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Abstract The mouth dynamics of temporarily open/closed
estuaries (TOCEs) play a key role in their overall functioning.
In this study, the effect of the inlet state (closed vs. artificially
breached) on spatial variability of macrobenthic invertebrates
(composition, abundance, and biomass) was assessed in a
temporarily open/closed lagoon of South Brazil (28°35′S/
48°52′W). Samplings were carried out in two periods during
closed (July and November) and open phases (July and
November). Additionally, in order to evaluate possible transi-
tory effects of breaching, data obtained during closed and open
phases were compared with those samples taken 60 days after
the end of mechanical opening of the mouth (January). The
artificial breaching markedly changed the dynamic of the
benthic environment. After the inlet dredging and bulldozing,
total organic content and microphytobenthic biomass were
significantly reduced. The disturbance also resulted in a pop-
ulation crash of the macrobenthic invertebrates, with a reduc-
tion of 50% in biomass and 90% in density. Following the
shock produced by the artificial breaching, most of the macro-
invertebrates descriptors recovered, as shown by the univariate
and multivariate analysis. However, a benthic community with
a significantly different structure emerged. During the study,
the macroinvertebrates from inner portions of the lagoon were
less variable than those in the middle or near the lagoon inlet.
The results of this study showed that the macrobenthic associ-
ations of Camacho lagoonwere primarily structured by salinity

and microphytobenthic biomass, which in turn, were regulated
by the state of the inlet.
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Introduction

Temporarily open/closed estuaries (TOCEs) are shallow
water bodies (barrier lagoons or rivers) intermittently isolated
from the sea by the formation of a sand berm across the
estuary mouth. The state of estuary mouth is determined by
the balance between scouring forces (primarily catchment run-
off and tidal prism) and blocking forces (primarily onshore
and longshore deposition of sediments; Whitfield and Bate
2007). TOCEs are characterized by a moderate to low river
inflow relative to volume and/or high rates of longshore and
onshore sediment transport (Cooper et al. 1999; Schallenberg
et al. 2010). Once closed, depending on the freshwater inputs
and the time of closure, the system may become gradually
fresher or even more saline. Natural reestablishment of a link
to the marine environment will occur either from rising lagoon
levels overtopping or through erosion by ocean waves (Stretch
and Parkison 2006).

The mouth dynamics of TOCEs play a key role in their
overall functioning. Intermittent breaching of estuary mouth
may lead to remarkable changes in its physico-chemical
environment over short time periods, which in turn triggers
major biological responses in both pelagic and benthic
compartments (Niekerk et al. 2005; Anandraj et al. 2008;
Lawrie et al. 2010). The natural breaching process can also
cause significant morphological changes because the strong
breach outflows can scour large quantities of accumulated

Electronic supplementary material The online version of this article
(doi:10.1007/s12237-012-9488-9) contains supplementary material,
which is available to authorized users.

S. A. Netto (*) :A. M. Domingos :M. N. Kurtz
Laboratório de Ciências Marinhas,
Universidade do Sul de Santa Catarina, UNISUL,
Av Acácio Moreira 787,
Tubarão, SC 88704-900, Brazil
e-mail: sergio.netto@unisul.br

Estuaries and Coasts (2012) 35:1069–1081
DOI 10.1007/s12237-012-9488-9

http://dx.doi.org/10.1007/s12237-012-9488-9


sediments from an estuary (Whitfield and Bate 2007). The
intensity of breaching impacts may, however, reflect differ-
ences in water levels and morphological characteristics of
the estuary or lagoon, which dictate the degree of tidal
flushing when the barrier is open (Schallenberg et al. 2010).

Human interventions in permanently open estuarine sys-
tem are common worldwide, and TOCEs are not different.
Contrary to those permanently open, however, the reduced
opportunities for flushing, potentially exacerbates the sus-
ceptibility of TOCEs to a range of anthropogenic impacts.
The poor understanding of TOCEs functioning, together
with unplanned developments on the estuary floodplain,
have led managers in many countries to intervene in the
dynamics of these systems by artificially breaching the
mouth to, allegedly, improve water quality and fishery con-
ditions, and to prevent flooding of adjacent properties (Roy
et al. 2001; Dye and Barros 2005; Gladstone et al. 2006).
Nevertheless, the response of TOCEs to mouth breaching
may vary depending on a myriad of TOCEs-specific factors
(Schallenberg et al. 2010). Eventually, artificial breaching
may even led to unintended effects, such as nutrient enrich-
ment (Santos et al. 2006) and increased chlorophyll a con-
centrations (Twomey and Thompson 2001; Gobler et al.
2005). Moreover, in the long term, artificial breaching may
cause a significant buildup of sediments in estuaries as it
prevents a sufficient head of water from building-up behind
the berm which prevents effective scouring of sediments
from the estuary during a breaching event (Bate 2007).

