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Abstract

The Turiacu River estuary (Brazil) is a tropical “false ria” with a hypertidal regime and low anthropogenic pressure.
Observations revealed pronounced salinity variability (2—30 psu) driven by tidal forcing and high freshwater discharge,
with pH ranging from slightly acidic to alkaline (5.0-9.0) and dissolved oxygen levels often below regulatory thresholds
(mean <5.0 mg L™1). Persistent high turbidity (>100 NTU) regulated oxygen and nutrient dynamics, while
chlorophyll a concentrations remained low (mean 7.8 mg m~3), indicating light limitation of primary production.
Nutrient distributions exhibited non-conservative behaviour along the salinity gradient, with N :P ratios consistently
below Redfield proportions (mean DIN : SiO, : PO,3 =13:178:1), indicating nitrogen limitation. Biogeochemical
modelling revealed that the system generally exports dissolved inorganic phosphorus and nitrogen to coastal waters, with
net ecosystem metabolism alternating seasonally between heterotrophy (during high river discharge) and autotrophy
(during low discharge). Denitrification dominated nitrogen removal during the wet season, while nitrogen fixation
prevailed in the dry season. Overall, hydrodynamics — driven by tidal energy and seasonal freshwater input — remain
the primary biogeochemical control in this pristine hypertidal system.
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ANA - Agéncia Nacional das Aguas (Brazilian Na-
tional Water Agency)

CONAMA - Conselho Nacional do Meio Ambiente
(Brazilian National Council on the Environment)

DIN - Dissolved Inorganic Nitrogen
DINX - Dissolved Inorganic Nitrogen eXcess index
DIP - Dissolved Inorganic Phosphorus

DIY - Dissolved Inorganic Y (where Y represents Ni-
trogen or Phosphorus in model budgets)
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IBGE - Instituto Brasileiro de Geografia e Estatistica
INMET - Instituto Nacional de Meteorologia

ITCZ - Intertropical Convergence Zone

LAPMAR - Laboratério de Analises de Parametros
Marinhos (Unit of Laboratory Analysis)

LOICZ - Land-Ocean Interactions in the Coastal Zone
NEM - Net Ecosystem Metabolism

NH,* - Ammonium

NO, - Nitrite

NO; - Nitrate
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¢ NTU - Nephelometric Turbidity Units
¢ ORP - Oxidation-Reduction Potential
e P - Gross Primary Production

« PO,3 - Phosphate

¢ psu - Practical Salinity Units

e R - Ecosystem Respiration

¢ Si0, - Silicate

¢ VQ - Fluvial discharge in mass balance
¢ VR - Residual water flow

¢ Vsys - System volume

¢ VX - Mixing water flow

¢ ADIN - Non-conservative flux of dissolved inorganic
nitrogen

e ADIP - Non-conservative flux of dissolved inorganic
phosphorus

1. Introduction

Estuaries are key transitional environments that regulate
the transfer of water, sediments, nutrients, and organic
matter from land to the ocean (Thrush etal.,, 2013; Araujo
etal, 2014; Han et al,, 2026). They receive substantial in-
puts of freshwater, dissolved and particulate organic mat-
ter, suspended solids, nutrients, and land-derived contam-
inants. At the same time, they facilitate the exchange of
materials and energy with adjacent coastal waters, thereby
playing a central role in coastal biogeochemical cycles
(Araujo et al,, 2014; Li and Bush, 2015).

Globally, most coastal regions are dominated by mi-
crotidal and mesotidal regimes (Costa, 2020). However,
a limited number of estuarine systems experience extreme
tidal amplitudes, known as hypertides (Figure S1; supple-
mentary material). Archer (2013) classified hypertidal
ranges into five subclasses, from 6 to 16 m, reflecting pro-
gressively higher tidal energy. These systems are character-
ized by intense hydrodynamic and sedimentary processes,
including erosion, transport, and deposition, which can
generate pronounced short-term variability. Hypertidal
estuaries are predominantly concentrated in the North-
ern Hemisphere, particularly in western Europe, while in
the Southern Hemisphere they occur mainly in northwest
Australia and in Patagonia (Archer, 2013).

