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Abstract

Macrotidal estuaries are highly dynamic and complex environments that need to be understood in many aspects. In this
context, the study of sediments is an important tool in the understanding of the processes in estuarine environments. The
aim of the present study was to characterize the temporal and spatial distribution of total suspended solids (TSS) and bot-
tom sediments of the Arraial Bay Estuarine Complex and their dynamics under different tidal conditions during different
periods. Nine stations were selected within Arraial Bay Estuarine Complex, in Maranhense Gulf, where water samples
were collected at two depths in different periods and tide conditions. The following parameters were analyzed: temperature,
salinity, turbidity, total suspended solids (TSS), and bottom sediments for grain size analysis, in addition to cross sections
to calculate the estuarine flow rate. Temperature, and pH, was within the expected range for the region, with little spatial or
temporal variation. The precipitation and the hydrodynamics caused by tidal movements in the region are important control-
lers of salinity, estuarine flow, TSS and turbidity, which showed spatial and temporal variations. There is a predominance
of fine material, mainly composed of silt, which suggests that mangroves are important in the supply and imprisonment of
these sediments within the estuarine complex. In addition, tides play an important role in the distribution of suspended and
bottom sediments, and in the dynamics of the resuspended one, controlling TSS concentrations and distributions of bottom
sediments along the estuarine complex.
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1 Introduction

Estuaries are important regions regarding social, economic
and environmental aspects. Estuarine regions are vulnerable
water bodies, constantly subject to environmental variations
of natural origin or even caused by human action (Eschrique
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2011). Environmental degradation may cause serious eco-
logical, social and economic damage. Therefore, environ-
mental monitoring is necessary to assist in decision-making
in these areas, thus ensuring the integrity of the environment.

Among the tools used for the study and monitoring of
estuaries are some physical, chemical, biological and geo-
logical variables, such as currents, physicochemical param-
eters, biodiversity and sediment dynamics. The sedimento-
logical study allows the characterization and classification
of the sediments, allowing inferences about their genesis,
transport and deposition (Costa et al. 2010). Knowledge of
sediment distribution is an important tool for understanding
these processes.

The sediments that reach the estuaries can be deposited or
transported by the currents, depending on the local hydrody-
namic conditions. In macrotidal estuaries, tidal currents are
of considerable importance when it comes to erosion, resus-
pension and deposition of sediments. In addition to tidal
currents, waves also play a role in the transportation and
maintenance of suspended sediments. Suspended sediments
are an important component in studies of estuarine envi-
ronments, since they carry adsorbed toxic substances, may
limit the availability of light and photosynthesis, and cause
sedimentation of port channels, which need to be dredged
regularly (Park 2007).

The Arraial Bay Estuarine Complex (ABEC) is a macrot-
idal coastal environment, located southeast of the island of
Maranhao. It is an environmentally sensitive and important
area, once there is an extensive area of mangroves (de Men-
ezes et al. 2008), and one of the most important rivers, which
supplies a large part of the state capital Sao Luis, flows into
that water body. Studies that aim the understanding of the
sediment dynamics in estuaries have gained special atten-
tion, since these studies contribute to increase the knowledge
on estuarine systems and their behavior regarding the distri-
bution of sedimentary and physical characteristics.

Coastal environments such as estuaries have suffered
major environmental impacts, mainly due to urban expan-
sion (Purnachandra Rao et al. 2011; Rezende et al. 2010).
Environmental degradation in these areas can cause serious
ecological, social and economic damage. Thus, it is essen-
tial to understand the processes that occur in these envi-
ronments, so that correct measures can be taken. Thus, the
aim of the present study was to characterize the temporal
and spatial distribution of total suspended solids (TSS) and
bottom sediments of the Arraial Bay Estuarine Complex
(ABEC) and their dynamics under different tidal conditions
(Spring and neap tides) during different periods (Beginning
and end of the rainy season).
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2 Materials and methods
2.1 Study area

The present study was carried out in Arraial Bay Estuarine
Complex (ABEC), located southeast of the island of Mara-
nhdo. Arraial Bay (AB) is one of the bays which forms a
large and complex estuarine system known as Maranhense
Gulf (Fig. 1). The estuarine complex comprises an area of
about 23 km?, including the Sampaio and Perizes rivers
estuaries, and the Arraial Bay itself. The main access is
by the highway BR135 that connects the Brazilian states
of Maranhao and Minas Gerais. The Island of Mara-
nhdo, where the city of Sao Luis (capital of Maranhdo) is
located, occupies the central part of this estuarine system.
The island is separated from the mainland by the Strait of
Mosquitos that along with the Strait of Coqueiros connect
the water masses of Arraial/Sdo Jose Bay with those of
Sdo Marcos Bay.

