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a b s t r a c t

This study focus on foraminiferal distribution is from two intertidalmangrove ecosystems is located in the
Bertioga Channel (São Paulo, Brazil) and its correlation to environmental gradients. Despite of its vicinity
to Sao Paulo and Santos cities, themost populated regions in the country, Bertioga Channel is still partially
pristine showing that the balance between fresh water andmarine waters still provides natural estuarine
variability, which are responsible for the foraminiferal zonation of agglutinated species. The zonation
mainly relates to tidal influence, where Haphlophragmoides wilberti inhabits less saline environments
than Arenoparrella mexicana. The mangrove located closer to the northern mouth of the Bertioga Channel
is a more saline environment with higher numbers of dead calcareous species, evidencing greater tidal
influence than the mangrove located near the southern mouth. Distribution of Bolivina striatula and
Pararotalia sp, demonstrate a greater marine influence in the Crumaú River than in the Trindade River.
Here we show what and why the differences between foraminiferal associations from two mangroves
and surroundings are taking place in the recent environment establishing a baseline of understanding
paleoclimate alterations and sea level changes.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Estuaries and mangroves, transition regions between sea and
river, are one of the most productive environments on the planet,
where natural dynamics is of fundamental importance for the
balance and sustainability of coastal ecosystems. These environ-
ments are highly variable in physicochemical conditions, within
the natural features that characterize an estuary. Geomorphology,
continental drainage, and tides are the dominant variables that
determine the distribution of salinity and circulation (Hansen and
Rattray Jr., 1966) in these environments. These transition regions
represent a challenge to the study of the ecosystem; and the evalu-
ation studies depend on the survey of the greatest possible number
of abiotic information. A simple biological indicator is sensitive
enough to react rapidly to changes and is capable of synthesizing
and monitoring the general environmental characteristics. With
foraminifera as indicators, it is often possible to detect and map
different characteristics of the estuarine circulation and the salinity
distribution (Scott et al., 1980), and its documented sensitivity sug-
gests that these organisms indicate recent environmental changes
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in coastal areas from both natural and anthropogenic actions (Hay-
ward and Hollis, 1994; Williams, 1995).

The community structure and its characteristics related to the
abundance of individuals, specific composition of the associations,
diversity and dominance are useful for the recognition of different
environments. The use of foraminifera as bio indicators, in turn,
is not only a practical and efficient tool, but is also relatively
inexpensive and of great potential in generating information about
the environmental dynamics.

Comparedwith other regions of theworld, Brazil has the largest
number of estuaries per kilometer of coastline, but with low incen-
tive from government and other funding agencies, the number of
environmental specialists working in Brazilian estuaries is small.
In contrast to mid-latitude temperate environments there have
been relatively few studies of intertidal foraminifera and their
relationship to Holocene sea level tropical coastal environments.
The latest studies include New Zealand (Hayward et al., 1999,
2004), west coast of Africa, New Caledonia and northern Australia
(Debenay et al., 2000), Northern Australia (Haslett, 2001), French
Guiana (Debenay et al., 2002), (Bermuda), Javaux (1999) and Javaux
and Scott (2003), Great Barrier Reef coastline, Australia (Horton
et al., 2003), and Indonesia (Horton et al., 2005). Our study will
attempt to fill in the previous gaps in the knowledge of the marine
micropaleontology from subtropical mangroves.
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Even with the proximity to the city of São Paulo, the Bertioga
Channel ecological state lacks information about its ecosystems. It
is known however, that most of this ecosystem is pristine, which
emphasizes the importance of diagnostic studies that subsidize
information regarding its natural state in the face of the growing
development of the Bertioga region and its surroundings.

We hypothesize that the difference in the distribution of
foraminiferal from twomangroves occurs because of their proxim-
ity/distance to freshwater sources and marine intrusion by tides.
We intend to show how these differences are taking place and
that the zonation of Foraminiferal species between marine, mixo-
haline, brackish and continental faunas are gradational and very
specific. Faunal response is accurate and we believe that detailed
studies on the estuarine/salinity balance of recent environment
and foraminiferal zonation establish new findings thatwill provide
guidance on the use of lesser-known South American mangrove
environments and should be of interest in paleoclimate studies,
detecting oceanic to freshwater patterns, and in reconstructing sea
level from fossil cores.

2. Study area

The Bertioga Channel is located on the south coast of São Paulo,
within the Baixada Santista Complex, and includes São Vicente,
Santos, Cubatão, Guarujá and Praia Grande, the most populous
beaches in Brazil (Fig. 1). This region lies between latitude 23◦50’S
and 23◦58’S and longitude 46◦07’W and 46◦19’W, with bodies
of water, mountains, mangroves and urbanized areas (Tommasi,
1979).