In Brazil, although TOCEs occur in large numbers, infor-
mation about these systems is scanty (Oliveira et al. 2004;
Santos et al. 2006). The majority of the information regarding
TOCEs was derived from research carried out in South Africa,
New Zealand, and Australia, where such systems make up an
important fraction of the estuaries (e.g., Allanson and Baird
1999; Roy et al. 2001; Hume et al. 2007; Schallenberg et al.
2010). With respect to macrobenthic invertebrates, most pre-
vious studies have so far reported on comparisons between
TOCEs and those of permanently open and/or closed lagoons
(e.g., Teske and Wooldridge 2001, 2003; Hirst 2004; Dye and
Barros 2005; Hastie and Smith 2006). The response of macro-
benthic communities to artificial breaching of TOCEs is still
inadequately studied. Decker (1987) observed that the largest
reductions in macroinvertebrates species' abundance and bio-
mass after artificial opening of an estuary were related to the
collapse of the macrophyte Ruppia maritima, which is intol-
erant of high salinities. Yet Gladstone et al. (2006) showed
that the macrobenthic invertebrates in entrance barriers of
TOCEs were not affected and appear to be resilient to the
habitat disturbance caused by artificial openings.

In this study, we hypothesize that the inlet state (closed or
artificially breached) of a subtropical temporarily open/closed
lagoon affects the spatial variability of the macrobenthic
invertebrates (composition, abundance, and biomass). It is

expected that during open phases, the intrusion of saline
marine waters will increase spatial heterogeneity and faunal
diversity. The opening and closure of an inlet, however, are
not the only factors that may introduce faunal variability in a
coastal lagoon, although it could be an important one (Dye
and Barros 2005). Temporal variation is one factor that may
confound the effects of a breaching event. For example,
benthic macrofauna of nearby (open) coastal lagoons are
known to exhibit a marked seasonal variability (Fonseca and
Netto 2006; Meurer and Netto 2007). In order to try to reduce
such effects, spatial replicate sampling was carried out in the
same periods (months) but during closed and open phases.
Additionally, in order to evaluate possible temporary effects of
breaching on the macroinvertebrates, data obtained during
closed and open phases were compared to samples taken
60 days after the artificial opening.

Material and Methods

Study Area

The study was conducted at the Camacho lagoon, a choked
lagoon located in the south region of the Santa Catarina
State, South Brazil (Fig. 1a). Camacho is one of a group
of coastal lagoons that constitutes the South Santa Catarina
Lagoon Complex and integral part of the Federal Environ-
mental Protection Area (APA) of Southern Right Whale.
The Camacho lagoon has an area of 24.17 km² with mean
depth around 1.8 m. The lagoon receives the freshwater
input of the Congonhas river and total annual mean rainfall
is 1,260 mm, with no marked differences over the year;
mean air temperatures are around 13°C in the winter and
22°C in the summer; water temperature may vary from 12°C
in the winter to 25°C summer; NE and S–SE winds are the
most frequent in the summer and winter, respectively (EPA-
GRI 2011). According to DeBlasis et al. (2007), this region
presents high rates of sediment transport, coming both from
the land and from the ocean, which is reflected on the
presence of large dune fields.

The Camacho lagoon differs from the other local lagoons
as it has an intermittently open inlet. This inlet, denominated
Camacho Inlet, has a long described history of instability,
back to 1927, and it is only open during extreme events of
river discharge and/or meteorological tide (Oliveira et al.
2004). During open phases, the astronomical microtidal
regime is classified as mixed, predominantly semidiurnal,
and is under strong meteorological influence (INPH 1991).
The instability of the Camacho inlet also determined an
unsuccessful history of interventions in attempt to maintain
the mouth permanently open to, supposedly, increase fishery
production, especially shrimps, and improve water quality.
The last intervention began in December 2007 (Fig. 1b),
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after more than 1 year of closure, by dredging and bulldoz-
ing the inlet. The Camacho lagoon was fully connected with
the sea on January 3, 2008.

Sampling and Sample Processing

Samplings were carried out in the same months during
closed and open periods (July 31 and November 23, 2007,
closed; July 14 and November 5, 2008, open). Moreover,
one additional sampling was conducted on March 1, 2008,
in order to evaluate possible short term effects of breaching
on the macrobenthic invertebrates.

