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Abstract. The dynamics of the physical and chemical factors that regulate oceanographic processes on 

the continental shelf off the state of Maranhão (northeastern Brazil) was evaluated using a transect along 

São Marcos Bay (01°41’S-02°28’S and 43°47’W-44°13’W) in January, March, May, July and September 

2014, with a total of seven sampling stations. Water samples were collected from the surface using a Van 

Dorn water sampler. The following hydrochemical variables were analyzed: water transparency (m), 

temperature (°C), salinity, conductivity (mS cm-¹), total dissolved solids (TDS, g L-1), pH, dissolved 

oxygen (mg L-1), turbidity (NTU), total suspended solids (TSS) and dissolved nutrients (phosphate, nitrite 

and silicate). The relationship between these variables and seasonality in the region [rainy season 

(January to June) and dry season (July to December)] were also evaluated. For data with normality and 
equal variances, a one-way analysis of variance (ANOVA) was used for the spatial and temporal 

comparisons of the physicochemical variables. Results showed that the spatial and temporal variability of 

the physicochemical variables analyzed in this study is associated with local dynamics governed by river 

discharge, tidal movements, currents and meteorological events. The fluvial transport from the rivers of 

the state of Maranhão and other freshwater sources in the Amazon region are apparently the major 

contributors responsible for the maintenance of nutrient availability on the Maranhão continental shelf. 
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The present paper aims to broaden the knowledge of the spatial and temporal variability in the 

physicochemical variables in continental shelves and adjacent waters the coast of Maranhão (North 

Brazil). 

Keywords: surface water masses, hydrochemical variables, spatial distribution, dissolved nutrients, 

biogeochemical activity, influence of the discharge freshwater 

Introduction 

The continental shelf is an environment with strong biogeochemical activity due to 

matter transported from land combined with water-sediment interactions and processes 

of biological absorption, respiration and re-mineralization. Coastal waters receive 

sediments and discharge from freshwater and underground sources and are therefore 

more affected by human activities than the open ocean (Lefèvre et al., 2017). 

Physicochemical variables are often used to characterize masses of water along 

continental shelves and adjacent coastal waters and are also important to the 

determination of biogeochemical processes in response to land and oceanic inputs 

(Braga et al., 2008). The dynamics of the physical and chemical factors that regulate 

oceanographic processes on the continental shelf off the state of Maranhão (northeastern 

Brazil) are not yet fully understood, especially those related to small-scale and medium-

scale events governed by freshwater discharge, wave energy, trade winds, macro-tide 

patterns and the Intertropical Convergence Zone (ITCZ). 

The seasonal cycle of the migration of the ITCZ in the tropical Atlantic reflects the 

behavior and position of surface currents (Stramma and Scott, 1999). The mesoscale 

circulation in the region of the continental shelf off the state of Maranhão is strongly 

influenced by the North Brazil Current, directly affecting the spread of the plume of the 

Amazon River (Nikiema et al., 2007). This cyclic phenomenon alters physicochemical 

properties and the concentration of nutrients in coastal waters of the São Marcos 

Estuarine Complex and controls the distribution and abundance of migrant fishing 

resources in the Gulf of Maranhão. 

It is presumed that freshwater discharge from the São Marcos Estuarine Complex 

serves as an obstacle to the advance of lower temperature marine waters, while also 

exerting a strong influence on the input and redistribution of nutrients on the inner 

continental shelf. Thus, the determination of these variables would enable an 

understanding of the variability in the structure of surface water masses and contribute 

knowledge on the complex hydrodynamics of the Gulf of Maranhão. 

The present paper aim to broaden the knowledge of the spatial and temporal 

variability in the physicochemical variables in continental shelf and adjacent waters the 

coast of Maranhão (North Brazil), associated with local dynamics governed by river 

discharge, tidal movements, currents and weather events. 

Material and methods 

Study area 

The coastal region of the state of Maranhão is classified as being on the northern 

coast of Brazil, based mainly on the morphology of the coast, climate, oceanographic 

variables, sediment coverage and width of the continental shelf. This stretch of the coast 

has been subdivided into three sectors form corresponding to the coast of Maranhão on 

the eastern Amazonian coast, with a large number of small estuaries bordered by hills 
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formed by tertiary sediments of the Barreiras Formation, currently in complete 

regression (El Robrini et al., 2006). Mangroves occur in protected areas, accentuating 

the irregularities of the coastline and generating broad tidal plains (Mochel and Ponzoni, 

2007). 

The coast of Maranhão extends 640 km, with a wide continental shelf and relatively 

shallow waters under the influence of the discharge of a large number of rivers. The 

physical characteristics of the coastline enable a division into two distinct parts. The 

first extends from the border of the state of Pará to Tubarão Bay and is characterized by 

a low coast of mangroves and deep indentations forming a series of bays and estuaries 

(denominated the Reentrâncias Maranhenses). The second area extends from Tubarão 

Bay eastward to the mouth of the Parnaíba River. In this area, the coastline is regular 

and part is covered by a vast area of sand dunes, denominated the Lençóis 

Maranhenses. 

The Gulf of Maranhão is located in the center of the coast and is where São Luís 

Island is located, which separates the gulf into two large bays. São Marcos Bay lies to 

the west, which is an active estuary where the Mearim and Pindaré Rivers converge. 

The most intense tides are recorded in the mouth of this bay. São José Bay to the east of 

the island is a region with shallow depths that receives waters from the Itapecuru and 

Munim rivers (Silva et al., 2018). Off the Gulf of Maranhão, the continental shelf has a 

mean width of 150 km and depths less than 45 m, reaching a depth of 75 m near the 

break of the shelf and dropping abruptly to 2.000 m at the base of the continental slope 

(Silva and Alvarenga, 1994). 