The Bertioga Channel has two primary accesses to the Atlantic,
and it is also connected to the estuarine complex of Santos (Mi-
randa et al., 1998). The north mouth is located near the city of
Bertioga (Lat 23◦51’S and Long 46◦08’W) and the south mouth
near Santos Estuary. This Channel is 25 km long, constituting a
body of water that in some places reaches 1 km wide. Among
the rivers that flow in this Channel are Itapanhaú, Caiubura, Iriri,
Tia Maria, Cabuçu and Trindade. They are small rivers with high
competence, and therefore can transport particles. The Bertioga
Channel has a microtidal regime predominantly semidiurnal of
moderate amplitude, around 0.73 m (Miranda and Castro, 1991;
Miranda et al., 1998).

The penetration of the tidal wave toward inner parts of the
Channel occur through the two mouths, Barra de Bertioga and
Santos Channel, and the region of the ‘‘meeting point’’ occurs in
the Largo do Candinho. The ‘‘meeting point’’ is where the tidal
waves that penetrated in opposite directions by the two mouths
of the Channel present null velocities and it is characterized as
a deposition site. The velocity loss causes the waters to move at
speeds lower than the critical erosion velocities, which minimizes
the effect of sedimentary transport, characterizing the Bertioga
Channel as a sediment runway transported in suspension. Harari
and Camargo (1998) in numerical modeling were able to demon-
strate tidal penetration in the Santos region and the Bertioga Canal.
According to Miranda and Castro (1991), the isohaline configura-
tion indicates the penetration of the salt wedge into the deepest
layers of the canal, where the minimum salinity found near the
mouth of the river is generated by the discharge of fresh water
from the Itapanhaú River. It was observed that the result of mixing
processes between seawater and fresh water causes decrease of
salinity in the entrance of the Channel.

The mixture of continental waters at the mouths of rivers and
marinewaters favors the formation of estuarine conditions, being a
region of low energy andmixing zone between saltwater and fresh
waterwith relatively high temperatures, favoring the development
of the mangrove (Tognella, 1995). Mangroves depend on mixed,
marine and continental irrigation system, in a tropical to subtropi-
cal climate regime (Zaninetti et al., 1977). These environments are

subject to variations of the abiotic parameters of the environment,
and the most important fluctuations are salinity and temperature,
associated to the tides.

3. Methods

3.1. Sampling strategy

Samples are representative of the repetitive vegetation patterns
of the entire mangrove due to the high uniformity of the forest and
we tried to evidence subtle visual differences.

3.1.1. Mangroves
Mangrove ‘‘A’’ is located near the southern mouth of Bertioga

Channel (23◦53’302 "S; 46◦11’321" W) close to Santos, while the
mangrove ‘‘B’’ is located close to the northernmouth of the Channel
(24◦32’320 "S; 47◦12’003" W) near the city of Bertioga. Seven sed-
iment samples were collected in two distinct mangroves located
in Bertioga Channel (Mangroves A and B) with samples A1, A2 and
RLA, B1, B2, RRB, and RCB (Fig. 2).

Samples from both mangroves were collected transversely to
the channel in a transect. In Mangrove A, samples were collected
at 20 m from the main channel, at the margin of the mangrove.
Samples A1 and A2 are located 2 m apart, and sample A2 was
collected in sediment located on a small topographic elevation to
evaluate tolerance to low tide. In mangrove B, the first sample
was collected at the mangrove fringe close to the channel. Sub-
sequent samples were then collected towards the interior of the
mangrove swamp. In addition, from these environments, material
was collected for the analysis of foraminifera in the roots of the
most dominant mangrove trees: Laguncularia racemosa (RLA) and
Rhizophora mangle (RRB); and on the Ciperaceae roots (RCB), in a
transition ecotone between mangrove and meadow, and from a
family ofmonocotyledonous graminoid flowering plants known as
sedges.

3.1.2. River margins
Two samples were collected in the Trindade River (MM1 and

MM2) and two in the Crumaú River margins (MM3, MM4, MM5)
(Fig. 3).

3.2. Laboratory

The first centimeter of the sediment was collected by hand at
every selected site using a spatula and it was placed in vials. A
solution of Rose Bengal in ethanol was used for staining live spec-
imens for 48 h. A fixed volume of 50 cm3 of sediment was washed
through a 63µm sieve and oven dried at 60 ◦ C. Processed samples
were split from 63 µm size fraction with a microsplitter to obtain
at least 100 specimens of benthic foraminifera per sample (Fatela
and Taborda, 2002). All foraminifera were picked from a split and
included in the quantitative analysis of the assemblage counts.

The identification of foraminifera was based on Loeblich Jr.
and Tappan (1964, 1988), Boltovskoy et al. (1980), Zaninetti et al.
(1977), Debenay et al. (1987), Brönnimann (1979), Debenay (1990)
and specific taxonomic works for the identification of certain
species of Elphidium spp. (Buzas et al., 1985), and of Trocham-
minidae (Brönnimann and Zaninetti, 1984; Brönnimann andWhit-
taker, 1988).