ABEC is located in a region known as the macrotidal
mangrove coast in the Amazon Region (Souza Filho 2005).
The Maranhense Gulf has a semidiurnal tidal cycle, with a
tidal height that can reach 7.2 m and current velocities of
about 2 m.s™! (Gonzalez-Gorbeia et al. 2015; Malheiro da
Silva 2011; Samaritano et al. 2013). The climate is tropi-
cal humid, with two well-defined seasons: rainy season
(December to July) and dry season (August to November).

The drainage basin is composed predominantly of low-
relief groups (EI-Robrini et al. 2006). Among the geomor-
phological features in the region are plateau, fluvial plain,
mangroves and the Perizes field (Fsadu 2009). Regarding
the type of soils, (de Alcantara 2004) observed in that
area a predominance of soils of the class plintosols. In
the Itapecuru River margin (Sdo José/Arraial Bay), in the
region of floodplain, known as Perizes Field, the tidal
plain consists mainly of fine fraction (silt and clay), and it
is basically colonized by mangroves. The mangroves in the
study area are classified as Rhizophora-dominated “fringe
forests”’; however, the species composition may be very
heterogenic (de Menezes et al. 2008).

Besides the environmental importance, the study area
is a region that provides important resources for the local
communities. Many people who live around the estuarine
complex depend on this environment for their subsistence
through fishing and other activities developed by those
families. Therefore, the area is also socially and economi-
cally important.

Although the area of study is of relevant importance,
environmental data about ABEC are still lacking, which
makes it difficult to characterize the area in relation to
some specific oceanographic variables. No studies were
found on the morphological characterization of the channel
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Fig. 1 Study area on the coast of Maranhao, Brazilian northern coast. Sampling stations (1-9) in Arraial Bay Estuarine Complex (ABEC), cov-
ering Perizes River Estuary (PRE), Sampaio River Estuary (SRE), and Arraial Bay. SMEC: Sdo Marcos Bay Estuarine Complex

profiles. In addition, to date, no official study character-
izing local bathymetry has been conducted.

2.2 Sampling and analysis

The water and sediment sampling were carried out in nine
spatial stations in ABEC, covering the region of the Per-
izes River Estuary (PRE), Sampaio River estuary (SRE) and
Arraial Bay (AB) (Table 1). Two campaigns were carried
out (February and August 2015). For each campaign, two
samplings were performed, one under spring tide and the
other under neap tide conditions, totaling 4 samplings, being
all of them carried out during ebb tide.

Samples of water and sediment were collected at each
station. The water samples were collected with the aid of a
Van Dorn bottle. After collection, the water was transferred
to 500-ml polyethylene water bottles refrigerated at 2-5 °C
until analysis. The bottom sediment samples were collected
with a Van Veen grab sampler, homogenized, and stored in

plastic bags refrigerated at 2—5 °C until analysis. Salinity,
temperature, pH, turbidity and TSS have been determined
for two different depths (surface and bottom). Besides, vol-
ume transport and grain size data were also obtained.

The estuarine complex is relatively shallow. Local sam-
pling depths were deeper in the rainy season, ranging from
3.0 to 28.0 m. During the dry season, the variation was
between 2.0 and 23.0 m. Station 1 (located in PRE) had the
lowest depths in both tides and in both periods. On the other
hand, station 9 (Located in SRE) was always the deepest
(Table 1).

Information about local rainfall was obtained from the
National Institute of Meteorology (INMET), and informa-
tion about the tide was provided by the Hydrographic and
Navigation Department (DHN)), for the tide gauge closest to
Arraial Bay (MA), located in the Port Complex of Sao Luis.