The magnitude and temporal variability of these phys-
ical processes are largely controlled by freshwater dis-
charge, estuarine morphology, topography, and the fluxes
of chemical elements and suspended material (Costa,
2020). In Brazil, several hypertidal systems have been
identified, including estuaries in the states of Amapa and
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Maranhdo, such as Igarapé do Inferno, Ilha de Maracg, Mu-
tuoca Bay, the Turiagu River, and the Golfao Maranhense
(El-Robrini et al., 2006; Torres and El-Robrini, 2006).

Understanding hypertidal estuaries is important for
both scientific and applied reasons. From a geological per-
spective, these systems serve as modern analogues for
ancient estuaries formed under extreme hydrodynamic
conditions. They also represent potential sources of re-
newable tidal energy and play a critical role in mitigating
socio-environmental impacts in coastal zones, particularly
with respect to shoreline erosion, saline intrusion, and wa-
ter quality regulation. Owing to their high-energy regime,
hypertidal estuaries typically exhibit elevated concentra-
tions of suspended particulate matter and turbidity, as
documented in systems such as the Severn and Isle of Man
estuaries (Uncles et al., 2002; Kirby, 2010; Uncles et al,,
2013). These conditions strongly influence the transport,
transformation, and availability of nutrients, especially
nitrogen (N) and phosphorus (P), which may act as impor-
tant sources of fertilization for adjacent coastal waters.

Unlike mesotidal estuaries, where nutrient dynamics
are often controlled by a balance between river discharge
and biological uptake within longer residence times, hy-
pertidal systems are expected to exhibit distinct biogeo-
chemical behaviour. The combination of strong tidal cur-
rents (~ 1-3 m s™1), elevated suspended particulate mat-
ter, and short water residence times should promote:
(i) non-conservative additions of dissolved inorganic phos-
phorus (DIP) and nitrogen (DIN) in the middle and lower
estuary due to sediment resuspension and desorption;
(ii) net export of most nutrients to the coastal ocean, even
during periods of high river discharge; and (iii) light limita-
tion of primary production by persistent turbidity, decou-
pling nutrient availability from phytoplankton biomass.

Based on these physical controls, we anticipate that
the biogeochemical functioning of the Turiacu estuary will
exhibit three distinctive patterns: (i) persistent nitrogen
limitation (N:P < 16:1), as denitrification in the highly
turbid mixing zone should remove excess nitrogen relative
to phosphorus; (ii) seasonal alternation between net het-
erotrophy (during high river discharge, when respiration
exceeds production) and net autotrophy (during low dis-
charge, when light penetration increases); and (iii) turbid-
ity, rather than nutrient concentration, will emerge as the
primary factor controlling phytoplankton biomass, given
that light limitation should override nutrient availability
in the hypertidal mixing zone.

Despite their relevance, the hydrochemical function-
ing and nutrient dynamics of tropical hypertidal estuaries
remain poorly constrained, particularly in systems sub-
ject to low anthropogenic pressure. Most existing studies
focus on temperate hypertidal environments or on estu-
aries strongly affected by human activities, limiting our
understanding of baseline biogeochemical conditions in
relatively pristine tropical settings.
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Unlike the well-documented temperate hypertidal sys-
tems or anthropo-genically impacted tropical estuaries
(e.g., Guanabara Bay, where dissolved inorganic nitrogen
can exceed 50 umol L™%; Aguiar et al,, 2011), the Turiacu
River estuary lacks any historical hydrochemical baseline.
This absence of prior data, combined with the system’s low
population density and extensive mangrove cover, makes
it a unique opportunity to characterize the natural bio-
geochemical functioning of a tropical hypertidal system.
Furthermore, the ongoing expansion of agricultural fron-
tiers in the Maranh&o region and the projected intensifica-
tion of the hydrological cycle under climate change under-
score the urgency of establishing this pre-impact baseline.
Documenting the present-day nutrient dynamics and bio-
geochemical fluxes will not only fill a critical data gap for
hypertidal tropical systems but also provide a reference
for future environmental assessments and for validating
global nutrient export models (e.g., Global NEWS) that cur-
rently rely heavily on temperate datasets.