After the identification of the foraminifera species, we calculate
the abundance where the sum of the living and dead organisms
was obtained, resulting in the absolute frequency of the species.
Therefore, the absolute frequency used in this research is the
number of individuals per 50 cm3. From the absolute frequency
table, the relative percentage of the species was calculated. The
species considered characteristic of the study region because of its
dominance were photographed in a scanning electron microscope
(Leo 430i 15 kV, JEOL). These photographs were edited in Corel
Draw 9.
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Fig. 1. Location of the study area.

Fig. 2. Mangrove ‘‘A’’ located near the southern mouth (23◦53’302 "S; 46◦11’321" W), and mangrove ‘‘B’’ located closer to the northern mouth of the Bertioga Channel
(24◦32’320 "S; 47◦12’003" W).

4. Results

Based on the frequency of foraminifera species occurring in
both mangroves we observe that the greater part of living organ-
isms are agglutinating species, characteristic of mixohaline and
brackish environments (Sen Gupta, 1999) (Table 1).

Table 1 shows foraminiferal species occurring in mangrove A
with noMilioline. The agglutinated sum up to 70% and the Hyaline

30% of the total species in sample A1. In sample A2, the relative per-
centage of Hyalinewas 57% and the percentage of agglutinatedwas
43%. In the roots of Laguncularia racemosa (RLA) Hyaline totaled
60%, while the agglutinated sum up 40%. We observed in sample
A1 the occurrence of Arenoparrella mexicana (43%) and Ammonia
tepida (17%), while in sample A2 it was observed Elphidium spp.
(32%) and Arenoparrella mexicana (28%). Although samples A1 and
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Fig. 3. Sampling on mangrove river margins of the Trindade and Crumaú rivers.

Table 1
Relative frequency (%) of foraminifera found in mangroves A and B (L: Living; D: Dead)

Mangrove A Mangrove B

Species/Stations A1 A2 RLA B1 B2 RSB RRB

L D L D L D L D L D L D L D

Ammonia tepida 0.0 16.5 0.0 23.8 0.0 43.2 0.0 63.6 0.0 44.2 0.0 13.0 0.0 39.9
Cyclogira involvens 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.0
Elphidium excavatum 0.0 1.0 0.0 5.0 0.0 7.0 0.0 0.9 0.0 0.6 0.0 0.0 0.0 0.9
E. gunteri 0.0 12.9 0.0 27.7 0.5 5.9 0.0 26.4 0.0 14.4 0.0 8.7 0.0 6.0
Haynesina germanica 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Helenina anderseni 0.0 0.0 0.0 1.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rotalinea total 0.0 30.4 0.0 57.4 0.5 57.3 0.0 90.9 0.0 59.2 0.0 21.7 0.0 58.7

Ammotium salsum 0.0 1.3 0.0 1.0 1.1 3.8 0.0 0.0 0.0 2.8 10.9 2.2 0.0 0.4
A. pseudocassis 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.4 0.4
A. cassis 0.0 0.7 0.0 0.0 0.0 1.6 0.0 0.0 1.2 4.3 0.0 0.0 0.0 3.4
Ammoastuta salsa 0.0 5.3 0.0 0.0 0.0 3.8 0.0 0.0 0.3 9.8 0.0 0.0 0.0 4.7
Ammodiscus sp. 0.3 1.3 0.0 0.0 0.5 2.2 0.0 0.0 2.1 1.2 0.0 0.0 0.0 0.0
Arenoparrela mexicana 13.9 28.7 1.0 26.7 1.6 3.2 0.0 0.0 0.9 6.7 4.3 4.3 2.1 3.4
Deuterammina sp. 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Gaudryna exillis 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Haplophragmoides wilberti 3.3 5.9 0.0 9.9 0.0 1.1 0.0 0.0 0.0 1.5 13.0 15.2 0.0 1.3
Miliammina fusca 0.0 0.3 0.0 0.0 0.0 1.1 0.0 0.0 0.0 1.8 0.0 2.2 0.0 0.9
Paratrochammina clossi 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9
Paratrochammina sp. 0.0 0.3 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.4
Pseudoclavulina sp. 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Siphotrochammina lobata 0.0 0.7 0.0 0.0 0.0 3.2 0.0 0.0 0.0 0.9 0.0 2.2 0.0 11.7
Tiphotroca comprimata 0.0 0.0 0.0 1.0 0.0 2.7 0.0 0.9 0.0 0.3 0.0 2.2 0.0 1.3
Trilocularela patensis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 1.2 4.3 2.2 0.4 0.0
Trochammina sp. 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Trochammina inflata 3.0 4.0 0.0 3.0 0.0 8.1 0.0 0.0 0.0 3.1 2.2 8.7 3.0 4.3
Trochamminita salsa 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 0.0 0.0
Warrenita palustris 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.4
Agglutinated total 20.8 48.8 1.0 41.6 3.2 38.9 0.0 0.9 5.8 34.4 34.8 41.3 6.4 34.0