The temperature and salinity parameters were analyzed
in situ using a multiparameter Probe (Hanna HI-9828,
Hanna Instruments Portugal Lda, Povoa de Varzim, POR)
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Table 1 Stations, location, average depth, and sampling data of the selected stations in Arraial Bay estuarine complex (ABEC)

Station Water body Latitude (S) Longitude (W) Average depth ~ Sampling
(m)

1 Perizes river estuary 2°50'00" 44°2021" 2.7 Water; sediment; cross-section profile
2 2°49'35" 44°20"23" 3.6 Water; sediment; cross-section profile
3 2°49'18" 44°20"25" 4.4 Water; sediment; cross-section profile
4 2°48'12" 44°2022" 4.8 Water; sediment; cross-section profile
5 Arraial bay 2°46'42" 44°19'58" 12.3 ‘Water; sediment

6 2°46"28" 44°18'30" 33 Water; sediment

7 2°45'55" 44°16'51" 5.5 Water; sediment

8 Sampaio river estuary 2°47'57" 44°16'53" 11.0 Water; sediment; cross-section profile
9 2°47'51" 44°17'03" 23.5 Water; sediment; cross-section profile

with accuracy of 2%, and the turbidity was determined
using a turbidimeter (Model TECNOPON TB-1000,
Piracicaba, SP, Brazil) previously calibrated. The salinity
data obtained for this study were converted into g kg~!
according to the International Thermodynamic Equation
of SeaWater2010- TEOS 10 (http://www.teos-10.org/).
The total suspended solids (TSS) in the estuarine waters
were determined by gravimetric measurement according
to the methodologies described in Strickland and Parsons
(1972) and (APHA 2005), and the results were expressed
asmg L7,

Instantaneous volume transport or estuarine flow was
obtained using a towed Acoustic Doppler Current Profile
(ADCP-Sontek/YSI) with frequencies of 1.5 MHz in cross
sections at the flow. The velocity vector was decomposed in
relation to the Orthogonal Cartesian coordinate plane Oxy,
according to de Miranda et al. (2002). After decomposi-
tion of the velocity vector, for each hour, the components
were delimited by the ith depth of each point. The volume
transport (Tv) or estuarine flow in the cross sections perpen-
dicular to the mean flow in area A = A (x, z) was calculated
through the numerical integration of the equation, according
to (de Miranda et al. 2002):

T, = // VidA,

A

where V=V (X, z, t) is the velocity vector, 7 is the versor
normal to section A, t is the instantaneous time interval, x
is the horizontal distance of the section, and z is the depth.

The grain size analysis was performed according to the
method proposed by Suguio (1973) using the technique of
sieving and pipetting. The data were expressed as percent-
age of grains per text class defined in the Wentworth scale
and the analysis was done through the R software, using the
Rysgran package (Gilbert et al. 2012). The Pejrup Diagram
(Pejrup 1988) was used to classify the sediments according
to their hydrodynamic conditions.
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Statistical tests were carried out to determine if there was
a difference between the two depths of collection (surface
and bottom), between the different tidal conditions (spring
and neap) and between the two sampling campaigns (Rainy
and dry seasons) for each parameter. To do that, Student’s t
test was used to compare means. However, before using the
t test, two other preliminary tests were required: the Sha-
piro—Wilk test (to test the normality of the data) and the
F-test (to test the homogeneity of the variances). Once the
normality and the homogeneity of the data were tested, it
was possible to perform the #-test.

In addition, Pearson’s correlation coefficient (Rousseau
et al. 2018) was used to evaluate the relationship between
the parameters measured. This statistical method aims to
understand the relationship between two variables, where the
values (Correlation Index) vary from — 1 to 1. All statistical
tests were performed using R 3.4.2 statistical software (The
R Development Core Team).

3 Results

3.1 Meteorological and hydrological
characterization

3.1.1 Rainfall

According to the analysis of the historical average regard-
ing rainfall, it is possible to identify two distinct periods:
rainy season (December to July) and dry season (August to
December) (Fig. 2). The first campaign was carried out in
February 2015 and the second one in August 2015. When
comparing the historical average with the monthly pre-
cipitation registered for 2015, it was observed that except
for March and May, the monthly precipitation was below
average.

Regarding the sampling periods, February had precipita-
tion values well below the historical average for that month
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Table 2 Flow rates for February and August under different tidal con-
ditions (spring and neap) in Arraial Bay Estuarine Complex (ABEC)

Station February August
Spring  Neap Spring  Neap
ms~!
1 Perizes river estuary 416.0 169.0 156.6 210.8
2 524.8 350.0 243.6 377.3
3 601.7 507.2 355.7 518.3
4 515.4 671.9 446.9 658.6
8  Sampaio river estuary  1799.2 633.8 2819.2 1005.1
9 378.7 1083.2 897.0 12249

(Fig. 2). According to the precipitation data, it rained 72.5%
below the average. In August, it was also observed lower
values compared to the historical average (Fig. 2), with
rains 43% below the average. It is important to highlight
that August is a transition month between the local rainy
and dry seasons.