The Maranhão continental shelf can be classified as a high-energy region due to the 

combined effects of the coastal currents generated by different hydrodynamic forces, 

such as tides, waves, trade winds and the discharge of the Itapecuru/Munim rivers and 

Pindaré/Mearim rivers that respectively form the São José Estuarine Complex and São 

Marcos Estuarine Complex. The volume transported from the Pindaré/Mearim Rivers to 

the São Marcos Estuarine Complex corresponds to 10 km
3
 per year (Jennerjahn et al., 

2010), with maximum discharge occurring in March/April, which is the peak of the 

rainy season. 

 

Data collection 

Data were obtained from a transect determined in São Marcos Bay (01°41’S-02°28’S 

and 43°47’W-44°13’W) in January, March, May, July and September 2014, involving 

seven sampling stations (Fig. 1). Station 1 was located near the city of São Luís and 

Station 7 was located on the continental shelf before the 50-meter isobath at 

approximately 100 km from Station 1. 

Water samples were collected from the surface using a van Dorn hydrographic bottle. 

The following hydrochemical variables were determined in the field: water 

transparency, measured by the depth of the disappearance of the Secchi disk (m); 

temperature (°C), salinity (g kg
-1

), conductivity (mS cm
-
¹), total dissolved solids (TDS, 

g L
-1

) and pH, using a HANNA HI-9828 multiparameter probe; dissolved oxygen (mg 

L
-1

), using a HANNA HI-9146 oximeter together with the Winkler analytical method, 

as cited in Strickland and Parsons (1972); and turbidity (NTU), using a Tecnopon 

TB1000® turbidity meter. For the determination of total suspended solids (TSS), water 

samples were kept refrigerated at -4 °C until filtered and analyzed in the laboratory. 

TSS (mg L
-1

) was measured using the gravimetric method, as described in APHA 
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(2001). Dissolved nutrients (phosphate, nitrite and silicate) were determined using the 

method described by Grasshoff et al. (1999). 

Climatologic data were acquired from the databank available by INMET (Brazilian 

Meteorological Institute) recorded by the São Luis meteorological station. 

 

 

Figure 1. Location of sampling stations along transect on continental shelf off state of 

Maranhão 

 

 

Data analysis 

The physical and chemical variables were expressed as mean, standard deviation, 

minimum and maximum values determined for each sampling period. The relationship 

between these variables and seasonality in the region [rainy season (January to June) 

and dry season (July to December)] were also evaluated. The Shapiro-Wilk test and 

Levene’s test were used to determine the normality of the data distribution and equal 

variance, respectively. For data with equal variances, one-way analysis of variance 

(ANOVA) was used for the spatial and temporal comparisons of the physicochemical 

variables. In cases for which the null hypothesis of variance was rejected, a multi-

comparison test (Tukey’s test) was used to identify which pairs of means differed 

significantly. For data with unequal variances, the spatiotemporal comparisons were 

made using the Kruskal-Wallis (H) test, followed by the Mann-Whitney U test when the 

null hypothesis was rejected. Principal component analysis was used to identify the 

main components responsible for the variations in the data on the Maranhão continental 

shelf, using the correlation matrix as the basis. The significance of Pearson’s correlation 

table was calculated using a two-tailed t-test with two degrees of freedom. Excel 2010 

and PAST 3.14 were used for the data analysis as well as the creation of the graphs and 

tables (Hammer et al., 2001). The statistical analyses were evaluated for a critical 

significance level of α = 0.05 (Zar, 2010). 
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Results 

Hydrological conditions 

The accumulated monthly rainfall for 2014 at Station 1 showed values always higher 

than 100 mm in the months of January to June (Fig. 2). In the oceanic region, the 

precipitation followed the same seasonal cycle compared to the coastal region, with 

usually slightly lower accumulated rainfall values. The INMET data gave higher rainfall 

during the wet season. The wet season was associated with the presence of the ITCZ 

located at its southernmost position in March-April. 

 

 

Figure 2. Accumulated monthly rainfall for 2014 at Station 1 (São Luís, Maranhão). (Source: 

BDMEP, INMET) 

 

 

Abiotic variables 

Table 1 displays the mean, standard deviation, maximum and minimum values for 

the physical and chemical variables of the surface waters measured on the Maranhão 

continental shelf. Water surface temperature ranged from 27.37 °C to 30.33 °C, 

corresponding to the wet and dry seasons, respectively (Fig. 3a). The mean for all 

months analyzed was 28.7 °C, which reflects the characteristic of the equatorial region, 

with small horizontal variations, mean amplitude of approximately 1 °C in the rainy 

season and 2 °C in the dry season. In statistical terms, temperatures were significantly 

lower in September 2014 (H = 14.59; p < 0.0001), but with no significant differences 

among the different sampling stations (F = 1.61; p > 0.05). 

The spatial distribution of salinity (Fig. 3b) ranged from 25.95 g kg
-1

 to 38.08 g kg
-1

 

throughout the study. The means per station were 30.98, 32.11, 34.64, 35.39, 35.91, 

36.28 and 36.14 g kg
-1

 for S1, S2, S3, S4, S5, S6 and S7, respectively. 

