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1998; An and Joye, 2001; Travieso et al., 2006). However, 
part of the excreted photosynthetic products represent 
an additional carbon source to heterotrophic bacteria, 
increasing its activity in the sediment and can stimulate 
the competition between these organisms and nitrifying 
bacteria (Middelburg et al., 2000). 

Benthic microalgae are commonly found in saline 
environments. In such systems a possible positive effect 
caused by benthic algae on nitrification can be buffered 
by a negative effect caused by salinity. Changes in water 
salinity can play an important role in regulating sediment 
nitrification (Risgaard-Petersen, 2004). 

As salinity regulates sediment NH4
+ adsorption capacity 

(Boatman and Murray, 1982) and also has a physiological 
impact on nitrifiers (Joye and Hollinbaugh, 1995; Rysgaard 

1. Introduction

Nitrification is defined as the oxidation of reduced 
nitrogen compounds and is an energy-yielding microbial 
process. Nitrification is a two step process, where ammo-
nium (NH4

+) is oxidized to nitrite (NO2
–) and afterwards 

to nitrate (NO3
–) under oxic conditions (Enrich-Prast et al., 

2009). The availability of oxygen is a well-recognized con-
trolling factor of nitrification in the sediment, as nitrifying 
bacteria are obligatory aerobes (Enrich-Prast, 2005). 

Benthic microalgae colonize and change chemical 
conditions of the sediment-water interface, especially due 
to its O2 production and potential for nutrient recovery 
(Wilkie et  al., 2002; Muñoz and Guieysse, 2006). The 
activity of these organisms enhances oxygen penetration 
into the sediment, stimulating aerobic processes including 
nitrification (Risgaard-Petersen et al., 1994; Lorenzen et al., 
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et al., 1999), nitrification is usually lower at high salinities. 
Besides that, the lower oxygen solubility at higher salinities 
decreases its penetration and availability within the sedi-
ment (Revsbech et al., 1980) reducing the thickness of the 
nitrification activity layer. However, some studies had also 
observed positive relationships between salinity and nitri-
fication in estuary sediments.

Higher values of benthic nitrification were observed 
under intermediate salinity in estuarine sediment (Meyer 
et al., 2001; Magalhães et al., 2005). Culture experiments 
showed that some nitrifying species are able to adapt to 
changes in salinity and the salt tolerance generally reflects 
the original environment (Finstein and Bitzky, 1972). 
Helder and DeVries (1983) observed that an ammonium 
oxidizer could adapt to and grow at a salinity range from 
0 to 35 ppt, but at higher salinities this growth occurred af-
ter a phase lag of up to 20 days. This long phase lag could be 
a disadvantage for nitrifying communities that live in very 
unstable environments like coastal shallow lakes, submitted 
to relatively rapid changes in water salinity as a response to 
rain, sea water inputs and evaporation intensity. 

The aim of the present study was to show that changes 
in salinity can be an important regulating factor on nitrifica-
tion activity in sediment colonized by benthic algae from 
coastal shallow lagoons. 

2. Material and Methods

2.1. Study site 

This research was performed at Pires, Preta, Catingosa 
and Visgueiro coastal lagoons, characterized by areas of 
0.9, 2.2, 0.1 and 1.2 km2, respectively. The lagoons are 
located in the National Park of Jurubatiba (22° 3’ 19.3” S 
and 41° 40’ 46.8” W), one of the most important coastal 
Brazilian conservation areas (Northeast of Rio de Janeiro 
state; Figure 1). This region shows annual mean temperature 
of 24 °C and a rainy period between November and April 
(Carmouze et al., 1991). All lakes are shallow (mean depth 
of 0.8 m) and parallel to the coast, classified as lakes formed 
in sand depressions that constitute a “Restinga” ecosystem 
(Martin and Dominguez, 1994). These ecosystems are 
influenced by terrestrial inputs of organic acid compounds 
and saline inputs from the sea groundwater (Suzuki et al., 
1998). Lagoon water can vary from brackish to hipersaline 
within weeks (Enrich-Prast et  al., 2004), showing high 
variation in the benthic algae colonization and salinity in 
a short period of time and inter-lakes. 