Lachanella sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 0.0
Pseudononion sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.0 0.0 0.0 0.0 0.0 0.0
Triloculina sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9
Quinqueloculina sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 2.2 0.0 0.0
Miliolinella sp. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.5 0.0 0.0 0.0 0.0 0.0 0.0
Miliolina total 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.2 0.0 0.6 0.0 2.2 0.0 0.9
Total 20.8 79.2 1.0 99.0 3.8 96.2 0.0 100.0 5.8 94.2 34.8 65.2 6.4 93.6

A2 were collected at the same distance from the Channel, the fau-
nal composition differs, with an increase in the relative percentage
of calcareous species, mainly Elphidium spp, and a decrease in the
number of agglutinated species. RLA also shows high occurrence
of the calcareous species Ammonia tepida (43%) and Elphidium spp.
(14%).

Table 1 also shows the presence of Milioline inMangrove B, and
sample B1 has a higher relative percentage at 9%, Hyaline accounts
for 91%, and agglutinated is 1%. Farthest from the channel, in B2,

Hyaline predominates (59%) and the agglutinated total up to 40%.
Roots of Cipriacea (RCB) show 76% of agglutinated, 22% of Hyaline
and 2% ofMilioline. In the roots of Rhizophoramangle (RRB) Hyaline
is 59%, the agglutinated sum up to 40%, and Milioline totaled only
1%.

In B1 (near the Channel) and B2 (away from the Channel), we
observe the presence of Ammonia tepida and Elphidium spp. Sample
B1 has higher percentage of A. tepida (63%) when compared to
sample B2 (43%). In relation to sample B1, 9% of dead Milioline
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Table 2
Total absolute and relative frequency (%) of foraminiferal species in mangrove margins (MM1 to MM5) (L: Living; D: Dead)
Samples/Species MM1 MM2 MM3 MM4 MM5

L D total % L D total % L D total % L D total % L D total %

Ammonia tepida 0 48 48 33.3 0 0 0 0.0 0 0 0 0.0 4 0 4 0.4 0 0 0 0.0
Bolivina doniezi 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 ## ## 284 31.0 0 0 0 0.0
B. ordinaria 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 4 4 8 0.4
Bulimminela elegantissima 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
Cassidulina subglobosa 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 12 12 0.6
Discorbis peruvianus 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
Discorbis williamsoni 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
Discorbis sp. 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
Elphidium sp. 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
E. poyeanum 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 12 12 0.6
Eponides cibrorepondus 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
Pararotalia sp. 0 0 0 0.0 0 0 0 0.0 0 4 4 1.0 0 12 12 1.3 0 0 0 0.0
Pseudononion atlanticum 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
Rotaliina 0 48 48 33.3 0 0 0 0.0 0 4 4 1.0 ## ## 300 32.8 4 56 60 2.8
Ammotium pseudocassis 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 12 20 32 1.5
A. cassis 0 0 0 0.0 0 0 0 0.0 0 8 8 1.9 0 0 0 0.0 8 8 16 0.8
A . diversus 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 4 4 8 0.4
Ammoastuta salsa 0 16 16 11.1 1 2 3 1.6 0 36 36 8.6 32 52 84 9.2 ## 256 524 24.8
Arenoparrela mexicana # 16 48 33.3 4 38 42 22.5 4 ## 124 29.5 20 28 48 5.2 ## 202 335 15.9
Haplophragmoides wilberti # 64 104 72.2 # 88 104 55.6 0 ## 108 25.7 64 ## 212 23.1 ## 616 852 40.4
H. manilaensis 0 0 0 0.0 0 3 3 1.6 0 24 24 5.7 8 0 8 0.9 0 8 8 0.4
Miliammina fusca 0 0 0 0.0 0 1 1 0.5 4 0 4 1.0 0 0 0 0.0 0 12 12 0.6
Paratrochamina clossi 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 8 8 0.9 0 4 4 0.2
Pseudoclavulina curta 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.4 0 0 0 0.0
Siphotrochammina lobata 0 0 0 0.0 1 11 12 6.4 0 36 36 8.6 4 24 28 3.1 0 32 32 1.5
Tiphotroca comprimata 0 0 0 0.0 0 1 1 0.5 0 0 0 0.0 4 16 20 2.2 0 8 8 0.4
Trochammina inflata 0 0 0 0.0 0 5 5 2.7 4 28 32 7.6 20 36 56 6.1 12 36 48 2.3
Trochammina sp. 0 0 0 0.0 1 14 15 8.0 4 40 44 10.5 28 ## 144 15.7 8 144 152 7.2
Warrenita palustris 0 0 0 0.0 0 1 1 0.5 0 0 0 0.0 0 4 4 0.4 4 12 16 0.8
Agglutinated 0 96 96 66.7 # ## 187 #### # ## 416 99.0 ## ## 616 67.2 ## ### ### 97.0
Quinqueloculina patagonica 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
Miliolina 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 0 0 0.0 0 4 4 0.2
TOTAL 0 ## 144 #### # ## 187 #### # ## 420 #### ## ## 916 #### ## ### ### ####