A progressive increase in salinity was found with the increase in distance from the 

coast, with significantly higher values at Stations 5, 6 and 7 in comparison to Station 1 

(F = 4.22; p < 0.05. Mean salinity was 35.04 g kg
-1

 in the rainy season and 33.68 g kg
-1

 

in the dry season, with significantly higher values in January 2014 (Hc = 16.33; 

p < 0.0001). In May 2014, the lowest salinity was found at Station 1 (25.95 g kg
-1

), 

which contributed to the mean value in the rainy season (32.2 g kg
-1

) and coincides with 

the period of greater rainfall intensity in the region, with an accumulated rainfall of 

784.3 mm in May 2014. The highest mean salinity was found in January 2014 

(36.72 g kg
-1

), which was likely due to the low rainfall in the final trimester of the 

previous year. 
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Figure 3. Spatial distribution of physical and chemical variables of the surface waters along 

Maranhão continental shelf in each sampling station. a – temperature, b - salinity, c - TDS, d - 

pH, e - DO, f - TSS, g - turbidity, h - nitrite, i - phosphate, j - silicate 
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Table 1. Mean, standard deviation, maximum and minimum values of physical and chemical 

variables collected on Maranhão continental shelf throughout study period 

Period 
Descriptive 

statistic 

Temp 

(°C) 

Sal  

(g kg
-1

) 

TDS 

(g L
-1

) 

Cond 

(mS cm
-1

) 
pH 

DO 

(mg L
-1

) 

Secchi

(m) 

Turb 

(NTU) 

TSS 

(mg L
-1

) 

SiO2 

(µmol L
-1

) 

PO4
3-

 

(µmol L
-1

) 

NO2- 

(µmol L
-1

) 

Jan/14 

Mean 28.84 36.72 28.82 57.40 8.11 4.12 4.26 17.80 21.43 3.75 0.05 0.05 

Deviation 0.72 0.61 1.83 4.20 0.19 0.12 3.50 24.45 31.78 4.06 0.02 0.05 

Maximum 29.50 37.39 29.90 59.80 8.32 4.30 10.37 72.50 91.00 12.78 0.09 0.15 

Minimum 27.73 35.84 24.75 48.01 7.92 3.93 0.13 6.05 1.00 1.51 0.03 0.00 

Mar/14 

Mean 28.90 36.20 27.48 54.62 7.81 4.16 5.07 19.57 29.14 4.73 0.11 0.07 

Deviation 0.36 2.22 1.57 3.57 0.07 0.21 3.52 33.13 45.77 4.98 0.03 0.10 

Maximum 29.50 38.08 28.68 57.36 7.87 4.27 8.20 80.00 100.00 12.99 0.15 0.27 

Minimum 28.57 32.78 25.35 48.37 7.72 3.69 0.26 0.13 0.00 0.92 0.07 0.00 

May/14 

Mean 29.28 32.19 24.19 48.56 8.11 4.51 7.57 9.16 19.53 5.76 0.52 0.06 

Deviation 0.20 3.44 2.77 5.55 0.24 0.39 5.48 11.00 27.09 3.41 0.28 0.09 

Maximum 29.54 35.60 27.03 53.84 8.47 5.00 15.26 33.00 70.00 12.85 0.76 0.23 

Minimum 29.00 25.95 20.51 40.61 7.65 3.80 0.41 2.40 0.00 2.14 0.09 0.00 

Jul/14 

Mean 28.66 33.75 25.74 51.49 7.89 4.54 6.31 19.53 65.17 4.77 0.16 0.32 

Deviation 0.95 3.30 2.25 4.50 0.15 0.24 4.94 27.09 51.34 3.70 0.13 0.15 

Maximum 30.33 36.26 27.42 54.85 8.17 5.01 12.00 70.00 163.00 10.84 0.33 0.50 

Minimum 27.37 28.14 21.90 43.80 7.78 4.30 0.22 0.00 0.00 1.43 0.00 0.05 

Sep/14 

Mean 28.00 33.61 25.51 51.02 7.86 4.24 3.46 9.27 32.23 2.87 0.55 0.00 

Deviation 0.40 1.43 0.95 1.90 0.03 0.28 2.86 15.43 36.93 3.79 0.23 0.00 

Maximum 28.38 34.98 26.35 52.70 7.89 4.49 7.70 41.50 104.81 9.18 0.96 0.00 

Minimum 27.37 31.48 24.08 48.17 7.82 3.67 0.14 0.15 0.00 0.08 0.35 0.00 

 

 

On the Maranhão continental shelf, total dissolved solids (TDS) ranged from 

20.51 g L
-1

 to 29.90 g L
-1

, with means of 25.62 g L
-1

 and 26.83 g L
-1

 in the dry and rainy 

seasons, respectively (Fig. 3c). In statistical terms, TDS demonstrated similar patterns 

to salinity, with higher concentrations in January 2014 (F = 6.05; p < 0.00). The value at 

Station 2 was significantly lower in comparison to the values found at Stations 4, 5, 6 

and 7 (F = 2.54; p < 0.05). 

The pH values remained basic, ranging from 7.65 to 8.47 throughout the study, with 

a mean of 8.01 in the rainy season and 7.88 in the dry season (Fig. 3d). Values were 

higher in January 2104 compared to March and September 2014 (F = 5.97; p < 0.0001). 

Dissolved oxygen (DO) concentrations ranged from 3.67 mg L
-1

 to 5.01 mg L
-1

, with 

a mean of 4.26 mg L
-1 

in the rainy season and 4.39 mg L
-1

 in the dry season (Fig. 3e). 

The seasonal and spatial distribution of DO demonstrated similar concentrations, 

indicating a homogeneous pattern for this variable throughout the Maranhão continental 

shelf. 