In each sampling period, five shallow subtidal sites were
established along the Camacho lagoon (Fig. 1a) from the inner
area, near Congonhas river (site 1; Fig. 1a) to the outer lagoon
(site 5). At each site, samples were taken for the microphyto-
benthic biomass, macroinvertebrates, granulometry, and total
organic content.

For the analysis of the microphytobenthic biomass (chlo-
rophyll a—chl a—and phaeopigments), four samples were

taken at each site, where the first 5 cm were collected with a
PVC corer of 4 cm in diameter. Pigments were extracted with
a solution of acetone 90% v/v, using 20 ml of the solution to
10 ml of sediment and analyzed according to Strickland and
Parsons (1972). Chl a and phaeopigment biomass were esti-
mated using the equation of Lorenzen (1967).

Four samples were also taken in each site for the macro-
invertebrates with a 15-cm diameter PVC core tube pushed
into the sediment to a depth of 10 cm and fixed in 10%
formalin. Fixed samples were sieved through a 0.5-mm mesh,
preserved in 70% ethanol and sorted under a dissecting micro-
scope. All invertebrates were identified to the lowest possible
taxonomic level and counted. The total macrofauna biomass
was measured as wet weight on ethanol preserved organisms,
following suggestion of Wetzel et al. (2005) that showed that
the choice of the preservative (ethanol or formalin) has little
effect on biomass loss.

Samples for sediment granulometry and total organic
content (also four samples for each site) were taken with a
10-cm diameter core tube to a depth of 5 cm. Sediment
granulometry was determined by sieving and pipette analy-
ses (Suguio 1973) and total organic content by combustion
(550°C for 60 min; Dean 1974). Salinity and water temper-
ature were measured in situ with an YSI multiparameter
instrument (556MPS).

Data analysis

In order to test for differences between the closed and open
phases along the sampling sites of the lagoon, univariate and
nonparametric multivariate techniques were applied. As envi-
ronmental descriptors, salinity, mean grain size, fine percen-
tages (silt+clay), total organic content, chl a and phaeopigment
concentrations were used. The chl a to phaeopigments ratio
(chl a:phaeo) was also used as a measure of lability of organic
matter in surface sediments (Garcia and Thomsen 2008). For
the macrofauna, the descriptors were the number of species,
total density, total biomass, Shannon–Wiener diversity index
(loge), and the density of the most abundant species.

Two approaches were considered in order to describe the
effects of the artificial breaching on the macroinvertebrates.
First, the effect of the inlet state (closed and artificially
open), spatial variability (sites 1 to 5) and the interaction
between inlet state and spatial variability on the macrofauna
and environmental descriptors were tested by a 2-way
ANOVA. Homogeneity of variances were determined using
Cochran's tests and, where appropriate, transformations log
(x+1) applied. Tukey's multiple comparison tests were used
when significant differences were detected (p<0.05; Quinn
and Keough 2002). Procedures for adjusting significance
levels to control type I error rates in multiple testing situa-
tions, such as the Bonferroni method, have been the subject
of much debate (Bland and Altman 1995; Perneger 1998).

Fig. 1 Location map of the Camacho lagoon, South Brazil, showing
the position of sampling sites (a) and the inlet being artificially
breached (b)
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Although this technique provides great control over type I
errors, it is very conservative when there are many compar-
isons and may miss real differences (i.e., increase of type II
errors; Quinn and Keough 2002). Therefore, the results of
both corrected and uncorrected p values were used. Similarity
matrices were then constructed using Bray–Curtis similarity
measure and fauna data were ordinated by non-metric multi-
dimensional scaling (MDS). The significance of the differ-
ences in the multivariate community structured was tested,
with the same design as ANOVA, by non-parametric permu-
tational multivariate analysis of variance (PERMANOVA;
Anderson 2005).

Additionally, in order to evaluate possible short-term
effects of the breaching event, sampling sites data were
pooled and all sampling periods were compared (July and
November 2007 closed, March 2008 breached, July and
November 2008 open) by one-way ANOVA. Ordination
was also by non-metric multidimensional scaling (MDS)
and formal significance tests for differences among periods
were performed using the ANOSIM permutation test
(Clarke and Green 1988). The variability amongst samples
in each sampling period and amongst sites in all periods was
analyzed using the multivariate relative dispersion measure
(MVDISP; Warwick and Clarke 1993).