The Turiagu River estuary represents a suitable system
to address this gap. Its watershed high freshwater dis-
charge (> 200 m3 s™1), intense rainfall (~ 2000 mm yr—1),
and low population density (< 20 inhabitants km~2). Pre-
vious studies in the region have focused mainly on water
quality in lacustrine environments and the river’s fluvial
reach (Nogueira, 2003; Santos et al.,, 2019) or on land-use
patterns (Almeida et al., 2022). However, comprehensive
investigations addressing seasonal hydrochemical variabil-
ity, nutrient stoichiometry, and biogeochemical fluxes in
the estuarine domain are still lacking. In this context, the
quantification of dissolved nutrients (N, P, and silicate)
and N: P ratios in a minimally impacted tropical hyper-
tidal estuary provides a valuable reference for comparison
with mesotidal and more anthropogenically influenced
systems.

The main objective of this study was to evaluate the
estuarine dynamics of the Turiacu River through the sea-
sonal variability of key chemical elements (N, P, and Si)
over an annual cycle. In addition, biogeochemical mod-
elling was applied to estimate nutrient fluxes and domi-
nant metabolic processes at the land-ocean interface. By
integrating hydrochemical observations with modelling
approaches, this study provides a comprehensive charac-
terization of a tropical hypertidal estuary and contributes
to a broader understanding of biogeochemical controls in
high-energy coastal systems.

2. Material and methods

2.1 Study area

The Turiagu River estuary is a tropical “false ria” (i.e.,
a coastal plain estuary formed by partial submergence
of a river valley, with a wide mouth but lacking the typi-
cal branching morphology of a ria) system (El-Robrini et
al., 2006) characterized by numerous abandoned mean-
ders and connectivity with several upstream lagoon bodies
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(Figure 1). The watershed covers approximately 14,132
km? (Bandeira, 2013) and includes extensive mangrove-
dominated areas, with the Parua River and Alto Turi River
as its main tributaries. The basin exhibits a marked sea-
sonal climate, with a rainy period from January to July and
a dry period from August to December, including transi-
tional phases. Mean annual rainfall is approximately 2140
mm, with most precipitation (~ 80%) occurring during the
first half of the year and a pronounced maximum in April
(INMET, 2018).

During the dry season, the estuary is predominantly
influenced by southeast trade winds, whereas northeast
trade winds prevail during the rainy season, with seasonal
differences in wind intensity (INMET, 2018). These varia-
tions are primarily associated with the latitudinal migra-
tion of the Intertropical Convergence Zone (ITCZ), which
governs regional wind patterns. Wind forcing interacts
with tidal and riverine processes, modulating circulation,
mixing, and material transport within the estuarine sys-
tem. Turiagu Bay is subject to a semidiurnal hypertidal
regime, representing one of the largest tidal amplitudes in
Brazil, with mean spring and neap tidal ranges of 6.65 m
and 5.24 m, respectively (FEMAR, 2017). Freshwater input
to the estuary is mainly supplied by the Parua and Alto Turi
rivers, with average annual discharges of approximately
162 m3 s~ and 85 m3 s™1, respectively (ANA 2018). Based
on the physical framework proposed by Dionne (1963) and
Fairbridge (1980), the estuary can be subdivided into three
longitudinal zones: a lower estuary dominated by marine
processes, a middle estuary characterized by active mixing
between fluvial and marine waters, and an upper estuary
where tidal influence affects predominantly freshwater
conditions.

The coastal plain surrounding the estuary is shaped by
marine erosion and sedimentary processes, resulting in dy-
namic cliffs, cheniers, and extensive mangrove-dominated
environments that promote sediment accumulation in low-
energy zones (El-Robrini et al., 2006; Bandeira, 2013). The
Turiagu River basin is sparsely populated, with population
density below 20 inhabitants km~2 and economic activities
largely restricted to fishing and subsistence agriculture,
indicating low anthropogenic pressure on the estuarine
system (IBGE, 2022).