species are mainly Miliolinella sp. and Pseudononion japonicum.
Sample RRB presents Ammonia tepida, Cornuspira involvens, and
Siphotrochammina lobata, whereas in sample B2, Ammoastuta salsa
occurs. The RCB sample presents 28% ofHaplophragmoides wilberti,
13% of Ammonia tepida and 13% of Ammotium salsum, whereas
RRB presents 40% of Ammonia tepida, 12% of Cornuspira involvens
and 12% of Siphotrochammina lobata. In samples collected in the
roots of Laguncularia racemosa, Rizophora mangle and Cipriacea,
Ammonia tepida dominates. Comparing these samples, we can
therefore verify, that in the roots of L. racemosa (RLA), Ammonia
tepida, Elphidium spp., and Trochammina inflata were dominant. In
the roots of Cipriacea (RCB), Haplophragmoides wilberti, Ammotium
salsum and Ammonia tepida dominates, and in the roots of Ri-
zophora mangle (RRB) Ammonia tepida, Cornuspira involvens, and
Trochammina inflata dominates.

In Fig. 4, comparing sample B1 with A1 and A2, we verified that
microfauna from mangrove A is characteristic of more restricted
environments (brackish, less saline) than mangrove B. In samples
A1 and A2 the dominant species is Arenoparrella mexicana. In A1,
the organisms were all alive, whereas in A2, most of them were
dead. Pseudononion japonicum and Miliolinella euhaline organisms
occurs in B1, andwere transported, indicating penetration of saline
waters, evaporation and greater exposure to the atmosphere,mak-
ing the environment less inhabitable for Arenoparrella mexicana.

Some species are not common to both mangroves, individu-
als of Haynesina germanica, Helenina andersoni, Gaudryina exillis,
Pseudoclavulina sp., and Trochammina sp. occur only in mangrove
A, while individuals of Ciclogyra involvens, Trilocularela patensis,
Lachanella sp., Triloculina sp.,Quinqueloculina sp. andMiliolinella sp.
were found only in mangrove B.

The species occurring only in mangrove B are typical of coastal
marine environments. The occurrence of dead Milioline species,
characteristic of euhaline environments (Pseudononion japonicum

and Miliolinella sp.) evidences transport by currents from high
hydrodynamics environments, the continental shelf, which pene-
trates in the inner parts of the Bertioga Channel by the northmouth
of the channel. In addition, the presence of agglutinated forms in
greater numbers in Mangrove A, characteristic of restricted and
mixohaline environments shows that mangrove A seems to be
under greater influence of fresh water coming from rivers, than
mangrove B.

Roots of Cypriaceae (RSB) present greater diversity of aggluti-
nated species and lower relative frequency of Hyaline foraminifera
(Ammonia tepida and Elphidium spp.) showing that saline currents
are less evidenced, with less tidal penetration, and more distant
from the channel. The microfauna characteristic of mangrove A is
mainly composed of agglutinated tolerant to large salinity varia-
tion (Haphlophragmoides wilberti, Ammotium salsum, Trochammina
inflata, and Arenoparrella mexicana). Living individuals were not
found in Sample B1, and besides Milioline, most of the species
belongs to the Hyaline, with predominance of Elphidium and Am-
monia as the tolerant genera in fresh water environments. Total
absolute and relative frequency (%) of foraminiferal species in
mangrove margins show that 29 species with 3778 individuals
occurs (Table 2).

In the Mangrove margins MM1 and MM2, Haplophragmoides
wilberti and Arenoparrella mexicana dominate, with A. mexicana
occurring in lower frequency than Haplophragmoides wilberti (Ta-
ble 2). In the comparison between samples from the margins, we
find that Arenoparrella mexicana andHaplophragmoides wilberti are
probably autochthones species, becausemany living organisms are
found. In addition to these species, the occurrence of Ammoastuta
salsa, Throchamina inflata, and Siphothrochamina lobata was also
noted (Fig. 5).

On the other hand, MM5 presents the marine allochthones
species (Cassidulina subglobosa, Pseudononion japonicum, and
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Fig. 4. Dominant species found in mangroves A and B.

Fig. 5. Autochthones species found on the mangrove margins of the Trindade and Crumaú rivers.

Discorbis williamsoni) that probably were transported by the cur-
rents coming from the north mouth. Bolivina striatula and Pararo-
talia sp. are marine species that were found in MM4 and MM3 are
evidence are transport of tests (Fig. 6).

Bolivina striatula and Pararotalia sp, are species characteristic of

coastal marine environments, where bottom salinity is higher than

observed in rivers. These data demonstrate, therefore, a greater
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Fig. 6. Allochthones species found on the banks of the Crumaú estuary Channel.

marine influence in the Crumaú River than in the Trindade River.
This major marine influence originates from the north mouth is
mainly noticed in the sample located at the mouth of the estuary
Channel Crumaú (MM5). This fact indicates, therefore, that the
advective influence of the currents to the interior of the Crumaú
Channel is noticed in MM5, being also, considered erosion. In the
samples collected in the TrindadeRiver, nomarine-tolerant species
were found.

