiúnas, Comprida, Carapebus and Garças lagoons. Only limnological variables selected 
by the AIC models (see Tables 2 and 3) are shown.

 Imboassica Cabiúnas Comprida Carapebus Garças
Depht 0.97±0.21 2.60±0.21 1.77±0.30 1.50±0.27 0.43±0.11
(m) (0.60-1.30) (2.30-3.00) (1.10-2.30) (0.90-1.80) (0.30-0.60)
Water Temperature 25.20±2.48 25.36±2.94 25.54±2.75 26.13±2.52 25.37±3.50
(ºC) (21.50-28.60) (21.50-30.20) (21.70-30.10) (23.00-29.70) (19.90-33.30)
Salinity 6.34±3.21 1.08±0.63 0.16±0.06 4.62±0.83 93.26±32.98

(2.50-10.90) (0.20-2.60) (0.10-0.30) (3.70-7.10) (63.10-155.40)
pH 8.25±0.40 7.23±0.43 5.50±0.63 7.75±0.46 8.26±0.25

(7.52-8.76) (5.92-7.62) (3.83-6.34) (7.05-8.44) (7.82-8.68)
Dissolved oxygen 7.65±1.90 6.86±1.31 6.91±0.73 7.43±0.87 3.44±1.65
(mg L-1) (5.18-11.40) (5.34-9.37) (6.11-8.34) (6.21-9.16) (1.57-6.78)
Water color 0.011±0.004 0.021±0.012 0.095±0.029 0.012±0.004 0.008±0.005
(430 nm) (0.005-0.018) (0.010-0.046) (0.020-0.135) (0.004-0.019) (0.003-0.017)
Total dissolved 0.94±0.60 0.36±0.26 0.31±0.16 054±0.45 2.22±2.71
phosphorus (µM) (0.26-2.27) (0.14-1.15) (0.15-0.68) (0.17-2.03) (0.04-7.99)
SRP 0.22±0.23 0.16±0.24 0.11±0.12 0.10±0.08 1.62±2.41
(µM) (0.01-0.87) (0.00-0.98) (0.00-0.47) (0.01-0.22) (0.00-7.45)
N-nitrate 1.19±0.55 0.59 ±0.32 1.17±0.55 1.09±0.51 5.95±4.49
(µM) (0.40-2.08) (0.00-1.15) (0.46-2.37) (0.41-2.49) (0.00-12.77)
Chlorophyll-a 41.20±13.40 3.70±2.33 2.20±1.14 3.17±2.41 6.89±4.97
(µg L–1) (15.90-60.90) (1.39-9.23) (1.12-5.72) (0.79-8.80) (1.16-18.11)
Bacterial density 6.15±1.59 1.33±0.60 1.45±0.40 1.28±0.40 6.99±3.44
(×1010 cells L–1) (3.83-8.78) (0.58-2.62) (0.96-2.27) (0.83-2.30) (2.49-13.79)
Bacterial biomass 5.62±2.87 1.16±0.49 1.23±0.39 0.93±0.37 6.78±3.16
(mg C L–1) (3.16-13.40) (0.49-1.93) (0.55-1.93) (0.53-2.06) (3.70-12.51)
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variables: water depth, salinity, water color, total 
dissolved phosphorous and N-nitrate concentrations 
as well as the “space” categorical factor (model 1d; 
Table 2). Other models with similar explanation 
power (models 2d, 3d and 7d; Table 3) included SRP 
and chlorophyll-a concentrations and “time” and 
“space cross time” categorical factors. Particularly, 
salinity and the “space” factor showed maximum 
importance rates (1.00) among a full set of models.