2.2 Water samples

Surface water samples were collected in 2018 along the
longitudinal axis of the Turiagu River estuary at four fixed
stations (Figure 1), covering the main seasonal phases of
the regional climate (February, April, July, and November).
At each station, in situ measurements included tempera-
ture, pH, oxidation-reduction potential, dissolved oxygen,
turbidity, and salinity. Water samples were also collected
for laboratory determination of dissolved inorganic nutri-
ents (NH,*, NO,~, NO5 ™, dissolved inorganic phosphorus,
and silicate) and chlorophyll a.
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Figure 1. Study area in the Turiagu River estuary during 2017 and 2018. The red square indicates the study region. The

red dots indicate the water sample locations (N = 4).

All sampling campaigns were conducted during spring
and quadrature tides, at flood and ebb, to standardize tidal
conditions across the seasons and to record the maximum
salinity gradient and biogeochemical transitions along the
estuarine axis.

Sampling was restricted to four fixed longitudinal sta-

tions due to the extreme tidal currents (1-3 m s™1), lack of
safe navigation infrastructure, and the predominantly pris-
tine nature of the system, which precludes road or bridge
access. These stations were strategically positioned to cap-
ture the upper (1 station), middle (1 station), and lower
estuarine zones (2 stations), representing the full salinity

237

238

239

240

241

242



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

Nutrient dynamics and biogeochemical fluxes in a pristine tropical hypertidal estuary ...

gradient and the main biogeochemical transitions. Current
velocity data were collected using an Acoustic Doppler Cur-
rent Profiler (ADCP - Workhorse Rio Grande 1200 kHz) de-
ployed on anchored vessels, with recordings at 0.5-second
intervals (2 Hz).

2.3 Water quality analysis

Physical, chemical, and biological analyses were conducted
at the LAPMAR laboratory facilities in Belém, Par3, Brazil.
Salinity was measured using a Sea-Bird CTD (SBE-37SM),
while temperature, pH, dissolved oxygen, oxidation-reduc-
tion potential, and turbidity were recorded in situ using
a multiparameter probe (HORIBA U-52G). Surface water
samples were collected with 10-L Van Dorn bottles, trans-
ferred to acid-cleaned containers, filtered through pre-
combusted GF/F glass fibre filters (47 mm), and stored
frozen (—20°C) until laboratory analysis.

Chlorophyll a was determined spectrophotometrically
following Arar (1997). Dissolved inorganic nutrients (NH, *,
NO,~, NO5;~, PO,37, and SiO,) were analysed in tripli-
cate according to Grasshoff et al. (1999) using a Quimis®
Q898DRM spectrophotometer. Dissolved inorganic nitro-
gen (DIN) was calculated as the sum of NO;~, NO,~, and
NH,*. Method detection limits were 0.05 umol L™ for
NH,™*, 0.06 umol L™t for NO5~, 0.04 umol L= for NO,~
and P0,3~, and 0.7 umol L1 for Si0,.

2.4 DINX index

The relative availability of nitrogen and phosphorus was
further assessed using the DINX index, which quantifies
deviations from Redfield stoichiometry based on dissolved
inorganic forms (Bates and Hansell, 2004; Hansell et al.,
2004). DINX was calculated as:
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DINX = [NO; ] —16[PO,7]

Negative DINX values indicate nitrogen limitation relative
to phosphorus, whereas positive values indicate an excess
of nitrogen with respect to Redfieldian requirements for
organic matter production.

2.5 Precipitation, fluvial discharge, and wind

Rainfall, river discharge, and wind direction data were
obtained from meteorological and fluviometric stations
within the Turiagu River basin (Figure 2). Long-term
datasets (1988-2018) were used to characterize regional
climatological patterns and to support the interpretation
of seasonal variability observed during the study period.