3.1.2 Volume transport

The flow rate values during the sampling campaigns for Per-
izes (PRE) and Sampaio (SRE) rivers estuaries are shown in
Table 2. Considering the sampling campaigns, it is observed
that the flow values registered in February were 20% lower
than those observed in August. In August, the accumulated
rainfall was higher in relation to the first campaign.
Regarding the tides, in February, during spring tide,
the volume transport, per unit area, ranged from 378.7
to 1799.2 m* s7!, and during neap tide the variation was
between 169.0 and 1083.2 m® s~!. Taking into account the
minimum and maximum values between neap and spring

Station

tides, it is observed that the flow rates under spring tide
conditions were higher in 55% and 40%, respectively.

In August, during spring tide, the volume transport var-
ied from 156.6 to 2819.2 m> s~!, and during neap tide, the
variation was between 210.8 and 1224.9 m? s~!. Consider-
ing the minimum values between neap and spring tides, it
is observed that during neap tide, the flow rates were 35%
higher, and taking into account the maximum values, the
flow rates during spring tide conditions were 57% higher.

Regarding the spatial distribution, the lowest flow rate
values for both campaigns and both tide conditions were
found in the stations located in PRE (Stations 1-4), in which
during neap tide, flow rates ranged from 169.0 to 671.9
m? 571, while in spring tide the variation was from 416 to
601.7 m> s~'. For SRE, flow rates varied between 633.8 and
1083.2 m® s~! during neap tide, and 378.7 and 1799.2 m*
s~! during spring tide.

When comparing the average flows in both estuaries, it is
observed that the flows in SRE were 47.2% higher in rela-
tion to PRE during spring tide, and 49.4%, during neap tide
in February. Whereas, in August, the flows rate in SRE was
83.82% higher than the PRE, during spring tide and 60.43%
during neap tide, in the dry season.

In PRE, during spring tide, the flow rates ranged from
156.6 to 446.9 m> s~! and during neap tide the variabil-
ity was between 210.8 and 658.6 m? s™!. For SRE, during
spring tide, the flow rates varied between 897 and 2819.2 m®
s~! and during neap tide, the variation was between 1005.1
and 12249 m* s~

3.2 Physicochemical characterization

Table 3 summarizes the results obtained during the sampling
periods, under different tidal conditions.
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Table3 Summary of the physicochemical parameters of the water
collected in Arraial Bay Estuarine Complex (ABEC): Temperature
(°C), Salinity (g kg™"), pH, Turbidity (NTU) and TSS (mg L™!). Min
(minimum); Max (maximum); SD (Standard deviation)

Parameter February August

Spring  Neap  Spring  Neap

Temperature (°C)  Mean 30.5 31.3 29.2 29.7

Min 29.8 30.9 28.4 29.0
Max 31.0 31.7 29.8 30.4
SD 0.4 0.2 0.4 0.3
Salinity (g kg™") Mean 31.8 31.2 26.3 18.7
Min 31.0 31.1 26.1 18.2
Max 325 314 26.6 19.4
SD 0.3 0.1 0.2 0.4
pH Mean 7.6 7.5 7.9 7.9
Min 7.2 7.2 7.8 7.7
Max 7.7 7.8 8.0 8.1
SD 0.2 0.2 0.1 0.2
Turbidity (NTU) Mean 484.4 335 540.5 212.4
Min 16.5 14.7 11.8 15.6
Max 2803.5 80.0 2662.0 2949.5
SD 820.1 21.1 982.0 705.8
TSS (mg L) Mean 368.3 1339 276.2 152.7
Min 81.2 47.3 39.7 243
Max 1247.0 2953 833.8 10373
SD 3322 74.6 307.6 235.8

3.2.1 Temperature, salinity and ph

Statistical analysis (Student’s t-test) showed that there was
no significant difference between the mean surface and bot-
tom samples for temperature, salinity and pH. Thus, mean
values between surface and the bottom for these parameters
were considered for each tide condition, and for the different
periods (Fig. 3).