The best AIC selected model for bacterial 
biomass in all lagoons accounted for 82.6% of 
bacterial biomass variation, and included the 
following variables: water depth, water color, 
salinity and the “space” categorical factor (model 1b; 
Table 3). Other models holding similar explanation 
power (models 2b, 3b, 4b, 7b, 9b, 10b and 14b; Table 2) 

August/2002) (Figure    1A). Bacterioplankton 
biomass showed the highest values in Imboassica 
(13.40 mg C L–1, June/2002) and Garças lagoons 
(12.51 mg C L–1, April/2003) (Figure  1B) and 
the lowest values in Cabiúnas (0.49 mg C L–1, 
October/2002), Comprida (0.55 mg C L–1, 
November/2002) and Carapebus lagoons (0.53 mg 
C L–1, June/2003) (Figure  1B). Finally, bacterial 
biomass was related with bacterial density among 
lagoons (r2 = 0.70, p < 0.05) and this relation was 
particularly strong for the three dendritic-shaped 
lagoons (Cabiúnas, Comprida and Carabepus, pers. 
obser. Figure 1A and B).

The best AIC selected model for bacterial density 
in all lagoons accounted for 88.9% of bacterial 
density variation and included the following 

Figure 1. Bacterioplankton density (A) and biomass (B) in the five lagoons studied during fourteen consecutive 
months (June/2002 to July/2003). Legend: ○ = Imboassica lagoon, ■ = Cabiúnas lagoon, ▲= Comprida lagoon, 
♦ = Carapebus lagoon,*= Garças lagoon.

Table 2. Akaike’s models for bacterial density and biomass in all five lagoons together. The explanatory variables used 
for the analysis were the limnological variables plus the categorical factors “space”, “time” and “space cross time”. The 
analysis generated 7 and 14 substantial models, for bacterial density and biomass respectively, according to the Δi 
criterion (Δi ≤ 2 have high level of empirical support), but in this table the models with repeated combinations were 
omitted. The importance values of variables of the best model are given below the table in decreasing order of impor-
tance. Legend: r2 = coefficient of determination, AICc = second-order Akaike Information Criterion, ΔAICc = AICc 
differences, wi = Akaike’s weight. 

Response variable Model Variables r2 AICc ∆AICc wi

Bacterial densityA 

1d Depth, Sal, Color, P-dis, Nitrate, space 0.889 –151.17 0 0.050
2d Depth, Sal, Color, P-dis, Nitrate, space× time 0.889 –151.11 0.055 0.049
3d Depth, Sal, Color, P-dis, Nitrate, space 0.884 –150.55 0.619 0.037
7d Depth, Sal, Color, Nitrate, SRP, Chlo-a, time 0.890 –149.17 1.998 0.018

Bacterial biomassB 

1b Depth, Sal, Color, space 0.826 –122.40 0 0.025
2b Depth, Sal, Color, P-dis, space 0.831 –121.91 0.491 0.020
3b Depth, Sal, Color, space, space × time 0.831 –121.86 0.541 0.019
4b Depth, Sal, Color, P-dis, OD, space 0.837 –121.85 0.550 0.019
7b Depth, Sal, Color, Chlo-a, space 0.829 –120.96 1.442 0.012
9b Depth, Sal, Color, P-dis, SRP, space 0.835 –120.82 1.584 0.012
10b Depth, Sal, Color, Nitrat, space 0.829 –120.79 1.600 0.011
14b Depth, Sal, Color, Chlo-a, space, time 0.834 –120.42 1.979 0.009

Importance of best predictors: A salinity (1.00), space (1.00), depth (0.99), water color (0.95), N-nitrate (0.91), 
dissolved phosphorous (0.63), space × time (0.38). B salinity (1.00), space (0.99), depth (0.97), water color (0.92).
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indicating less, or secondary, influence on bacterial 
dynamics in this system.