Spatial distribution of total suspended solids (TSS) concentrations ranged from 

0.40 mg L
-1

 to 163.00 mg L
-1

, with mean concentrations from 23.37 mg L
-1

 in the rainy 

season to 48.70 mg L
-1

 in the dry seasons, with no statistically significant difference 

(Fig. 3f). Higher concentrations of TSS were found near the coast, with a progressive 

reduction toward oceanic regions, especially during the campaigns performed in the dry 

season. The highest concentration was 163.00 mg L
-1

 at Station 1, which differed 

significantly from all other stations (H = 21.02; p < 0.0001), except Station 2. The 

finding suggests the influence of inputs from the mainland combined with tide 

dynamics. 

Turbidity ranged from 0.13 NTU to 80.00 NTU, with a mean of 15.51 NTU in the 

rainy season and 14.40 NTU in the dry season, demonstrating no significant seasonal 
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difference (Fig. 3g). A spatial gradient was found during all sampling campaigns, with 

greater turbidity near the coast (Stations 1 and 2) and a progressive reduction toward the 

oceanic region to values close to 0 (H = 20.4; p < 0.0001). Such a pattern was expected 

due to the influence of total suspended solids and organic matter due to river discharge 

and the influence of the estuarine plume. 

The spatial distribution of nitrite in the surface waters of the Maranhão continental 

shelf showed a maximum of 0.50 µmol L
-1

. The highest values were found in July 2014 

(H = 17.6; p < 0.0001), probably due to the advance of the estuarine plume toward the 

continental shelf. This is corroborated by the increase in organic and inorganic mater 

demonstrated by the variations in TSS and turbidity, which were higher at the end of the 

rainy season. Nitrite concentrations were lower than 1 µmol L
-1 

at all sampling stations 

(Fig. 3h). 

Phosphorus concentrations ranged from 0.03 µmol L
-1

 to 0.96 µmol L
-1

, with a mean 

of 0.23 µmol L
-1

 in the rainy season and 0.35 µmol L
-1 

in the dry season (Fig. 3i). Small 

variations in phosphate concentration were found during the sampling campaigns, with 

significantly higher concentrations in May 2014 (0.52 ± 0.28 µmol L
-1

) and September 

2014 (0.55 ± 0.23 µmol L
-1

) (H = 22.5; p < 0.0001), likely due to the contributions of 

river runoff and rainfall. In spatial terms, no significant differences were found 

throughout the sampling stations along the Maranhão continental shelf. 

Silicate concentrations ranged from 0.08 µmol L
-1

 to 12.99 µmol L
-1

, with a mean of 

4.75 µmol L
-1

 in the rainy season and 3.82 µmol L
-1

 in the dry season (Fig. 3j). 

Although this transport is evidenced on the Maranhão continental shelf by the increase 

in rainfall, however no statistically significant difference was found (F = 0.52; 

p = 0.72), demonstrating a lack of seasonal heterogeneity with regard to the 

concentration of silicate. On the spatial scale, however, sampling stations closer to the 

coast (Stations 1 and 2) had higher silicate concentrations throughout all campaigns 

(F = 14.83; p < 0.0001), which was likely due to the strong influence of rainfall and 

river discharge. Data from the Analysis of Variance (Table 2) show the significance of 

the physicochemical variables in relation to the months and sampling sites. 

In the principal component analysis of the environmental variables, the first two axes 

explained 58.3% of the variability in the data (Fig. 4). The significance of the axes was 

tested using the “broken stick” random model with 9999 bootstrap replicates (Jackson, 

1993), which indicated that Components 1 and 2 were sufficient to represent the 

factorial variance. 

Component 1 (41.1%) was positively related to turbidity, total suspended solids, 

silicate, dissolved oxygen and phosphate, with a tendency toward higher values in the 

rainy months (January, March and May) as well as at sampling sites closer to the coast, 

especially Stations 1 and 2. Although July and September are considered to be part of 

the dry season, both months apparently demonstrated the influence of adjacent drainage 

stemming from rainfall in the previous months, leading to the maintenance of high 

turbidity, suspended solids, DO, silicate and nitrite. 

Component 1 was negatively correlated with TDS, conductivity, salinity and 

transparency, with an absence of a pattern in seasonal terms and an expected increase in 

values at sampling sites more distant from the coast (Stations 3, 4, 5, 6 and 7), which are 

characterized by greater transparency and dissolved minerals. 

Component 2 (17.2%) was negatively correlated with phosphate (PO4
3-

) and pH. 

Phosphate was associated more with May and September. Moreover, the similar 

distribution throughout the sampling stations suggests the absorption of this nutrient, 
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making its concentration quite homogeneous throughout the Maranhão continental 

shelf. pH was associated more with May, when the highest values were found, as well 

as sampling sites more distant from the coast (Stations 5, 6 and 7), which is an expected 

pattern due to the alkaline tendency of oceanic water. 

 
Table 2. Results of ANOVA the physicochemical variables in the spatial temporal scale. The 

equal letters represent statistical similarity at the level of 5% of significance, considering 
each one of the parameters in function of the months and the sampling stations 