In February, the temperature ranged from 29.8 °C to
31.0 °C (Fig. 3a). In August, the variation was from 28.4 °C
to 30.4 °C (Fig. 3b). The t-test showed that there were no sta-
tistically significant differences (p > 0.05) when comparing
the tidal conditions (spring and neap) and the two periods,
characterizing the water temperature as typical of tropical
regions.

Salinity varied significantly (p <0.05) between the sam-
pling campaigns, with lower values observed in August,
mainly during neap tide (Fig. 3d). In February, the varia-
tion ranged from 31.0 to 32.5 g.kg™!, showing no signifi-
cant variation regardless of the depth or the tide conditions
(Fig. 3c). In August, variations were larger, with values from
18.2 to 26.6 g.kg~!. Unlike February, the r-fest revealed a
significant difference in the salinity mean values between
neap and spring tides.
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The pH values were, in general, slightly alkaline and
also presented a small but significant variation between
the means of the two periods (Fig. 3e and f). In February
(Fig. 3e), pH ranged from 7.2 to 7.8, and there were no
significant variations in the means between the depths or
between the tide conditions. In August (Fig. 3f), the pH had
a slight increase in relation to the first campaign, ranging
from 7.7 to 8.1, and as in February, there was no significant
variation between the sampling depths or between the tide
conditions.

3.2.2 Turbidity and TSS

The turbidity values were higher in February (Fig. 4), mainly
under spring tide (Fig. 4a and b). However, the means
between the two sampling months (February and August)
did not differ significantly (p <0.05). In February, under
spring tide, the turbidity varied between 16.5 and 2804.0
NTU. During neap tide (Fig. 4c and d), the turbidity values
were lower when compared to spring tide, with values vary-
ing between 15.0 and 80.0 NTU. Regarding tide conditions,
the means showed a significant difference. In August, during
spring tide (Fig. 5a and b), the values fluctuated between
11.8 and 2662.0 NTU, and between 16 and 2949.5 NTU
during neap tide (Fig. 5c and d). Likewise, during the first
campaign (February), the highest values of turbidity were
observed under spring tide condition.

Outliers were observed in some stations: bottom samples
at the stations 2, 4, 5 and 8 during spring tide, in February;
and the stations 2, 5 and 7 under neap tide in August. It is
important to highlight that station 5 had values above 2000
NTU in both depths.

In February (Fig. 6), TSS ranged from 62.5 to 1247.0 mg.
L. In August (Fig. 7), the minimum TSS concentration
was 39.7 mg.L™! and the maximum was 1037.3 mg.L~".
Comparing the TSS means for the two sampling campaigns,
the highest values were registered in February. However,
the means did not vary significantly (p <0.05) between the
two periods.

Regarding tide conditions, the highest concentrations
were always observed during spring tide, for both periods.
In February, the variation in the TSS means between spring
and neap tide was significant, unlike August, which did not
present any variation between the means. When comparing
the two depths, it was observed that the concentrations of
the samples collected near the bottom were always higher
comparing to the ones collected at the surface.

As well as turbidity, it was noticed that some stations
showed some outliers regarding TSS concentrations. Station
2 had values above 1000 mg L' on the bottom, for both
periods, during spring tide, and in August under neap tide.
Station 5, located in AB (Arraial Bay), also showed outliers
during spring tides with values greater than 800 mg.L™".
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Fig.3 Physicochemical parameters of the water collected in Arraial Bay Estuarine Complex (ABEC) under spring and neap tide conditions.
First column (figures a, ¢ and a): February; and the second column (figures b, d and f): August

3.3 Grain size characterization

The grain size analysis showed a predominance of fine sedi-
ments mainly composed of silt (clay being minor) (Fig. 8).
In February, station 9 was the only one that presented a high
percentage of sand (>50%), under spring tide (Fig. 8a).
The sediment sampled during the neap tide was rich in silt
(>80%) (Fig. 8b). In August (Fig. 8a and b), the only station
that did not show a greater predominance of silt was station
5, which had a higher percentage of sand (95.77%). During
neap tide, station 6 was the only one characterized by the
predominance of sand (60.28%). The other stations showed
a greater predominance of silt.

The results of the grain size analysis were plotted in the
Pejrup diagram (Pejrup 1988) (Fig. 9). Initially, it is possible
to observe that in both periods, under both tide conditions,
the study area is characterized as a very high hydrodynamic

region, since all samples were grouped in area [V. However,
spatial variations are observed as a result of the percentage
of sand in the samples.