Regarding the Cabiúnas lagoon, the best models 
included water color and SRP concentration, 
accounting for 64% of bacterial density variation 
(model C1d; Table 3), and water color accounting 
for 41.2% of bacterial biomass variation (models 
D1b; Table  3). The second-best model to explain 
the bacterial biomass variance (indistinguishable 
from the first one, according to the Akaike’s weight) 
also included SRP concentration and accounted 
for 55.1% of bacterial biomass variation (models 
D2b; Table  3). Water color presented the highest 
importance in order to explain both bacterial 
density and biomass (0.63 and 0.61, respectively), 
and was followed by the SRP concentration (0.50 
and 0.42, respectively). The N-nitrate concentration 
and “time” factor also appeared in other selected 
models, but presenting lower importance rates 
(Table 3).

also included the concentration of total dissolved 
phosphorous, dissolved oxygen, SRP and the “time” 
and “space cross time” factors. Salinity showed the 
maximum importance rate (1.00) among a full set 
of models, followed by the “space” factor (0.99).

Different variables explained the bacterial 
density and biomass variation among different 
lagoons (Table 3), which was expected because of 
the great importance of the “space” factor, when 
analyzing the full data set (Table  2). Regarding 
the Imboassica lagoon, the best models included 
salinity, accounting for 64.3% of bacterial density 
variation (model A1d; Table 3), as well as salinity 
and N-nitrate, accounting for 53.5% of bacterial 
biomass variation (models B1b; Table 3). For both 
bacterial density and biomass, salinity appeared 
in all the selected models and showed the highest 
importance rates (0.96 and 0.74). Other variables, 
such as N-nitrate, total dissolved phosphorous 
and chlorophyll-a showed low importance rates, 

Table 3. Akaike’s models for bacterial density and biomass in individual lagoons. The explanatory variables used for 
the analysis were the limnological variables plus the categorical factor “time”. The importance values of variables of 
the best model are given below the table in decreasing order of importance. Legend: r2 = coefficient of determination, 
AICc = second-order Akaike Information Criterion, ΔAICc = AICc differences, wi = Akaike’s weight.

Lagoon Response variable Model Variables r2 AICc ∆AICc wi

Imboassica
Bacterial densityA

1d Sal 0.643 -36.06 0 0.259
2d Sal, P-dis 0.710 –34.89 1.165 0.145
3d Sal, Chlo-a 0.693 –34.12 1.930 0.099

Bacterial biomassB
1b Sal, Nitrate 0.535 –15.15 0 0.105
2b Sal, P-dis 0.518 –14.65 0.508 0.081

Cabiúnas

Bacterial densityC
1d Color, SRP 0.640 –35.78 0 0.160
2d Color, time 0.599 –34.26 1.521 0.075

Bacterial biomassD

1b Color 0.412 –35.98 0 0.185
2b Color, SRP 0.551 –35.72 0.261 0.182
3b Nitrate 0.345 –34.49 1.498 0.088

Comprida
Bacterial densityE 1d SRP 0.304 –42.15 0 0.207
Bacterial biomassF 1b SRP 0.170 –37.47 0 0.202

Carapebus
Bacterial densityG

1d P-dis, SRP, time 0.750 –46.28 0 0.222
2d P-dis, time 0.609 –45.04 1.234 0.120

Bacterial biomassH
1b P-dis, SRP, time 0.791 –54.60 0 0.295
2b P-dis, SRP, Sal, Nitrate 0.905 –54.05 0.555 0.224

Garças
Bacterial densityI

1d Sal 0.435 –12.17 0 0.177
2d Sal, Depht, P-dis, Nitrate 0.661 –10.21 1.953 0.067

Bacterial biomassJ
1b Sal, Depht, time 0.809 –20.34 0 0.452
2b Sal, Depht, P-dis, time 0.869 –19.16 1.183 0.250