Similarity percentage analysis (SIMPER; Clarke 1993)
was employed to assess compositional similarity and iden-
tify the main macrofaunal species contributing to dissim-
ilarities between closed and open phases. The relationships
between multivariate community structure and combina-
tions of environmental variables were analyzed using the
Bio-Env procedure (Clarke and Ainsworth 1993) to define

suites of variables that best explain the faunal structure.
Finally, a correlation-based principal component analysis
(PCA) was applied to all biotic and abiotic descriptors.

Results

Environmental Variables

Salinity values were significantly lower and spatially less
variable during closed phases (0.2 to 1.6). Conversely, a salin-
ity gradient, with mean values ranging from 7.59 (site 1) to
20.38 (site 5), was evident during the open phases (Fig. 2).
Sediments were characterized by moderately well-sorted fine
sands during both closed and open phases. The differences in
the mean grain size, sand, and fine percentages (silt+clay)
between phases were significant only at site 1 (Fig. 2; Table 1;
Tukey HSD p<0.05). The sediment total organic content,
always lower than 2%, was significantly higher at the middle
and inner reaches and during closed phases of the lagoon
(Table 1; Fig. 2). The chl a and phaeopigments concentrations
in the surface of the sediment were significantly higher during
closed than open phases, independently of sample site
(Table 1). Similarly, the chl a to phaeopigment ratio, an
indicator of organic matter lability, was also higher during
the periods of closed inlet (Table 1).

The results of one-way ANOVA comparing the closed
(July and November 2007) breached (March 2008) and open
(July and November 2008) phases (with site data pooled),
showed that values of salinity increased significantly after
the artificial breaching (F082.8; p<0.0001), with a maximum
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Fig. 2 Mean (±SE) of salinity,
grain size, sand percentage, and
total organic content along the
Camacho lagoon during closed
(filled square) and open (open
square) periods
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mean value of 18.7 in July 2008. Sediment mean grain size
and fine percentages did not varied significantly among the
different sampling periods (all p>0.05). Yet the total
organic content of the sediment decreased significantly after
breaching and remained lower compared with closed phases
(F03.3; p00.01).

Chl a concentration and the ratio chl a:phaeopigment
decreased sharply just after the artificial breaching (Fig. 3),
increasing subsequently during open phase. Phaeopigments
mean concentrations also decreased after breaching, but not
significantly (Tukey's HSD, p>0.05). Compared to closed
phases, lower values of phaeopigments were observed in
July 2008 (open inlet; Fig. 3).

Macrofauna

A total of 36 benthic macroinvertebrates taxa were recorded
in this study (72% of these occurring in both closed and
open phases; ESM Table 1). During the closed periods, 31
taxa were recorded with total densities ranging between
9,941 and 102,176 inds/m2. The surface crawler gastropod
Heleobia australis largely dominated these samples, ac-
counting for 81.8% of the fauna, and with densities of up
to 99,058 inds/m2. An unidentified species of Chironomidae
was the second most abundant species (3% of the total
macrofauna collected). Five species occurred exclusively
during closed phases, but they represented only 0.5% of

Table 1 Mean values (and SD in parenthesis) of environmental variables and results of two-way ANOVA tests evaluating the effects of inlet state
(closed vs. open), sampling site (1, 2, 3, 4, 5), and inlet state vs. site

Closed (C) Open (O) Source of variation (F; p)

Inlet (C×O) df01 Site (S) df04 Inlet×Site df04

Salinity 1.2 (0.6) 14.5 (6.7) 215.0; <0.0001 9.1; <0.0001 0.5; 0.76

Mean grain size (mm) 2.52 (0.45) 2.59 (0.46) 2.62; 0.11 71.0; <0.0001 4.46;0.003

Sand (%) 97.65 (3.45) 95.52 (8.26) 4.21; 0.04* 11.72;<0.0001 5.09;0.001

Silt+clay (%) 3.9 (3.50) 1.40 (1.85) 2.56; 0.11 38.95; <0.0001 3.54; 0.01

Total organic content (%) 1.06 (0.75) 0.85 (0.44) 4.08; 0.04* 16.79; <0.0001 1.26; 0.294

Chlorophyll a (mg cm−3) 21.9 (71.38) 3.8 (9.57) 18.61; <0.0001 1.49; 0.21 2.10; 0.09

Phaeopigments (mg cm−3) 0.81 (1.18) 0.43 (0.32) 6.79; 0.011 2.01; 0.10 0.82; 0.48

Ratio chl a:phaeo 12.35 (55.72) 9.67 (18.65) 9.864; 0.003 1.43; 0.235 0.46; 0.76

Bold values indicate significant differences

*p values modified by the Bonferroni procedure for multiple comparisons show no significant effect at p<0.05