Variables 
Months of sampling Sampling stations 

Jan/14 Mar/14 May/14 Jul/14 Sep/14 S1 S2 S3 S4 S5 S6 S7 

Temp (°C) 28,84
a
 28,9

a
 29,28

a
 28,67

ab
 28

b
 28,98

a
 28,56

a
 29,25

a
 28,93

a
 28,81

a
 28,55

a
 28,08

a
 

Sal (g kg-
1
) 36,72

a
 36,19

ac
 32,19

b
 33,75

bc
 33,61

bc
 30,98

a
 32,11

ab
 34,64

ab
 35,39

ab
 35,91

b
 36,28

b
 36,14

b
 

TDS (g L
-1

) 28,81
a
 27,48

ac
 24,19

b
 25,73

bc
 25,51

bc
 24,32

ac
 24,13

a
 25,61

ac
 27,23

bc
 27,51

bc
 27,66

bc
 27,59

bc
 

pH 8,11
a
 7,81

b
 8,11

a
 7,89

ab
 7,86

b
 7,84

a
 7,98

a
 7,98

a
 7,89

a
 7,98

a
 7,99

a
 8,01

a
 

OD (mg L
-1

) 4,11
ac

 4,15
c
 4,51

c
 4,54

b
 4,24

c
 4,39

a
 4,28

a
 4,41

a
 4,29

a
 4,29

a
 4,21

a
 4,31

a
 

Secchi (m) 4,26
a
 5,07

a
 7,57

a
 6,31

a
 3,46

a
 0,23

a
 0,704

b
 3,988

c
 5,728

cd
 7,428

cde
 8,56

de
 10,71

e
 

Turb (NTU) 17,8
a
 19,56

a
 9,16

a
 19,53

a
 9,27

a
 49,22

a
 32,36

a
 4,76

b
 2,59

b
 2,23

b
 3,16

b
 11,12

b
 

TSS (mg L
-1

) 21,43
a
 29,14

a
 19,53

a
 65,17

a
 32,23

a
 96,02

a
 60,14

b
 25,54

b
 18,18

b
 0,40

c
 17,47

b
 16,75

b
 

SiO2 (µmol L
-1

) 3,75
a
 4,73

a
 5,76

a
 4,77

a
 2,87

a
 11,38

a
 7,28

a
 2,91

b
 2,51

b
 2,45

b
 1,22

b
 2,89

b
 

PO4
3-

 (µmol L
-1

) 0,05
a
 0,11

a
 0,52

b
 0,15

a
 0,55

b
 0,29

a
 0,30

a
 0,26

a
 0,24

a
 0,26

a
 0,29

a
 0,31

a
 

NO2- (µmol L
-1

) 0,05
a
 0,07

a
 0,06

a
 0,32

b
 0,00

a
 0,18

a
 0,14

a
 0,09

a
 0,05

a
 0,03

a
 0,12

a
 0,07

a
 

 

 

 

Figure 4. Principal component analysis of environmental variables sampled on Maranhão 

continental shelf. Turb = turbidity, TSS = total suspended solids, Temp = temperature, DO = 
dissolved oxygen, Secchi = transparency, Sal = salinity, Cond = conductivity, TDS = total 

dissolved solids 
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In the correlation analysis of the environmental variables (Table 3), salinity, TDS 

and conductivity had the largest number of significant correlations with other variables 

and were positively correlated with transparency and negatively correlated with DO, 

TSS, silicate, phosphate and nitrate. Silicate was negatively correlated with 

transparency (r = -0.53) and positively correlated with both turbidity (r = 0.79) and TSS 

(r = 0.74), confirming the influence of river discharge and rainfall, with higher 

concentrations of silicate at sites closer to the coast. Nitrite was positively correlated 

with DO (r = 0.38) and TSS (r = 0.57), which demonstrates its contribution to the 

increase in biological activity associated with primary productivity and a greater 

concentration of particulate matter. 

 
Table 3. Correlation matrix (Pearson’s r) for environmental variables sampled on 

Maranhão continental shelf. Coefficients in bold denote significant correlations (p < 0.05, t-
test) 

Variables Temp Sal TDS Cond pH DO Secchi Turb TSS SiO2 PO43- NO2- 

Temp 1.00            

Sal -0.16 1.00           

TDS -0.03 0.90 1.00          

Cond -0.06 0.90 0.83 1.00         

pH 0.17 0.03 -0.02 0.02 1.00        

DO 0.10 -0.51 -0.52 -0.49 0.19 1.00       

Secchi -0.14 0.52 0.41 0.34 0.22 0.03 1.00      

Turb 0.07 -0.41 -0.27 -0.28 -0.15 0.13 -0.50 1.00     

TSS 0.16 -0.57 -0.42 -0.44 -0.24 0.24 -0.52 0.77 1.00    

SiO2 0.28 -0.65 -0.52 -0.51 -0.07 0.22 -0.53 0.80 0.75 1.00   

PO43- -0.14 -0.37 -0.46 -0.34 0.20 0.32 0.12 -0.03 0.06 0.15 1.00 
 

NO2- 0.07 -0.36 -0.28 -0.33 -0.11 0.38 -0.13 0.30 0.57 0.31 -0.31 1.00  

Discussion 

The distribution of surface temperature in the ocean is approximately zonal and 

temperature isolines approximately follow latitude parallels, reaching around 28 °C just 

north of the equator and diminishing to -2 °C at polar latitudes (Pickard and Emery, 

1990). Evidence indicates that inter-annual variability in surface water temperature in 

the tropical Atlantic occurs more due to local dynamics and interactions with the ocean-

atmosphere interface than external perturbations, such as those caused by the El Niño-

Southern Oscillation (Hameed et al., 1993; Hastenrath and Greischar, 1993). 