In February, during spring tide (Fig. 9a), the majority of
the samples were within the group IV-C, which corresponds
to the sediments that contain between 10 and 50% of sand,
deposited under strong hydrodynamic conditions. During
neap tide, in the same period, the majority of the samples
were within the group IV-D, the group with samples that
present smaller percentages of sand, but still deposited under
strong hydrodynamics (Fig. 9b).

In August, most of the samples were concentrated in
groups IV-C and IV-D, with one station (P5) classified in
group IA, corresponding to the group with sand percentage
between 90 and 100% deposited under low hydrodynamic
conditions (Fig. 9c). During neap tide, the majority of sam-
ples were concentrated in group IV-D (Fig. 9d).
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4 Discussion

According to Infoclima (2015), in the Tropical Atlantic, sea
surface temperature (SST) anomalies favored the southern-
most position of the Intertropical Convergence Zone (ITCZ),
but the weaker trade winds resulted in a weak performance
of this system, which contributed to the rainfall deficit in
most of the Northeast region.

The absence of events of the South Atlantic Convergence
Zone (SACZ) contributed to the rainfall deficit in most of
Brazil. The atmospheric blockade in the southeastern region
of Brazil prevented a regular formation of atmospheric sys-
tems, important for the maintenance of the rainfall pattern
in several regions of the country at this time of the year
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(Infoclima 2015). The rainfall registered in this period is
associated with the occurrence of High Level Cyclonic
Vortices (VCAN) in the high troposphere, associated with
the ITCZ (Nugeo 2015). The establishment of the El Nifio-
Southern Oscillation (ENSO) phenomenon and the low
occurrence of Easterly waves disturbances were the main
responsible for below-average rainfall in Maranhao. In
addition, the ITCZ began to act north of its climatological
position, accentuating the rainfall deficit in the north of the
Northeast Region (Infoclima 2015).

Differences in flow values between campaigns are related
to higher or lower rainfall rates. The correlation analysis
indicated that the main factor contributing to the increase
in volume transport was rainfall, since both presented a
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positive correlation (r=0.99, p <0.05). The sampling was
carried out in February, which despite being a month with
a high historical average, in 2015 presented rainfall well
below the historical average. In August, which is a transition
month between the dry and the rainy seasons, the accumu-
lated rainfall was higher in relation to February, which may
have increased the freshwater discharge in ABEC.

Besides, the lowest flow rates in the two sampling cam-
paigns for both tide conditions found in the stations located
in Perizes River estuary (stations 1-4) can be explained by
the width of the river and the fact that it is a more confined
region in relation to the stations located in SRE. In addition,
the depth at these stations is lower compared with those
located in Sampaio River estuary. In a study in Conchas

estuary (Rio Grande do Norte, Brazil), Soares (2012) relates
the low flow values to the narrowing and the low depths of
the main channel. The values observed in the present study
corroborate with the values found by other authors in stud-
ies in the north coast regions of Brazil (Bock et al. 2011; da
Dias et al. 2013).

Small variations in temperature values are typical of trop-
ical estuaries, which depend on meteorological conditions.
The values observed in the present study corroborate with
other studies carried out in the region. Azevedo et al. (2008),
who also attributed these low amplitudes to the region geo-
graphic position (tropical region).

Higher salinity values registered in February indicate
that the environment was under influence of marine waters,
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which can be confirmed by the pH. The slight increase in the
flow rates between the campaigns in the stations located at
the mouths of the rivers Perizes and Sampaio, that flow into
Arraial Bay, influenced the salinity. The correlation analysis
showed a negative correlation between salinity and rainfall
(r=-0.99, p <0.05), and between salinity and volume trans-
port (r=—0.99, p <0.05), which means that these variables
play an important role in the behavior of the salinity in the
study area.

During neap tides, the salinity values are generally
lower. This behavior is related to the greater or lesser
volume of ocean water entering the estuary system as
reported by Lima et al. (2014), who observed similar salin-
ity behavior in a macrotidal estuary in north Brazil. The

@ Springer

estuaries show marked diurnal and seasonal variations in
the salinity levels, being influenced by the tides, the fresh-
water inflow from the rivers, and the terrestrial drainage
caused by the rains (Bastos et al. 2005).