F(4, 95)=12.0; p<0.0001
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the total macrofauna collected in this period. During the
open phase, 30 taxa were recorded and total densities varied
between 8,882 and 105,705 inds/m2. Again, the gastropod
H. australis was numerically most abundant species (53% of
the fauna), but polychetes, such as the capitelid Heteromas-
tus similis and the nereidid Laeonereis culveri increased
their abundances, accounting for 16% and 13% of the fauna,
respectively. Seven species were recorded exclusively dur-
ing open phase (mainly polychetes) and accounted for 2% of
the total fauna.

Independent of the sampling site, the number of macro-
benthic species and the densities of the polychete H. similis
were significantly higher during open phase, while the den-
sities of chironomids were significantly higher during closed
phases (no significant interaction between inlet state and
sites; Table 2). For all other univariate descriptors or abun-
dant species, variations between open and closed periods
were dependent on the sampling site (Table 2; Fig. 4).
Overall, Tukey's HSD multiple comparison tests showed
that inner sampling sites were less variable between phases
than those in the middle or near the lagoon inlet (Fig. 4).

The macrofauna data obtained just after the inlet was
artificially breached (March) were then analyzed together
with those from closed and open phases (2007/closed; 2008/
open). The inclusion of these data showed that almost all
descriptors of the macrofauna crash just after the inlet open-
ing (Fig. 5). The number of species, density, and biomass
significantly dropped just after breaching and then increased
(number of species) or kept a similar value compared to
closed periods (density and biomass). The exception was the
macrofauna diversity (H′) which values did not change
significantly just after breaching, but increased during the
last two sampling occasions when the inlet was open
(Fig. 5). All the most abundant macrobenthic species also
showed a collapse in their densities just after breaching,

except for H. similis (Fig. 5). H. australis, L. culveri, and
H. similis increased subsequently during open phase, while
the unidentified morphotype of chironomid did not (Fig. 5).

MDS ordination derived from the averaged macrofauna
data (Fig. 6a) mirrored changes observed in the univariate
descriptors and showed a clear distinction between closed
and open periods. Moreover, it can be observed in the plot
that, only during open phase, the sampling sites showed a
distribution along a gradient (from inner site 1 to lagoon
mouth 5, Fig. 6a). The results of the PERMANOVA tests
confirmed the significance of this difference and also showed
a significant interaction between inlet state and site, indicating
that the variations on benthic macrofauna between sampling
sites were dependent on the inlet state (Table 3). The results of
the SIMPER analysis showed that the species that contributed
most for the distinction between open and closed phases were
the polychete H. similis and the unidentified morphotype of
chironomid.

When the macrofauna data derived from samples taken just
after the inlet was breached were included, the MDS ordina-
tion also showed a clear distinction among periods (Fig. 6b),
which was confirmed by the ANOSIM tests (all R>0.677 and
p00.001). The SIMPER analysis revealed that the (low) mac-
rofauna densities and species number were the main features
that characterized the samples taken just after the inlet was
breached.

The variability among the macrofauna samples, as dem-
onstrated by the multivariate relative dispersion index
(IMD; Fig. 7a), was slightly higher during closed than open
phase. However, just after the artificial breaching, macro-
faunal samples variability increased (Fig. 7a). Changes in
the inlet state (closed, breached, and open) also determined a
gradient in the macrofauna samples variability along the
lagoon during the study. This was demonstrated by the
values of standard deviation (SD) of the relative dispersion

Table 2 Mean values (and SD in parenthesis) of macrofauna descrip-
tors and the most abundant species of Camacho lagoon during closed
(C) and open (O) phases and results of two-way ANOVA tests

evaluating the effects of inlet state (closed vs. open), sampling site
(1, 2, 3, 4, 5), and inlet state vs. site

Closed (C) Open (O) Source of variation (F; p)

Inlet (C×O) df01 Site (S) df04 Inlet×site df04

Number of species 8 (2.7) 10 (1.9) 23.81; <0.0001 3.53; 0.01 2.13; 0.08

Total density (inds m−2) 39,058 (26058) 38,529 (22470) 0.28; 0.59 8.06;<0.0001 5.93; 0.0001

Diversity (nat ind−1) 0.66 (0.42) 1.28 (0.35) 120.1;<0.0001 20.7; <0.0001 7.6; <0.0001

Total biomass (g m−2) 320.9(52.2) 286.1 (96.5) 4.89; 0.003 5.3; <0.0001 2.59; 0.04