5. Discussion

Our living foraminiferal species are mostly agglutinated char-
acteristic of mixohaline and brackish environments, with increase
in relative percentage of Ammonia tepida and Elphidium sp, and
decrease in number of agglutinated species (Haplophragmoides
wilberti, Arenoparrella mexicana, Siphotrochammina lobata, and Am-
moastuta salsa) towards more saline environments in both man-
groves. These estuarine mangrove distributions are in agreement
with what was already described by different authors (Scott and
Medioli, 1980; Sen Gupta, 1999; Kemp et al., 2009; Diaz et al.,
2014). Although our samples were collected at the same distance
from the rivers and similar gradients were observed, a more de-
tailed observation of faunal composition shows that Mangrove B
differs from A with the occurrence of dead Milioline, and some
species are not mutually common. Samples collected in the roots
of Laguncularia racemosa (RLA) show no Milioline species either,
whereas in the roots of Cipriacea (RCB) and of Rhizophora man-
gle (RRB) Milioline totaled only 2%. Comparing sample B1 with
samples A1 and A2, we verified that mangrove A present micro-
fauna characteristic of more restricted environments (brackish)
than mangrove B. In samples A1 and A2 the dominant species is
Arenoparrella mexicana. In A1 the organisms were alive, whereas
in A2, most of them were dead.

The species occurring only in mangrove B are typical of coastal
marine environments, probably not autochthone of the region.
The occurrence of dead Milioline species, characteristic of euha-
line environments (Pseudononion atlanticum andMiliolinella sp.) in
B1 evidences strong penetration of saline waters in mangrove B,
also making it difficult for Arenoparrella mexicana to proliferate.
Currents coming from the continental shelf penetrate in the es-
tuarine system by the north mouth of the channel are stronger.
In mangrove A, we notice the presence of agglutinated forms,
characteristic of restricted mixohaline environments in greater
numbers. We verified that mangrove A seems to be under greater
influence of fresh water coming from the rivers, than Mangrove B.

Langer et al. (2016) on a first survey of foraminifera from aman-
grove in Gabon, Africa found a moderately diverse assemblage of
agglutinated and calcareous foraminifera around Rhizophora man-
gle stands dominated by species ofMiliammina fusca, Arenoparrella
mexicana, Ammotium salsum, and Astrononion stelligerum. The au-
thors conclude that the species richness is tide-related and reveals
a strong trend of decreasing diversity moving up the shore, very
similar to our Bertioga Channel findings.

Salinity, temperature, tides, sand, mud, organic constituents in
sediment and proximity to the open sea, among others, are respon-
sible for the spatial distribution pattern of foraminiferal species in
the mangroves and river margins. Penetration of marine waters
from continental shelf through the Bertioga Bar, in the northern
part is influenced by continental contribution from the Itapanhaú
River, entering the estuarine system and influencing microhabitat
distribution. In its southern part, the Bertioga Channel also receives
saline waters, through the Port Channel, influenced by the waters
coming from the Santos Estuary and continental drainage of local
rivers. In addition, the intensity and direction of the currents af-
fects both mangroves, with lower/higher speed currents subject
to higher/lower input from rivers, and tidal effects being more
pronounced in the higher speed current areas. The attenuation
of tidal currents towards inner parts of Bertioga Channel occurs
mainly due to the narrowing and decrease of the local depth, with
greater friction of the flow. The north mouth has higher speeds
than the southern mouth.

In addition, roots of Cypriaceae are subject to tidal periodic
invasion. Due to its higher distance from the channel, microfauna
is more diverse, and there is dominance of autochthones aggluti-
nated species and lower relative frequency of Hyaline foraminifera
(Ammonia tepida and Elphidium spp.). The microfauna character-
istic of mangrove A is mainly composed of agglutinated species
tolerant to wide salinity variation (Haplophragmoides wilberti, Am-
motium salsum, Trochammina inflata, and Arenoparella mexicana).
Our findings corroborate Boltovskoy (1970) which reported Am-
motium salsum and Arenoparrella mexicana, in several mangrove
in Florida, Ecuador and Brazil, Todd and Brönnimann (1957), and
Biswas (1976) found Ammotium salsum, Arenoparrella mexicana,
Haplophragmoides wilberti, Miliammina fusca, and Trochammina in-
flata in Sumatra and Trinity mangroves, respectively. Arenoparrella
mexicana is a typical species of mangrove, and ‘‘cosmopolitan with
respect to the latitude and type of swamp’’, beingmore common in
low salinities. Haplophragmoides wilberti is an ubiquitous species
in mangrove environments, and its decrease was linked to rainfall
in the Purari Canal Delta, New Guinea (Haig and Burgin, 1982).
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Low salinity sub-environments characteristic of mangroves A and
B have high levels of organic carbon and fine sediments, which
leads to the establishment, and proliferation of agglutinated fauna
in sites where calcareous species cannot survive. Eichler et al.
(2007) working on the Bertioga Channel showed six dominant
foraminiferal facies related to the salinity gradient, circulation
processes, variations in grain-size and the organic carbon content
of the substrate in this environment. One of them includes Bolivina
sp., Ammoastuta salsa, Arenoparrella mexicana, Haplophragmoides
wilberti and Trochammina sp., all of which are typical of oligohaline
and mesohaline mangrove-fringe environment (5–18 psu), which
has high organic carbon (9.1–9.6 mg/g) and sulfur varying from
2.0–8.2 mg/g.