Regarding turbidity, the high registered values in
August, when accumulated rainfall and flow rates were
also higher, indicate that these factors control the turbid-
ity values along the ABEC. The higher the rainfall and the
flow, the greater the material input in the estuarine sys-
tem. Bucci et al. (2012), in their study about the influence
of turbidity on the temporal variability of chlorophyll a,
found that in addition to being influenced by tidal cycles,
turbidity was influenced by precipitation and flow, mainly
in the shallower stations.
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The turbidity values were always higher near the bottom.
These high values may have been influenced by local hydro-
dynamics and by the availability of fine sediments. Suzuki
et al. (2010), in a study carried out in a macrotidal estu-
ary (South Korea) observed that the local hydrodynamics
plays an important role increasing the turbidity values in that
region. Uncles et al. (2006) suggest that in tidal-dominated
estuaries, high turbidity values may be influenced by the
resuspension of sediments caused by waves, and by high
input of sediment in the environment. In a study performed
in the estuary of the Amazon River, Vilela (2011) observed
similar behavior to those recorded in the present study. The
highest values observed in some stations were probably
influenced by the TSS. There was a positive correlation

between TSS and turbidity (r=0.95, p <0.05), indicating
that the main factor controlling the turbidity in ABEC is
the TSS. This feature is common in macrotidal estuaries, as
observed by Suzuki et al. (2010).

Estuarine suspended sediment dynamics are complex,
once it is usually controlled by a combination of different
chemical and physical mechanisms (Van Maren et al. 2015).
TSS values were higher in periods of higher rainfall and flow
(during the study period), which suggests that these factors
also control the TSS concentrations. Strong rainfall increases
the rivers discharge. The increase in the flow rates, espe-
cially during spring tides, may have caused the availability
of TSS sources to the study area and, consequently, to the
ocean. This scenario is due to the increase of the erosion of
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the margins, the inundations of floodplains and the resuspen-
sion of the sediment (Soares 2012). On the other hand, when
high concentrations of TSS coincide with periods of low
rainfall, TSS may be influenced factors such as resuspension
(Purnachandra Rao et al. 2011) and winds. Strong winds can
generate waves that resuspend the sediments in shallow areas
(Le Hir et al. 2001).

In macrotidal estuaries, tidal cycles are significant for
processes such as sedimentation. Comparing the samples
taken during spring tide with those taken during neap tide,
the samples of the latter showed lower TSS concentrations.
In February, the mean TSS values for spring tide were 63.6%
higher than the average for neap tide. In August, the aver-
age for spring tide was 39.7% higher than the average for
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neap tide. According to Guézennec et al. (1999), during the
spring tides, resuspensions are more significant than during
the neap tides, increasing the concentrations of suspended
solids in the water column. In spring tide conditions, current
velocities are stronger (Guézennec et al. 1999) influencing
variables such as salinity, turbidity and TSS. Similar behav-
ior regarding neap—spring variations of TSS concentrations
was reported by Gomes et al. (2013) in a macrotidal estuary
located in the tide-dominated eastern sector of the Amazo-
nian Coastal Zone.

Regarding the TSS bottom samples, in February, the
means were 70.5 and 47.6% higher than at the surface for
spring and neap tides, respectively. In August, the mean for
the bottom samples was 67.5% higher during spring tide and
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65.4% for neap tide. Variations in the TSS concentrations,
with regards to different depths, are often related to bottom
morphology and to the effect of tides and salinity (Ruhl et al.
2001). In addition, Rollnic et al. (2018), in a study carried
out also in the macrotidal estuary in the Amazonian Coastal
Zone, stated that the low depth of the estuarine system favors
the sediments resuspension processes in that estuary.

The highest values observed in stations 2 and 5 may be
related to their location and depth. Station 2 is shallower
compared to the other stations, which favors the resuspen-
sion of sediments caused by the waves (Shenliang et al.
2003). In addition, station 2 is located in an area where
there are two small tributaries of the Perizes River, which
contribute to the sediment supply to the area. Station 5 is
located within Arraial Bay, near the Strait of Mosquitos.
The strait connects Sao Marcos Bay and Arraial Bay, so
that area receives sediments coming from the strait and the
Perizes River.