Heleobia australis (inds m−2) 31,000 (24.52) 20,411 (19412) 13.49; <0.0001 10.73; <0.0001 5.72; <0.0001

Heteromastus similis (inds m−2) 88.2 (123.5) 6,411 (2764) 999; <0.0001 4.0; 0.005 2.1; 0.22

Laeonereis culveri (inds m−2) 400 (352) 5,223 (8,588) 99.54; <0.0001 24.41; <0.0001 9.73; <0.0001

Chironomidae (inds m−2) 1,270 (1970) 70 (188) 44.39; <0.0001 7.91; <0.0001 0.86; 0.49

Bold values indicate significant differences
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index determined for all sampling periods at each sampling
site (Fig. 7b). The standard deviation of the multivariate
relative dispersion index was lower in the inner site (1)
and increased towards the inlet (site 5).

Macrofauna and Environmental Variables Interactions

A correlation-based principal component analysis derived
from sediment data, salinity, microphytobenthic concentra-
tion, macrofauna univariate descriptors, and dominant spe-
cies showed a clear distinction among sites over different
inlet states (Fig. 8a). It was also observed that during open

phase, sampling sites (1 to 5) were distributed along a
gradient, while during breached and closed phases, they
were not. Moreover, samples taken at inner reaches (site 1)
at different inlet phases were more or less grouped, suggest-
ing low variability over the time. The principal component
1, where the distinction between open and closed/breached
was evident, was responsible for 35.5% of the total variance.
Yet the component 2, where differences between the sam-
ples taken just after breached and closed period was more
clear, was responsible for 20.2% of the total variability. The
projection of the variables on these components (Fig. 8b)
showed that during closed phases, samples were associated
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with higher microphytobenthos biomass (chl a and ratio
chl a:phaeopigments) and densities of the unidentified
morphotype of chironomid. During open phases, sam-
ples were mainly related to higher salinity, densities of
the polychetes H. similis and L. culveri, as well as
higher macroinvertebrates diversity.

The results of the Bio-Env analysis showed that salinity
was the single variable that best explained the macrofauna
multivariate structure (rho00.4) when closed vs. open periods
were compared. When the macrofauna data obtained just after
the inlet was breachedwere included, the relationship between

macrofauna and environmental variables was weaker (rho0
0.32) and the explanatory variables were salinity and chl a
concentration.

Discussion

The artificial mouth breaching of the Camacho lagoon dra-
matically changed the dynamic of the benthic environment.
After the inlet dredging and bulldozing, the total organic
content and microphytobenthic biomass were significantly
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reduced. The disturbance also resulted in a population crash
of the macrobenthic invertebrates, with a reduction of 50%
in biomass and 90% in density. Following the shock pro-
duced by the artificial breaching, the macrofauna recovered
but, as shown by the univariate and multivariate analysis, a
benthic community with a significantly different structure
emerged.

The main obvious and expected change after breaching an
intermittently open/closed lagoon is the intrusion of saline
marine waters. A horizontal gradient in salinity is expected
to occur, where the value of salinity along the lagoon will be
dependent on size of the river catchment, flow, and tides.
During closed phases, however, salinity would be less variable

and a continued river input may result in systems gradually
becoming fresher, while the absence of river inflowmay result
in the system gradually becoming more saline or, even hyper-
saline (Whitfield and Bate 2007). Indeed, salinity during the
closed phases in the Camacho lagoon was homogeneous and
low (0.2 to 1.6) due to constant Congonhas river inflow, as
well as the long period of closure (more than 1 year). Breach-
ing resulted in an increase of salinity in middle and lower
reaches and, the constant intrusion of marine waters during
open phases increased salinity even further (1.68 to 20.38).

Natural breaching of estuaries results in strong advection,
flushing, and more water flowing into the sea (Niekerk et al.
2005). The sediment scouring from the estuary, therefore, is
probably more effective during natural than artificial breach-
ing as the latter prevents a sufficient head of water from
building up behind the berm (Bate 2007). During the closed
phases, the bottoms of the Camacho lagoon were already
composed of sandy sediments (mean of 97%), and the
artificial breaching did not change that composition. The
exception was the inner site (site 1), where the fine percen-
tages increased from 4% to 14% after breaching. This result
probably indicated the increase of flow along the lagoon
which, in turn, also increased the ability of the river to
transport sediments into the lagoon, particularly in the upper
reaches. Sediment scouring and flushing produced by
breaching were also important to the decrease in the micro-
phytobenthic biomass by 96% compared to pre-breaching
levels. This rate of reduction in chl a concentrations in the
sediment is similar to those recently described by Anandraj

a 

b 

stress 0.14

stress 0.12

Fig. 6 MDS ordination for transformed (log x+1) macrofauna density
during closed and open phases (a) and considering closed, open and
breached period (b)