Sample B1, collected at the mangrove margin does not present
living individuals, and most of the species belongs to the Hyaline
with predominance of Elphidium and Ammonia, characteristic of
mixohaline environments. The calcareous species found in these
mangroves were also certainly transported, since mangrove re-
gions present acidic pH capable of dissolving the calcareous shells
of organisms. These data corroborate a work done by Murray and
Alve (1999) where the authors affirm that the most significant
postmortem processes that act on foraminifera fauna are transport
(which can lead to loss or gain of tests in an environment) and
destruction of the limestone. In the present study, it is therefore in-
teresting to note the dispersion of calcareous andMilioline species
through the advective influence of the currents.

The decrease in the diversity of foraminiferal species of nor-
mal marine waters, and consequent appearance of species char-
acteristic of mixohaline environments, the Hyaline Elphidium and
Ammonia. According to Boltovskoy (1963), Elphidium and Ammonia
are organisms that tolerate minimum salinities occurring mainly
in waters where there is dilution of seawater with freshwater
from the drainage of rivers. In addition, fewMilioline foraminiferal
species (Quinqueloculina lamarckiana) are found that were proba-
bly transported from the continental shelf. They are alien species
and are rarely found alive in these environments.

At the mangrove margins, Haplophragmoides wilberti and
Arenoparrella. mexicana dominate, however A. mexicana occurs in
lower frequency than Haplophragmoides wilberti. By comparing
samples from margins, we note that H. wilberti and Arenoparrella
mexicana are probably autochthones species, since many living
organisms are present. In addition to these species, the occur-
rence of other agglutinated were also noted as Ammoastuta salsa,
Trochammina inflata, and Siphotrochammina lobata. On the other
hand, allochthones species (Cassidulina subglobosa, Pseudononion
japonicum, and Discorbis williamsoni) are probably transported by
the currents coming from the north mouth. Bolivina striatula and
Pararotalia sp. are marine species fromMM4 andMM3, which also
evidence transport of tests. Bolivina striatula and Pararotalia sp,
are species characteristic of coastal marine environments, where
the bottom salinity is higher than in estuarine Channels. These
data demonstrate greater marine influence in Crumaú than in
Trindade River. This major marine influence originates from the
north mouth and is mainly noticed in the sample located at the
mouth of the Crumaú River. This fact indicates, therefore, that the
advective influence of the currents to the interior of the Crumaú
is noticed, and it is considered erosion. In the samples collected in
the margin of the Trindade River, no marine species were found.

Natural high-frequency changes, as tidal oscillatory movement
is considered themain controller of the basic conditions in this en-
vironment. Circulation is dominated by tidal currents (advective)
suggesting tide is an important factor conditioning the salinity,
temperature, and currents pattern. During spring tide, the most
intense currents capable of re-suspending the foraminiferal shells
occur through the process of turbulent diffusion. Once dispersed
in the water column, these shells are susceptible to the advective
transport of the currents.

It was detected that these currents were responsible for trans-
portingMilioline foraminifera to the innermost reaches of the estu-
ary reaching Mangroves A and B. Miranda et al. (1998) corroborate
that turbulent diffusion is the main mixing and circulation mech-
anism in the Bertioga Channel, where advection due to freshwater
discharge is of secondary importance. In addition, according to
these authors, in neap tide, the advective and turbulent diffusion
processes also contribute to the transport of estuarine salt up-
stream. At spring tide, the increase of vertical shear intensifies
erosion of the vertical salinity gradient, decreasing the stability
of the water column, and consequently, the turbulent diffusion
process generates 90% of salt transport.

Tidal propagation and currents carry live foraminiferal species
from normally inhabited areas to places where these species could
not survive. Therefore, physical processes are capable of trans-
porting foraminiferal tests from inner shelves to outer shelf, from
shallow bottom to deep water sites, from coarse to fine sediments,
from high oxygen concentration sites to anaerobic sites, and vice
versa (Bernhard, 1988) changing population characteristics.

As the survival of a particular species depends primarily on the
numerous factors that interact in its development, foraminifera are
considered good environmental indicators, because being trans-
ported to places where environments are incompatible by nature,
they do not survive and their protoplasm will decompose.