The dynamics of spring and neap tides control the sedi-
mentation and sediment transport. Grain size analyzes of
the bottom sediments showed the predominance of silt in
the study area, in both sampling periods. The study area
features an extensive habitat of mangrove swamps and tidal
flats, from where the fine material may be entering the

estuarine system. Although most of the sampling stations
are located in sheltered areas, surrounded by mangroves,
the percentage of clay in the samples was relatively small,
which can be explained by the hydrodynamic conditions of
the environment.

In a study carried out in a tropical macrotidal estuary
located in the Amazonian Coastal Zone, Asp et al. (2018)
reported that the sediments dynamics depend also on the
season. Fine sediments reach the estuary through the Ama-
zon River plume and its shelf deposits during periods of high
rainfall. However, during the dry season, the fine sediments
are transported from the shelf and reach the estuary through
tidal processes. The authors also emphasized the role of the
mangrove forests in the accumulation of these sediments and
the role of the spring tides in the sediments resuspension.
Therefore, mangrove forests are also of extreme relevance
when understanding the sediment dynamics within tropical
estuaries.

According to Pejrup diagram (Pejrup 1988), in both peri-
ods and for spring and neap tide conditions, the study area
was classified as a very high hydrodynamic region. The
local dynamics prevent the deposition of the finer particles,
which are suspended, increasing the concentrations of TSS
in the water column. The highest percentages of sand were
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observed in August, mainly during neap tide. In addition,
when comparing the environments, it was observed that the
stations located in AB (Arraial bay) had higher percentages
of sand. This is a result of the reworking of the margins,
associated with the tidal dynamics. The stations within AB
are located in a more open region and, therefore, they are
more subject to the influence of the local hydrodynamics.
As a result of the accumulation of sand, it is possible to
observe the formation of sand banks along the AB, which
may compromise the navigation in the area.

The fine sediments can be easily eroded by tidal currents,
especially during spring tides. Comparing the tide condi-
tions, spring tides showed higher percentages of sand. A
negative correlation was observed between TSS and fine
sediments (r=—0.454, p <0.01), and turbidity and fine sedi-
ments (r=—0.502, p <0.01) during the spring tides. As pre-
viously mentioned, sediment erosion and resuspension occur
during spring tides due to the hydrodynamic conditions that
are modified, such as the increase in velocity of the currents
and the volume of marine water entering the estuary. This
result corroborates with the results of TSS concentrations
that were higher during spring tides, which confirms that the
fine particles are resuspended during spring tides, increas-
ing the concentration of TSS in the water column. The fine
sediments are carrier of nutrients and pollutants; therefore,
resuspension of the bottom sediments may make them avail-
able in the water column influencing the ecology and the
environmental quality.

On the other hand, during neap tides, there was higher
percentages of fine material (Silt and clay) and lower per-
centage of sand. During neap tides, the accumulation of fine
sediments occurs due to the conditions that allow the rapid
deposition of these sediments as observed by Guézennec
et al. (1999) in Seine, a macrotidal estuary in France. Once
the fine material is deposited, less sediment will be available
in the water column, decreasing the concentrations of TSS
during neap tides. For the neap tides, both TSS and turbid-
ity showed a positive correlation with the fine sediments
(r=0.550, p<0.01 and r=0.502, p <0.01), respectively. In
the areas where fine sediments predominated, it is possible
to observe the formation of mudflats which are exposed dur-
ing low tide.

5 Conclusion

This study indicates that precipitation, fluvial discharge and
tidal conditions are the main agents that govern the behavior
of the parameters considered here. The parameters varia-
tions during spring tides are more accentuated, indicating
the influence of the hydrodynamics caused by the tidal con-
ditions in macrotidal estuaries. Precipitation increases the
volume of freshwater in the environment, influencing the

@ Springer

salinity, fluvial discharge, and consequently the concentra-
tions of TSS, which in turn, seems to be the main factor
controlling turbidity in the region.

The tides play an important role in the dynamics between
the surface bottom sediments and the TSS concentrations.
The movements caused by the descent and rise of the waters
resuspend the fine sediments, increasing the concentrations
of TSS in the water column, besides controlling the distribu-
tion and reworking of the bottom sediments. The predomi-
nance of silt, the heterogeneity in the grain size classifica-
tion, as well as the lack of a spatial and temporal pattern
along the ABEC also reflect the influence of the tides.
Although the Pejrup (1988) diagram classifies the study area
as high hydrodynamic area, the predominance of fine mate-
rial observed in the bottom shows the role of mangroves in
the entrapment and supply of sediments to the region.
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