Table 3 PERMANOVA on Bray–Curtis distances for macrobenthic
associations for the factors: inlet state (closed vs. open), site (1, 2, 3, 4,
and 5) and interactions between inlet state vs. site

df SS MS F P (MC)

Inlet state 1 30,747.66 30,747.66 42.85 0.0001

Site 4 18,861.42 4,715.35 6.57 0.0001

Inlet state×site 4 8,579.69 2,144.92 2.99 0.0001

Residual 70 50,224.62 717.49

p value obtained with Monte Carlo permutation test P (MC)

Fig. 7 The multivariate dispersion index (IMD) during closed,
breached, and open phases (a) and the variability of the index (mea-
sured as SD) at each site considering all sampling periods
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et al. (2008) after a natural breaching in an open/closed
estuary from South African (94–99%).

During closed phases, estuarine water levels increase and
sediment disturbance from wind and water generated turbu-
lence are minimal, thus offering a fairly stable environment for
micro- and macroalgal growth. Extensive growth of the fila-
mentous green algaeUlva clathratawas also clearly observed.
Besides, it is known that deposited pelagic algae can lead to
benthic production of about 30–45% of total primary produc-
tion in open systems (Riaux-Gobin and Bourgoin 2004).
According to Gama (2007), when estuarine water levels de-
cline, the sediment surface may become prone to destabiliza-
tion by wind turbulence and associated water currents.

Once Camacho lagoon was breached, flushing and
sediment scouring probably contributed to destabilize the

microphytobenthic layer by dislodging and removing algal
cells away from the sediment, washing then out to the sea.
Accumulations of filamentous algae were not visible any-
more. Following the breaching disturbance, benthic micro-
algal biomass increased again during open periods, attaining
values similar to permanently open lagoons with sand bottoms
nearby (Netto and Pereira 2009). Still, the mean values of
microphytonbenthic biomass were lower compared to closed
periods, probably due to prevailing mixing effects, as a result
of tidal and riverine flows (Perissinotto et al. 2006).

One of the key factors that structures macrobenthic asso-
ciations in lagoons and estuaries is the degree of connection
with the sea, which affects recruitment of individuals and
persistence of species that require a marine dispersal phase
(Wooldridge 1999; Colling et al. 2007). At the Camacho
lagoon, the macrobenthic associations were composed by typ-
ical estuarine endemic species which are known to inhabit the
southwest Atlantic coastal lagoons (e.g., Bemvenuti 1998a;
Fonseca and Netto 2006; Giménez et al. 2005). This was the
case during closed, breached, and open phases. Species col-
lected exclusively in one or another phase represented only a
small fraction of the total macrofauna collected (less than 0.5%
during closed phases and 2% during open). Despite this, differ-
ences were still consistently observed among the macrobenthic
associations of closed, breached, and closed phases of the
lagoon.

The macrofauna during closed phases of Camacho lagoon
was distinguished by numerical dominance of the hydrobid
surface crawler H. australis (85% of the total macrofauna).
Hydrobiid snails occur widely in estuaries and coastal lagoons
and are often among the most abundant species (Fenchel
1975; Ponder et al. 1991; Vieira et al. 2010). H. australis is
short-lived, exhibits high growth and mortality rates, and
occurs in small-scale aggregations within larger homogeneous
patches (Gonçalves et al. 1998). The marked dominance dur-
ing closed phases probably reflected their strong association
with submerged vegetation and chlorophyll-enriched sedi-
ment particles, as this species can withstand a wide range of
salinity (Bemvenuti 1998a). H. australis feeds mainly on
benthic diatoms (Bianchi and Levinton 1984) but also ingest
sediments particles, as well as its own fecal pellets when
submitted to strong intraspecific competition (López-Figueroa
and Niell 1988).