Within the low frequency time scales observed in this study,
the climate was the main variable, presenting monthly and sea-
sonal frequency. The climate exerted influence on the behavior
of the continental and marine waters, conditioned by seasonal
factors. Bertioga mangroves present temporal variations typical of
subtropical systems where high/low temperatures occur in sum-
mer/winter.

At a spatial scale, estuary geometry shapes the transport mech-
anisms such as tidal propagation and currents, which alter the bio-
logical components structuring the characteristics of the environ-
ment. In relation to its geomorphology, Bertioga Channel, presents
different widths, and, therefore, differences in its basic estuarine
circulation. In the northern part, the channel has the largest widths
and in the southern part, the smaller widths occur. The shallowest
places are located in Largo doCandinho. The estuaries of the coastal
plain become generally shallower and narrower in their interior,
and the amplitude of the tidal wave tends to increase estuary up-
stream flow due to the convergent geometry, but simultaneously
there is an effective decrease of its amplitude because of energy
dissipation by friction. This fact is still responsible for the slowing
of the speeds in the innermost parts of the Channel.

These factors condition the estuarine circulation, making the
north part more conductive to the invasion of the tide in the
southern areas of the channel, less accessible to the entrance of the
tides due to its attenuation, and affects the mangroves in different
ways. Largo do Candinho has null velocities, as the tidal waves and
currents that enter in opposite directions through the two mouths
meet there, forming the ‘‘fall of the waters’’ encounter of the tides,
as demonstrated by Harari and Camargo (1998).

This fact causes the water to move at speeds lower than the
critical erosion velocities, which minimizes the effect of the sedi-
mentary transport of the bottom, characterizing the Bertioga Chan-
nel as a corridor of suspended sediments. It is observed, therefore,
that the estuarine circulation is conditioning the deposition of sed-
iments and shells of foraminifera. The influence of the tide along
the Bertioga Channel is also observed in the estuarine Channels
and adjacent mangroves, through dominant foraminiferal species,
being indicative of zonation of microenvironments.

The differentiation of the two mangroves showed zonation
of agglutinated species, subject to tidal influence, evaporation
and Channel geometry. Haplophragmoides wilberti proved to be
characteristic species of brackish environments (less saline) than
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Arenoparrella mexicana. In addition, the mangrove closest to the
northernmouth, a more saline environment, presentedmore dead
calcareous species, evidencing a greater influence of the tide than
the mangrove located near the southern mouth.

Our data supports the vertical zonation and agrees with
Woodroffe et al. (2005) that studying intertidal mangrove
foraminifera from the central Great Barrier Reef shelf, Australia
suggested that distribution of foraminifera in intertidal zone is usu-
ally a direct function of elevation, with the duration and frequency
of subaerial exposure as the most important factor. They demon-
strate that Miliammina fusca, Trochammina inflata, Ammotium di-
rectum and Haplophragmoides sp. exists at the landward edge of
the field sites, in a zone just abovemean lowwater (a vertical range
of 1.8 m), and a foraminiferal assemblage dominated by Ammonia
aoteana existing between just below mean low water (a vertical
range of 0.8 m).

Although foraminiferal fauna changes seasonally along an envi-
ronmental gradient from river to sea, the composition of it is rel-
atively homogeneous and its distribution and abundance are used
in understanding community structure. Through natural history of
indicator species process, it is often possible to characterize dy-
namics of estuarine system in average terms (Ellison and Nichols,
1976).

These changes are thus detected in the community structure
when subjected to some kind of environmental change (Kennish,
1986). The ‘‘natural’’ physical and geomorphological characteris-
tics of the system affect estuarine circulation patterns and, con-
sequently, zonation of Foraminiferal species. Although the bound-
aries betweenmarine,mixohaline, brackish and continental faunas
are gradational, the above evidences show how efficient the use of
foraminifera as environmental indicators, and it should be of inter-
est in paleoclimate studies, responsible for changes fromdominant
oceanic to dominant freshwater influences. These distributions
resemble typical intertidal zonation patterns in mangroves and
estuaries and highlight their potential to reconstruct sea level from
fossil cores from the area.

6. Conclusions

In rivers, estuarine channels and mangroves, where the en-
vironments are considered mixohaline, species of agglutinated
foraminifera as Arenoparrella mexicana, Haplophragmoides wilberti,
Ammotium salsum, Gaudryina exillis and T. inflata were observed.
Hyaline genera as Ammonia and Elphidium and Milioline as Quin-
queloculina were rare because acidic conditions prevent the con-
struction of their shells. These forms are mostly dead indicating
that these shells were transported.

The physical and geomorphological characteristics of the es-
tuarine system affect estuarine circulation patterns and, conse-
quently, zonation of Foraminiferal species between marine, mixo-
haline, brackish and continental faunas are gradational and very
specific. We conclude that the response of the fauna is so accurate
that should be of interest in paleoclimate studies, detecting oceanic
to freshwater patterns, and reconstruct sea level from fossil cores
from the area.
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