Importance of best predictors: A salinity (0.96), dissolved phosphorous (0.25), chlorophyll-a (0.21). B salinity 
(0.74), dissolved phosphorous (0.30), N-nitrate (0.27). C water color (0.63), SRP (0.50), time (0.36). D water color 
(0.61), SRP (0.42), N-nitrate (0.30). E SRP (0.57). F SRP (0.43). G dissolved phosphorous (0.84), time (0.62), 
SRP (0.46). H dissolved phosphorous (0.99), SRP (0.82), N-nitrate (0.36), salinity (0.33), time (0.12). I salinity 
(0.99), depht (0.61), dissolved phosphorous (0.37), N-nitrate (0.31). J depht (0.99), time (0.98), salinity (0.93), 
dissolved phosphorous (0.29).
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Salt concentration is a strong ecological 
filter, structuring aquatic communities and 
regulating ecosystem processes in coastal 
ecosystems (Mouillot  et  al., 2007). For instance, 
salt concentration was a main driven factor for 
bacterial, zooplankton, benthic and fish community 
compositions and CH4 production in tropical 
coastal lagoons (Laque et al., 2010; Setubal et al., 
in press - this volume; Di Dario et al., in press - this 
volume; Petruzzella et al., in press - this volume). 
Estuarine and coastal organisms cope with salt 
concentration changes through energy-costly 
osmoregulation. Each organism presents a salt 
concentration optimum; concentration much lower 
or higher than this optimum will inhibit organism 
reproduction, growth or even the establishment 
in the aquatic system. Species found in a saline 
ecosystem would be influenced by their own 
capabilities and the capability of their possible 
competitors and predators to deal with the stress 
caused by temporal and spatial changes in the salt 
concentration (Rodríguez-Climent  et  al., 2013). 
Organism dispersal capability and phenotypic 
plasticity are usually correlated to size: the smallest 
organisms have greater dispersal capability and 
greater phenotypic plasticity in comparison to 
the biggest ones (Fenchel and Finlay, 2004). 
Therefore, in aquatic ecosystems experiencing 
temporal fluctuations in their salt concentration, 
it is expected: 1) great changes in the community 
composition throughout time (or space); 2) 
extinction of species that hold low tolerance (or 
low phenotypic plasticity); 3) species colonization 
in accordance to the species’ size in the aquatic 
ecosystems experiencing changes in their salt 
concentration.

Tropical coastal lagoons studied here experience 
temporal and/or spatial changes in salt concentration 
(Caliman  et  al., 2010). Underground saltwater 
intrusion in high tide periods, aboveground 
saltwater intrusion via wave action during ocean 
storms and natural or anthropic sandbar openings 
provide unpredictable temporal and spatial changes 
in salt concentrations within and among tropical 
coastal lagoons (Esteves  et  al., 2008). Either 
aquatic bacteria tolerate small changes in salt 
concentrations due to their great trait plasticity or 
colonization of bacterial cells adapted to new salt 
concentrations is usually fast due to their small 
size. On the other hand, bacterial predators, such 
as flagellates, ciliates and microcrustaceans, are 
less tolerant to changes in salt concentration and 
have a smaller dispersal capability. Therefore, the 

The bacterial density and biomass variance 
in Comprida lagoon were better related to SRP 
concentration in the water column (models E1d 
and F1b; Table  3), despite the fact that the total 
variance explained by both models was low 
(30.4% and 17%, respectively). Regarding the 
Carapebus lagoon, the best AIC model to explain 
the bacterial density and biomass variance (models 
G1d and H1b; Table 3) included the SRP and total 
dissolved phosphorous concentrations as well as the 
“time” categorical factor, and accounted for 75% 
and 79.1% of total bacterial density and biomass 
variance, respectively. The dissolved phosphorous 
rated the highest importance rates (0.84 and 0.99) 
in order to explain bacterial density and biomass, 
respectively. It was followed by “time” (0.62) and 
SRP concentration (0.46) for bacterial density and 
by SRP concentration (0.82) for bacterial biomass. 
N-nitrate and salinity appeared in other selected 
models aiming to explain bacterial biomass in 
Carapebus lagoon (model H2b; Table 3), but rating 
low importance rates.