2.6 Biogeochemical model (LOICZ)

The LOICZ (Land-Ocean Interactions in the Coastal Zone)
biogeochemical model was applied to estimate nutrient
fluxes and ecosystem metabolism at the land-ocean inter-
face based on steady-state mass-balance principles (Gor-
don et al;, 1996; Swaney etal., 2011). The model assumes
that water and salt behave conservatively, allowing water
exchange between the estuary and the adjacent coastal
ocean to be quantified using a salt budget, while dissolved
inorganic nutrients behave non-conservatively due to in-
ternal biogeochemical processing (Giordani et al., 2008;
Noriega and Araujo, 2011; Béjaoui et al,, 2022).

The mass-balance calculations were performed sequen-
tially. First, a water budget was constructed from fresh-
water inputs (river discharge, precipitation, and ground-
water) and outputs (evaporation), yielding the residual
flow (VR), which represents the net advective transport
from the system to the sea. Second, a salt budget was
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Figure 2. Climatological and fluviometric parameters in the Turiagu River basin (1988-2018). a) Wind direction (°);

b) rainfall (mm); c) fluvial discharge (m3 s~1).
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used to estimate the exchange flow (VX), a mixing term
that accounts for tidal exchange between the estuary and
the coastal ocean, calculated from the salinity gradient be-
tween the system and the sea. Third, budgets of dissolved
inorganic phosphorus (DIP) and dissolved inorganic nitro-
gen (DIN) were calculated from water fluxes and concentra-
tion data. Deviations from conservative mixing (ADIP and
ADIN) were interpreted as net internal sources or sinks of
nutrients, reflecting the balance between biological and
biogeochemical processes within the system.

Net ecosystem metabolism (NEM) was derived from
ADIP using the Redfield C: P ratio (106 : 1), assuming that
deviations in DIP primarily reflect net organic matter pro-
duction (autotrophy, ADIP < 0) or consumption (heterotro-
phy, ADIP > 0). The net nitrogen balance (nitrogen fixation
minus denitrification) was estimated as the difference be-
tween the observed ADIN and the DIN flux expected from
stoichiometric coupling with ADIP, using the Redfield N : P
ratio (16:1).

All calculations were performed using the LOICZ
Simple Biogeochemical Budgets Calculator for a one-box,
one-layer model (available at https://www?2.arnes.si/
~gljsentvid10/loicz_calculator.html), which follows the
guidelines of Gordon et al. (1996). The complete set of
equations used in the model is provided in the Supplemen-
tary Material (Text S1). This approach provides first-order
estimates of estuarine metabolic status and nutrient pro-
cessing under natural forcing conditions.

2.7 Statistical analysis

Descriptive statistics (mean, median, standard deviation,
minimum, and maximum) were calculated for all variables.
Because most datasets did not meet normality assump-
tions, non-parametric tests were applied, including the
Mann-Whitney test, Kruskal-Wallis test, and Dunn’s post
hoc comparisons.

To further explore the relationships among physical,
chemical, and biological variables, a Spearman correlation
analysis was performed (rho; p < 0.05).

Statistical analyses were performed using PAST® soft-
ware (Hammer et al.,, 2001), adopting a significance level
of p <0.05.

3. Results and discussion

3.1 Climatological context

Rainfall, river discharge, and wind patterns observed dur-
ing the study period did not differ significantly from the
long-term climatological record (1988-2018) (Mann-Whit-
ney test, p > 0.05), indicating that the sampling year was
representative of average regional conditions. Annual rain-
fall during the study period (~ 2,300 mm) was comparable
to the historical mean (~ 2,150 mm), and river discharge
values fell within the expected long-term range. Seasonal
wind patterns were also consistent with historical obser-
vations, with dominance of southeast winds during the
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dry season and northwest winds during the rainy season.
These results confirm that the hydrochemical variability
observed in the estuary reflects natural seasonal forcing
rather than anomalous climatic conditions. Climatological
and hydrological data are presented in Figure 2.