2.2. Sampling and analyses 

Sediment from all lagoons was sampled with Plexiglas 
tubes in 4 replicates in three different months (October/05, 
December/05 and January/06). The first 1 cm-sediment 
from each core was mixed and separated for later analyses 
of potential nitrification and chlorophyll-a concentration. 

Limnological parameters of the water column were deter-
mined in situ: pH (Analion PM 608 pH meter), salinity and 
temperature (Thermosalinometer YSI-30) and ammonium 
concentrations in the water column were measured accord-
ing to Bower and Holm-Hansen (1980).

Potential nitrification rates were measured from nitrate 
production during a 3-4 hours incubation period. The pos-
sibility of growth of nitrifying bacteria was excluded due to 
the short-term incubation in our measurements (Kaplan, 
1983). The incubation was performed using 50 mL tubes 
on a rooter at 100 rpm, adding 1 mL of 20 mM NH4Cl 
and 1 mL of 4 mM KH2PO4 to avoid nutrient limitation 
(Belser, 1979). A slurry was formed with 30 mL of lagoon 
water and 2 mL of the previously homogenized sediment 
from each lake. At each incubation time (1 hour), 6 mL 
of this slurry was centrifuged at 5000 rpm for later NO3

- 
determination with cadmium reduction analysis using a 
flow injection analysis system (ASIA/Ismatec). Potential 
Nitrification Rates (PNR) were calculated from the slope 
(α) of the linear regression of nitrate concentrations ac-
cumulated during incubation time. This rate was obtained 
according to Equation 1:

( )
( ) ( )

( )

− − −

− − −
−

=

α

3 1
3

1 1
3 3

PNR nmol NO cm  h   

water volume L
 nmol NO  L h

sediment volume cm
	

(1)

Chlorophyll-a concentrations were used as an index of 
algae biomass and were obtained from spectrophotometry 
after pigment extraction using 90% acetone according to 
Dalsgaard et al., (2000). 
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Figure 1. Illustration of the National Park of Jurubatiba lagoons, 
detailing the position of the four studied lagoons.
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2.3. Statistical analysis 

Data (n = 3 or 4) were not normally distributed 
(Kolmogorov-Smirnov, p < 0.05) and variances were het-
erogeneous (Bartlett, p < 0.05). Even transformed data did 
not fulfill parametric assumptions (Zar, 1996). Therefore 
non-parametric Kruskall-Wallis test (significance p < 0.05) 
followed by Dunn’s multiple comparison (significance 
p < 0.05) was used in order to identify differences among 
lagoons in chlorophyll-a concentration, potential nitrifica-
tion rates and water salinity. Non-parametric Spearman 
correlations and linear regression model (significance 
p <  0.05) were also used among nitrification rates and 
sediment chlorophyll-a concentrations and salinity and 
temperature values. 

3. Results

Production of NO3
– was linear during incubations in all 

sediment slurries (r2 = 0.75 – 0.99), indicating that nitrifi-
cation activity began when incubation started. The linear 
nitrate production also indicated no significant growth of 
nitrifying bacteria during the incubation time.

Potential nitrification rates were significantly different 
among some lagoons (Kruskall-Wallis; p < 0.05; Figure 2a), 
ranging from undetectable up to 120 nmol NO3

– cm–3 h–1. 
The highest and lowest nitrification rates measured 
in this study were observed in Pires and Visgueiro la-
goons, respectively. Sediment chlorophyll-a concentra-
tions were also significantly different among some of 
the lagoons (Kruskall-Wallis; p < 0.05; Figure 2b), but 
not significantly different between Pires and Visgueiro 
(Dunn’s test; p < 0.05). Those two lagoons showed higher 
sediment chlorophyll-a concentration, but with a restricted 
variation, as the highest concentrations did not exceed 
10.0 mg chl-a m–2 (Figure 2b).