Eschrique (2011) found that temperatures demonstrated typical characteristics of the 

northeastern region of Brazil, with high values throughout the year and stability 

regarding the period and degree of solar radiation in tropical regions. In studies 

conducted on the continental shelf off the state of Pará on the border with the state of 

Maranhão, Nogueira Neto (2013) found surface temperatures around 29.50 °C. Silva et 

al. (2007b) found a temperature of 28.50 °C in the dry season in an oceanic area 

adjacent to the Maranhão continental shelf. In studies conducted in the coastal zone of 

the state of Pará, Martorano et al. (1993) report that high temperatures are typical of 

equatorial environments, describing a range between 22 °C and 30 °C and monthly 

means ranging from 24 to 28 °C. 
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The salinity range is greater in regions that receive with large volumes of river 

discharge. The influence of the rivers, together with rainfall, are the main factors 

responsible for the dynamics of the salinity gradient in the region, which is also strongly 

affected by the discharge from the Amazon river (Silva et al., 2007a; Araujo et al., 

2011). Santos et al. (2008) found a range of 2.49 g kg
-1

 to 36.17 g kg
-1

 along the plume 

of the Amazon River, with lower values in coastal regions closer to the mouth of the 

river and higher concentrations in areas more distant from the coast, confirming the 

enormous influence of the Amazon River on equatorial marine waters. Different 

behavior is found on the Maranhão continental shelf during the dry season, when rivers 

contribute very little to the fluvial volume. This explains the increase in salinity at 

sampling stations closer to the coast due to the oceanic characteristics of tropical water. 

The increase in the evaporation rate, low river input and high surface water 

temperatures are directly associated with the intrusion of more saline oceanic water on 

the Maranhão continental shelf (Pontes and El-Robrini, 2008). 

The spatial and seasonal distribution of electrical conductivity demonstrated a similar 

pattern to that found for salinity, which confirms the correlation between these two 

variables described by Millero (2006), who states that condumetric ratios have the same 

proportion as salinity, even if the composition of the salts in surface waters differs. 

Conductivity depends on concentrations of ions and indicates the amount of salts in 

water, increasing with the increase in the amount of dissolved solids and demonstrating 

a close relationship with salinity. 

With regard to total dissolved solids (TDS), an understanding of the diverse 

processes involved enables the identification of interferences in hydrodynamics, 

affecting tide propagation and the dispersion of suspended nutrients and matter from the 

mainland basin to the ocean (Vilela, 2011). According to Tundisi and Matsumura 

Tundisi (2008), all minerals in the water are part of the TDS, including non-ionic 

components and dissolved organic compounds. Therefore, this variable has a direct and 

proportional correlation with electrical conductivity due to the concentration of ions, as 

demonstrated in the present study, in which TDS demonstrated quite similar spatial 

distribution to that found for salinity and conductivity. 

The variable pH is governed by tidal cycles and photosynthesis and/or respiration 

rates. In aquatic ecosystems, a process of neutralization occurs due to the buffer effect, 

which maintains pH in a stable balance, with maximum values obtained in 

environments with greater salinity (Macêdo et al., 2000). Although no significant spatial 

differences were found, the pH was slightly lower at sampling stations closer to the 

coast, likely due to the input of freshwater, which has more acidic characteristics 

stemming, above all, from the large quantity of dissolved organic acids, such as sulfuric, 

nitric, oxalic, acetic and carbonic acids made available by the metabolic interactions of 

microorganisms in aquatic environments (Esteves, 2011). The gradual increase in pH 

toward the open ocean corresponds to carbonate and bicarbonate reactions, which 

dissociate and increase the alkalinity of surface waters. Santos et al. (2008) found pH 

values ranging from 7.46 to 8.56 in a transect influenced by the plume of the Amazon 

River and lower variability in oceanic regions (8.13 to 8.44), which is in agreement with 

the present study, as pH demonstrated smaller variations at sampling stations located 

more distant from the coast. 

Carvalho et al. (2016) evaluating the phytoplanktonic composition in the continental 

shelf of Maranhão, also analyzed several physical and chemical variables, however, 

with a unique seasonal approach (rainy season and dry season). For the present study, 
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the approach was taken on a spatial-temporal scale, however, without necessarily 

grouping the exclusively rainy and dry months, in order to try to show other influencing 

factors, for the physical and chemical dynamics on the continental shelf of Maranhão. 

According to Millero (2006), this relative stability is characteristic of the Atlantic 

Ocean, unlike records for the Pacific Ocean, for which a range of 7.2 to 8.2 is described. 

In tropical coastal regions, the concentration of dissolved oxygen (DO) in the surface 

layer is subject to rapid fluctuations influenced by external agents, such as river inputs, 

rainfall, evaporation, winds and tidal patterns, whereas photosynthetic production can 

contribute to an increase in DO concentrations in the open ocean (Demaster et al., 1996; 

Santos et al., 2008; Macêdo et al., 2009). In studies conducted in the region of the Saint 

Peter and Saint Paul Archipelago within the scope of the REVIZEE [Live Resources of 

the Exclusive Economic Zone] Program, Becker (2001) found minimum and maximum 

DO values of 2.56 and 4.41 mg L
-1

, respectively. DO levels ≤ 4 mg L
-1

 in natural waters 

favors anaerobic processes, which produce a large amount of reducing substances that 

consume a large quantity of the available oxygen for their oxidation (Esteves, 2011). 

With regard to suspended particulate matter, the influence of the tide, 

geomorphology of the coast and outflow bathymetry in shallow coastal environments 

are determinants of the re-suspension process. In the present study, Stations 1 and 2 

were subject to a greater influence of tidal flow, producing higher TSS values, with 

lower values at sampling stations more distant from the coast. According to Millero 

(2006), the decrease in the frequency and intensity of the agitation of bottom layers and 

the emergence of inorganic and biological reactions in oceanic regions lead to a 

reduction in suspended particulate matter and more stable TSS values. The values found 

in the present study were higher than those reported by Souza et al. (2003) in the coastal 

zone of the continental shelf off eastern Brazil. The authors recorded the distribution of 

suspended solids in two sampling campaigns conducted off the states of Sergipe, Bahia, 

Espírito Santo and Rio de Janeiro, with TSS values of 13 mg L
-1

 in the dry season and 

90 mg L
-1

 in the rainy season. 