Salinity accounted for 43.5% of bacterial density 
variation (model I1d; Table 3), and salinity, water 
depth and “time” accounted for 80.9% of bacterial 
biomass variation in Garças lagoon (model J1b; 
Table 3). Salinity showed the highest importance 
rates (0.99 and 0.93), followed by water depth 
(0.61 and 0.99), in explaining bacterial density and 
biomass, respectively (Table 3). The “time” factor 
also showed a high importance rate (0.98) to explain 
bacterial biomass in Garças lagoon.

4. Discussion

Salt concentration and the “space” factor (i.e. 
different lagoons) greatly explained the bacterial 
density and biomass variance in these tropical 
coastal lagoons, partially corroborating our initial 
hypothesis that different factors will better explain 
bacterial density and biomass variances among 
them. Once being separately analyzed, salinity 
still largely explained part of the bacterial density 
and biomass variance in the brackish Imboassica 
lagoon and in the hyperhaline Garças lagoon, but 
phosphorus concentration (dissolved phosphorus or 
SRP) was the main factor to explain bacterial density 
and biomass variances in Cabiúnas, Comprida and 
Carapebus lagoons. Bacterial density and biomass 
were correlated and the same factors controlling 
the first were also controlling the other in these 
particular tropical lagoons, indicating that bacterial 
biomass variations are mostly related to bacterial 
density variations, but not to biovolume variations.
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phosphorus from the water (Panosso and Esteves, 
1999).

Besides phosphorus concentration, N-nitrate 
concentration and water color were included in 
additional models to explain bacterial density 
and biomass in Carapebus and Cabiúnas lagoons, 
respectively. Low concentrations of nitrogen seldom 
limit bacterial growth in freshwater ecosystems, but 
there are some exceptions (e.g. Rejas et al., 2005; 
Haubrich  et  al., 2009). Most of the nitrogen in 
an aquatic ecosystem is observed in its organic 
form (dissolved or particulate) and only a small 
fraction of it is readily available for bacterial growth 
(Stepanauskas et al., 2000). Therefore, despite the 
fact that the nitrogen concentration not usually 
limits bacterial growth, nitrogen availability may 
limit bacterial growth in some systems, explaining 
the importance of N-nitrate concentration on the 
bacterial density and biomass variance in Carapebus 
lagoon.

The water color indicates the amount of colored 
organic matter in the aquatic systems. Colored 
organic matter is mostly composed by humic 
substances that are characterized by long and 
complex carbon molecules with limited availability 
to bacterial growth (Steinberg et al., 2006). Humic 
substances are particularly abundant in the coastal 
lagoons in the state of Rio de Janeiro, rating 
concentrations above 200 mg L–1 (Farjalla  et  al., 
2009a). In some previous experiments, bacterial 
growth was observed to be limited by the quality 
of the carbon bulk (Farjalla  et  al. 2002a) and 
by additions of labile substrates or by carbon 
exposure to sunlight, enhance the consumption of 
humic substances by bacteria (Amado et al., 2007; 
Farjalla et al., 2009b). Thus, the quality of carbon 
bulks - represented here by the water color - might 
be a major factor limiting the bacterial growth in 
these coastal lagoons in some specific situations, 
explaining the presence of the water color in some 
predicting models of bacterial density and biomass.

In general, we observed high bacterial abundance 
and biomass in these tropical coastal lagoons 
(Table 1; Figure 1) in comparison to other bacterial 
dynamic surveys in tropical aquatic ecosystems 
(e.g. Roland  et  al., 2010). Bacterial abundance 
and biomass were particularly high in the brackish 
Imboassica lagoon and in the hypersaline Garças 
lagoon, rating numbers 10 to 100 times higher 
than values commonly observed in the literature 
(Roland et al., 2010). We suggest that such high 
bacterial abundance and biomass are related to high 
nutrient concentration in the ecosystems (sewage 