Water salinity also showed some significantly differ-
ences among lagoons (Kruskall-Wallis; p < 0.05; Figure 3). 
Preta Lagoon showed the lower median and range (me-
dian = 4.0; range (max – min) = 3.9) for salinity, while 
Visgueiro Lake presented the higher ones (median = 26.20; 
range = 11.7). Water temperature and pH were very similar 
among all lagoons with values around 28 °C and pH 7, 
respectively, during the studied period. Water ammonium 
concentration ranged between 3 and 7 µM and was also 
very similar among the lagoons. Potential nitrification 
rates estimated for those lagoons were not significantly 
correlated (Spearman; r2 = 0.005, p > 0.05) with sediment 
chlorophyll-a concentrations, pH or temperature, but the 
correlation was significant (Spearman r = -0.78; p < 0.05) 
with water salinity.

A general exponential decay of all sediment nitrification 
data along the salinity range was observed (R2 = 0.5345; 
Figure 4). Considering each environment independently 

we observed a significant negative linear regression for all 
lagoons. The higher and lower negative linear regression 
slope and r2 were found in Preta and Visgueiro lagoons 
respectively (Table 1). Despite the significant differences 
in sediment nitrification and chlorophyll-a among some 
lagoons, there was no clear relationship between both 
parameters. 
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Figure 2. a) Sediment potential nitrification rates and b) chloro-
phyll-a concentrations at the studied lagoons. Symbols represent 
median and range. Different letters indicate significative differ-
ences (Kruskall-Wallis, p < 0.05).
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Figure 3. Water salinity at the studied lagoons at the moment 
of sediment sampling. Symbols represent median and range. 
Different letters indicate significative differences (Kruskall-Wallis, 
p < 0.05).
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4. Discussion

Sediment potential nitrification rates varied up to two 
orders of magnitude between the studied lagoons. 

The absence of positive or negative correlation between 
benthic algae biomass and nitrification was attributed to the 
low density of algae that was two or three orders of magni-
tude lower than usually found (Risgaard-Petersen, 2003). 
A positive relationship between benthic algae biomass and 
nitrification,as described in the literature (Lorenzen et al., 
1998; Risgaard et al., 1999; An and Joye, 2001; Travieso 
et  al., 2006), was not observed in this study. Sediment 
ammonium concentrations and pH values were not deter-
mined in this study and could also have been important 
regulator factors of nitrification. However, the direct effect 
of sediment ammonium or pH on nitrification would 
demand the use of microeletrodes to evaluate ammonium, 
O2 and pH profiles. These equipments were not available 
in our laboratory while this study was conducted. 

The strong relationship between nitrification rates and 
water salinity indicates that salinity shall be a main regulat-
ing factor of sediment nitrification, especially in lagoons 
with low chlorophyll-a concentrations in the sediment. 
Rysgaard et al. (1999) observed that nitrification decreased 
as salinity increased along a saline gradient in Danish estu-
aries. The most pronounced reduction of sediment NH4

+ 

absorption capacity was observed when the salinity raised 
from 0 to 10‰. That is comparable to the salinity variation 
found in Preta Lagoon, where it was observed the most 
accentuated slope of the linear regression model between 
salinity and sediment nitrification . 

The salinity influence on nitrification can be more 
drastic in environments with low salinity because nitrifiers 
need more time to recover. The results obtained by Helder 
and DeVries (1983) showed that adaptation of nitrifiers 
from saline to fresh water was particularly slow. The slope 
relating nitrification and salinity obtained for Pires and 
Preta lagoons (where the salinity median was below 10‰)
were much higher than the slopes obtained for Catingosa 
and Visgueiro lagoons. These results suggest that a salinity 
increase in a fresh or almost fresh water environment can be 
much more critical for nitrification than the same increase 
in a saline environment. 

The results obtained in our study indicated that nitri-
fication might show large variability, and that the salinity 
is probably a major regulating factor on nitrification in 
coastal environments, especially when salt concentrations 
are relatively low. 
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