On the Maranhão continental shelf, contrary to the expected behavior, the 

concentration of TSS was greater in the transition between the rainy and dry seasons, 

with a maximum value in July 2014. This increase may be explained by the periodic 

dragging of the canals that offer access to the Itaqui port complex, which invariably 

redistributes the sediment stored on the bottom to the surface layer, thereby contributing 

to an increase in the concentration of TSS in regions closer to the coast, which are 

subsequently transported by tidal currents and/or winds to other compartments of the 

Maranhão continental shelf. 

Suspended solids are directly related to turbidity, water transparency and primary 

productivity, as a greater amount of TSS results in greater turbidity and lower 

transparency (Macedo, 2003). An increase in the concentration of TSS exerts a direct 

influence on the reduction in the rate of photosynthesis due to the extinction of light in 

the photic zone and exerts an negative impact on the availability of food for some 

species, leading to an imbalance in the marine food chain. Moreover, suspended 

sediment can be contaminated with pesticides, heavy metals and other toxic substances, 

which can have a negative impact on the reproduction of fish and other species (Silva, 

2006). Da Silva et al. (2009) found higher turbidity in the coastal zone of Maranhão, 

evidencing the influence of the estuarine sediment plume and the hydrodynamic energy 

of tidal forces, with the re-suspension of sediments in the water column leading to a 
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turbidity range of 14.80 to 39.29 NTU in the dry season and 55 to 200 NTU in the rainy 

season. 

Dissolved inorganic nutrients (nitrite, phosphate and silicate) were recorded in the 

present study, as the occurrence of these nutrients indicates mainland inputs that affect 

primary production in marine environments. The allochthonous origin stems from 

processes such as atmospheric deposition, the infiltration of ground water by lixiviation, 

the entrance of marine water in estuaries and the flow of rivers, whereas the internal 

contribution is based mainly on the benthic and pelagic re-mineralization of organic 

matter. Understanding nutrient distribution patterns and marine biogeochemical cycles 

remains a considerable challenge (Conkright et al., 2000). Continental shelves are 

transition zones between the mainland and ocean with a large supply of particulate and 

dissolved matter stemming from river discharge (Nittrouer et al., 1995), where complex 

oceanographic processes co-occur on distinct spatial and temporal scales (Arndt et al., 

2011). 

The increase in biological activity associated with nutrient availability may be 

attributed to both biogeochemical processes and other oceanographic processes that 

cause the re-suspension of organic matter (upwelling, small vortices or internal waves), 

leading to an increase in biological production (Admiraal et al., 1990; Turner and 

Rabalais, 1994). Along the continental shelf, the spatial distribution of dissolved 

nutrients is controlled by vertical and horizontal mixtures caused by tides, waves and 

wind on the water surface (Sánchez-Arcilla and Simpson, 2002). The synergic action of 

these variables can cause an increase in dissolved nutrients and total suspended solids, 

thereby increasing primary production (Mann and Lazier, 1996). In coastal zones of 

tropical regions, estuarine systems serve as a storage site for suspended nutrients, which 

then become available to the adjacent continental shelf (Ovalle et al., 1999). For 

instance, Amazon coastal zone is potentiated by the abundance of mangroves and high 

hydrodynamic energy, creating a rich supply of dissolved nutrients directed to the 

continental shelf region (Demaster et al., 1996; Kineke et al., 1996; Nittrouer and 

Demaster, 1996; Pereira et al., 2010). 

On the Maranhão continental shelf, nitrite values were low and very similar among 

all sampling stations (F = 0.67; p > 0.05), which is in agreement with data described by 

Demaster and Pope (1996) for various transects determined on the continual shelf of the 

Amazon. Low nitrite values are typical of tropical waters, except when resulting from 

re-mineralization, re-suspension of the bottom or input from rivers. Santos (2012) 

confirms this nitrite instability on the continental shelf off the northeastern region of 

Brazil, with mean values ranging from 0.02 to 0.05 µmol L
-1

, which is characteristic of 

oligotrophic environments. In the period between the rainy and dry seasons (July 2014), 

an increase was found in the variation of nitrite concentrations, with a mean of 

0.32 µMol L
-1

. This increase can lead to an increase in biological production rates, a 

greater availability of suspended matter as well as increases in OD, TSS and turbidity, 

suggesting an increase in the photosynthetic rate and primary production at stations in 

oceanic regions. All these aspects contribute to an increase in the production of aquatic 

organisms in this period in regions more distant from the coast. In contrast, lower values 

were found in the dry season, as occurred in September 2014, when no nitrate was 

detected. Therefore, nitrate became more unstable in this period, favoring the 

development of bacterial oxidation, which increases the availability of ammonia. 

Pereira et al. (2012) report different behavior in a study conducted in the Amazon 
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coastal zone; the authors found mean nitrite values of 0.11 µmol L
-1

 at the end of the 

rainy season and 0.49 µmol L
-1

 in the dry season. 

Phosphate concentrations fluctuate little in tropical estuaries. The mainland is the 

main source of these nutrients in the marine environment, with concentrations tending 

to diminish with the distance from the source (Eschrique et al., 2010). Monteiro et al. 