predation pressure on bacterial communities should 
be lower in aquatic ecosystems that experience 
changes in the salt concentration, so bacteria should 
keep higher densities and biomass, as observed in 
Garças and Imboassica lagoons (Table 1, Figure 1). 
This latter hypothesis was not evaluated here and 
needs further investigation in these lagoons. In 
addition, temporal changes in salt concentration 
is related to water evaporation (decrease in water 
depth) in shallow lagoons if no significant seawater 
input is observed (see Laque et al., 2010). Besides 
increasing salt concentrations, water evaporation 
also concentrates inorganic nutrients, carbon 
substrates and organisms, what explains the 
secondary importance of water depth and N-nitrate 
over the bacterial density and biomass variation in 
Garças lagoon.

Sewage is disposed in Imboassica lagoon which 
results in higher chlorophyll-a (mean value of 
41.20 µg L–1), dissolved oxygen concentrations 
(maximum of 11.40 mg L–1) and alkaline pH 
(mean value 8.25) among the five lagoons. Such 
great phytoplankton abundance would explain the 
“normal” dissolved nutrients concentration in the 
water column, despite the sewage disposal in the 
system. Chlorophyll-a and nutrient concentrations 
partially explained the bacterial density and biomass 
variance in Imboassica lagoon (Table 3). On one 
hand, phytoplankton competes with bacterial cells 
for inorganic nutrients (Rejas et al., 2005) but on the 
other hand, phytoplankton exudates great amounts 
of labile organic molecules in the water column, 
which can stimulate bacterial growth (Romero-
Castillo et al., 2011), explaining the importance of 
chlorophyll-a and nutrients to the bacterial density 
and biomass variance in this high chlorophyll-a 
system. Such relation between phytoplankton and 
bacterial abundance was previously observed in 
tropical inland aquatic ecosystems using a large data 
set (Roland et al., 2010).

Phosphorus  concentrat ion (dis so lved 
phosphorus or SRP) was the factor that mainly 
explained bacterial density and biomass variances 
in the three dendritic lagoons (Cabiúnas, Comprida 
and Carapebus, Table 3). It was an expected result 
once low phosphorus concentration is the main 
bottom-up factor limiting bacterial growth in inland 
aquatic ecosystems (Elser et al., 1995; Farjalla et al., 
2002b; Jansson et al., 2006), including these three 
tropical coastal lagoons (Farjalla et al., 2002a). High 
alkaline phosphatase activity was observed in the 
Cabiúnas lagoon, indicating that planktonic cells 
were devoting great amounts of energy to uptake 
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input in Imboassica lagoon and concentration by 
evaporation in Garças lagoon) and to the possible 
predation pressure decrease due to salinity changes.

We are aware that some other factors yet not 
evaluated in this study could have influenced 
bacterial density and biomass in the studied 
lagoons. For instance, carbon concentration was not 
evaluated by the present study but it was pointed 
out as an important factor to regulate bacterial 
growth in some aquatic ecosystems. It seems not to 
be the case of these particular lagoons, once carbon 
concentration has been extensively measured in 
these ecosystems and rates are always high (> 8 mg 
C–1

, see review in Farjalla et al., 2009a). Bacterial 
density and biomass was sampled along with the 
limnological variables but there may be some time 
elapsed between the influence of some factors 
(e.g. nutrient concentration) and the organism 
response (acclimatization to new conditions and 
physiological response).

In summary, our results showed for these coastal 
lagoons that: (i) salt concentration and the spatial 
variation, linked to some individual limnological 
characteristics of each lagoon, can be considered 
the main source of variation in bacterial density and 
biomass, (ii) phosphorus concentrations explained 
great part of the variance of bacterial density and 
biomass in dendritic coastal lagoons and (iii) 
concentrations of N-nitrate and chlorophyll-a, 
water color and water depth are important factors 
explaining part of the variance bacterial density and 
biomass of some specific lagoons.
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