Another evident feature of macrobenthic associations
during closed phases were the relatively high abundance of
chironomid larvae. As with H. australis, the larvae of chi-
ronomid are common benthic component of open coastal
lagoons but more often associated with oligohaline environ-
ments. Teske and Wooldridge (2003), studying the macro-
fauna of different types South African estuaries, observed
that this taxon was more abundant in those areas that expe-
rience less variation in salinity (upper and lower reaches),
suggesting that chironomid larvae were able to acclimatize

Fig. 8 Ordination of macrofauna and environmental data derived from
the close (dark symbols), breached (gray symbols), and open (white
symbols) phases (a) and the projection of the variables on the principal
component 1 and 2(b). Sal salinity; H′ Shannon diversity; S number of
species; N macrofauna total density; Sort sorting; Fine fine percen-
tages; Chl a chlorophyll a; Phaeo phaeopigments; TOC total organic
content; Chiron chironomidae
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to salinities approaching that of seawater if given sufficient
time. In fact, once breached, chironomid larvae were virtu-
ally absent in all sites, increasing their abundance during
open phase when the highest abundances were detected at
the lower reaches of the lagoon.

Crash of epibenthic invertebrates after breaching tempo-
rarily closed/open estuaries due to river flooding has been
reported elsewhere (Morant and Quinn 1999; Henninger et
al. 2008). According to those authors, negative effects on
the epibenthos were due to an increase of sediment instability
and loss of submerged vegetation. In this study, the artificial
breaching of the lagoon produced a similarly severe effect—a
reduction of 97% in the densities of epibenthic fauna. How-
ever, the results of this study also showed that macroinfaunal
organisms were affected by the artificial breaching, with a
reduction in 56% of their densities. Sediment instability and
loss of phytobenthic biomass were also the likely responsible
factors for the increase in the environmental stress under
breaching, as shown in multivariate dispersion index and for
the macrofauna crash.

Estuarine species, by definition, are able to cope with
salinity variations. Water circulation in coastal choked
lagoons is usually wind driven and salinity varies in a more
unpredicted fashion than other types of estuaries (Kjerfve
1994). The species present in such systems are therefore
able to cope with this unpredictability. Indeed our results
showed that many of the macroinvertebrates species were
present during both open and closed phases. Besides, estua-
rine macrobenthic invertebrates have a myriad of strategies to
avoid unfavorable salinities (e.g., horizontal and vertically
migration, borrowing, closure of shells). However, it is very
likely that the salinity shock due to the intrusion of marine
waters in the lagoon after more than a year of closure may
have also been a key factor for the macrofauna crash. The
lagoon breaching, particularly after a long closed periods,
results in large and very fast change in salinity and gives the
animals very little time to adapt. In this study, the only organ-
ism which did not decrease in abundance during breaching
was the polychete H. similis. A head-down deposit feeder, H.
similis, may burrow and ingest sediment up to 15 cm below
the sediment–water interface (Bemvenuti 1998b). Thus, this
burrowing capacity would allow H. similis to avoid the salin-
ity shock and sediment instability as well.

The recovery of macrofauna in temporarily open/closed
estuaries could occur by different ways, depending on the
adaptive strategy of the macrobenthic species. Henninger et
al. (2008) pointed out that this could happen through larvae
intrusion from the marine environment, by rafting from near
estuaries and refugia within the estuary which will prevent the
outwash into the marine environment. At the Camacho lagoon,
the open phase after crash were characterized by the recovery
of themacrofauna. Both density and biomass returned to levels
similar to those prior to breaching. The decrease in abundance

of H. australis and the occurrence of some more saline-related
species in the lower reaches, such as the spionid Parapriono-
spio sp., resulted in higher diversity values of the macrobenthic
associations during open phase. Besides, similar to the results
of Dye and Barros (2005), and as showed by the multivariate
analysis, the macrobenthic associations were then less variable
and distributed along the new salinity gradient.

The results of this study showed that the macrobenthic
associations of Camacho lagoon were primarily structured
by salinity and to a lesser extent by microphytobenthic
biomass, which were in turn, were regulated by the state
of the inlet. The dynamics of opening and closure of the
Camacho mouth is still poorly understood—the average
frequency and length of closure are not known—and this
knowledge is fundamental for management practices.
TOCEs typically have small river catchments, which make
them sensitive to changing inflow conditions (Whitfield
1992; Bollmohr et al. 2009). The number of TOCEs along
the Brazilian coasts is largely unknown. In the last 10 years,
regional irrigated rice fields, where tremendous amount of
water is used, increased from 7.8 to 20.6 thousands ha
(CEPA 2010). Besides, fast and unplanned occupation prac-
tices within the Camacho estuarine floodplain can result in
potential pollution from precarious sewage systems during
closed mouth conditions. Interventions, however, had solely
focused on dredging and bulldozing to artificially breach the
lagoon mouth, though management of a TOCE should not
end at the defined boundary of the estuary (Bate 2007).
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