(2015) report values of 0.11 µmol L
-1

 to 1.08 µmol L
-1

 in an Amazonian estuary near 

the island of Marajó in the state of Pará. However, Lara and Dittmar (1999) found 

phosphate concentrations between 1.5 and 5.0 μM L
-1

 in a tidal channel in the 

municipality of Bragança in the same state. Pereira et al. (2012) found low 

concentrations (mean: 0.11 µmol L
-1

 in the rainy season and 0.92 µmol L
-1

 in the dry 

season) in a coastal environment in northeastern Brazil, demonstrating the low influence 

of seasonality on the final concentration of phosphate in this environment. 

The rapid absorption of phosphate in oceanic areas by primary producers and 

bacteria explain its low concentration and availability. In the present study, 

concentrations were low at the majority of sampling stations. Ramin et al. (2012) and 

Eschrique et al. (2006) report that phosphate regeneration processes through re-

mineralization, excretion by zooplankton and absorption by phytoplankton occur at an 

accelerated rate, making its residence time in oligotrophic waters extremely short (a 

matter of minutes) and making its particulate form the main compound found in oceanic 

waters. The coastal region of the Maranhão continental shelf, which is influenced by a 

large number of mangroves, is an important vehicle for the transport of nutrients to the 

oceanic region. 

Scientific records describe a reduction in the concentration of dissolved nutrients 

from the estuary to the coastal region, favoring the development of mixture diagrams as 

a powerful tool for the characterization of nutrient removal processes from masses of 

water. According to Noernberg (2001), the transport of sediment through the coastal 

zone reaches an average of 15 nautical miles in the direction of the open sea, with the 

coastal environment the main redistribution route of nutrients to oceanic regions. Santos 

et al. (2008) found high nutrient concentrations in the rainy season at a distance of 120 

km from the coast on the continental shelf off the state of Pará, with silicate as the most 

representative nutrient (range; 14.48 µmol L
-1

 to 108.59 µmol L
-1

), confirming the 

considerable capacity and influence of Amazonian rivers in the distribution of this 

nutrient to the open ocean. In the present study, silicate demonstrated dispersion 

capacity through the plume of rivers, thereby reflecting the influence of transport from 

rivers to oceanic regions of the Maranhão continental shelf and giving this nutrient the 

greatest capacity for concentration and distribution in the area investigated. 

The ordination analysis revealed the influence of river discharge and rainfall on the 

concentration patterns of different physicochemical variables, which is in agreement 

with data described by Pereira Filho et al. (2009). Pereira Filho et al. (2003) also report 

the influence of river discharge on the greater presence of nitrogenated nutrients, which 

are involved in the nutritional process of phytoplankton. Braga et al. (2008) report that 

the availability of phosphate is closely linked to the mainland input, with the influence 

of the Prata River and upwelling in the region of Cape Santa Marta in the state of Santa 

Catarina (southern Brazil). In the present study, the considerable outflow from the 

mainland, especially from the Mearim and Pindaré Rivers, and the macrotide 

conditions, with the capacity to transport nutrients from the mangroves, contributed 

greatly to the availability of phosphate on the Maranhão continental shelf, with means 

ranging from 0.05 µmol L
-1

 in January 2014 to 0.55 µmol L
-1

 in September 2014. Braga 
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et al. (2008) report similar figures for the Santa Catarina continental shelf, whereas 

Santos et al. (2008) report lower figures for the Amazon continental shelf. 

Silicate is a potential tracer of sediment transported from rivers to oceanic regions, 

enabling the identification of the distribution caused by this flow (Braga et al., 2008). 

The analyses also indicate an association between silicate and sampling points closer to 

the coast, demonstrating negative correlations with salinity, TDS and conductivity, for 

which higher values were found at more external sampling stations along the Maranhão 

continental shelf. Ciotti et al. (1995) and Weber et al. (1994) also found a greater 

concentration of silicate in waters closer to the coast. Braga et al. (2008) describe 

freshwater and terrestrial inputs along the coast as being major contributors to the high 

concentrations of silicate on the southern/southeastern continental shelf in summer, 

which is in agreement with the present findings and demonstrates the importance of 

climate as a regulating agent for the availability of this nutrient. It is therefore important 

to maintain the levels of river outflow due to the transport of nutrients to the Maranhão 

continental shelf, which contribute to biological development as well as the 

maintenance of trophic, reproductive and developmental aspects of species and, 

consequently, fishing resources, which have dietary, economic and cultural importance 

to tropical cities in coastal areas. 

Conclusion 

The spatial and temporal variability in the physicochemical variables analyzed 

(transparency, temperature, salinity, conductivity, dissolved oxygen and suspended 

solids) is associated with local dynamics governed by river discharge, tidal movements, 

currents and climatologic events; 

Very low salinity was associated with higher concentrations of nutrients, indicating 

the influence of terrestrial inputs to the Maranhão continental shelf, especially in areas 

closer to the coast. 

Phosphate concentrations were similar throughout the sampling stations and lower 

than silicate concentrations. In turn, silicate concentrations were significantly higher in 

areas closer to the Gulf of Maranhão; 

The highest nitrite concentrations were found in July 2014, soon after the period of 

greater rainfall in the region, demonstrating a direct association with mainland inputs 

and a greater biological production rate, as nitrite values were positively correlated with 

dissolved oxygen and total suspended solids; 

The fluvial transport from the rivers of the state of Maranhão and other freshwater 

sources in the Amazon region are apparently the major contributors responsible for the 

maintenance of nutrient availability on the Maranhão continental shelf, where seasonal 

influences affect phosphate and nitrite availability, with higher concentrations during 

and soon after the rainy season. In contrast, silicate values are similar throughout the 

year. 

It is recommended in future studies the increase of transects that would be 

simultaneously sampled to produce maps of the spatial distribution of physicochemical 

variables from two-dimensional interpolations (2D). 
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