3.2 Temperature and salinity

Water temperature and salinity variability along the Turi-
acu River estuary is presented in Figure 3. Water tempera-
ture exhibited patterns typical of tropical estuaries, with
higher mean values during the dry season (29.6 + 0.6°C in
November) and lower values during the wet season (26.7
+ 1.8°C in April) (Figure 3a). These values are comparable
to those reported for other tropical hypertidal estuaries,
such as Sdo Marcos Bay (Lefévre et al,, 2017). Statisti-
cal analyses indicated significant seasonal differences in
temperature (p < 0.05), reflecting the marked contrast
between dry and rainy climatic periods. A mean thermal
difference of approximately 3°C between these periods is
consistent with observations from estuaries in northern
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Figure 3. Boxplots of water temperature [°] (upper panel)
and salinity (bottom panel) in the estuarine region of the
Turiacu River throughout the annual cycle. In the box,
25%-75% indicate the 25th and 75th percentiles, respec-
tively. Min-Max indicates the minimum and maximum val-
ues, the Median line indicates the estimated median, and
Mean indicates the average value of the series.
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and northeastern Brazil (Noriega and Araujo, 2014).

Salinity displayed a pronounced seasonal gradient,
ranging from near freshwater conditions to fully marine
waters (0-36 psu) over the annual cycle (Figure 3b). Higher
salinities were observed during the dry and transitional pe-
riods (November and February; mean ~ 30 psu), whereas
values decreased sharply during the wet season (April and
July; mean ~ 4 psu). This strong variability reflects the
combined influence of intense freshwater discharge during
peak rainfall and the hypertidal regime, which enhances
mixing processes within the estuary. Significant differ-
ences in salinity among months (p < 0.05) highlight the
strong seasonality of this parameter. The wider salinity
range observed in February indicates transitional condi-
tions, when both river discharge and tidal forcing exert
substantial control on estuarine hydrography.

The spatial distribution of temperature and salinity
across the four sampling stations is shown in Supplemen-
tary Material Figure S2a,b. Significant differences among
stations were observed for both parameters (Kruskal-Wal-
lis, p < 0.001; Table S3), with increasing salinity and tem-
perature from the upper to the lower estuary, reflecting
the transition from fluvial to marine conditions.

3.3 pH, dissolved oxygen (DO), ORP, turbidity and
chlorophyll a
The pH values in the Turiacu River estuary ranged from
slightly acidic to alkaline conditions (5.0-9.0) over the an-
nual cycle, with mean values close to neutrality (7.4 +
0.5) (Figure 4a). Despite statistically significant seasonal
differences (p < 0.05), pH variability remained relatively
constrained, with most observations between 7.0 and 8.0.
The predominance of neutral to slightly alkaline condi-
tions indicates a strong marine influence associated with
the hypertidal regime and reflects the natural chemical
signature of a low-impact estuarine system. Observed pH
values were higher than those reported for other estuaries
in northern and northeastern Brazil (Noriega and Araujo,
2014) and were largely within the limits established by
Brazilian environmental legislation for brackish waters
(CONAMA, 2005).

Dissolved oxygen (DO) concentrations exhibited
pronounced seasonal variability and generally low levels
throughout the study period (Figure 4b). Mean DO val-
ues in all months were below the regulatory threshold of
5.0 mg L™1, with fewer than 14% of samples exceeding
this limit. Concentrations ranged from hypoxic to well-
oxygenated conditions (0.3-12.7 mg L™1), with the lowest
values occurring during the dry and transitional periods
(July and November) and higher values during the rainy
season (February and April). Similar DO oscillations have
been reported for the Turiacu River and nearby estuarine
systems, indicating that low oxygen levels are a recurrent
feature of this region (Santos et al., 2019; Castellon et al.,
2021).
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The observed DO patterns are closely linked to water-
column turbidity and redox conditions. Turbidity remained
consistently high throughout the year, exceeding 100 NTU
in all sampling periods and reaching an annual mean of
approximately 322 NTU (Figure 4d). These values reflect
intense sediment resuspension driven by strong tidal cur-
rents and river discharge, which limit light penetration
and constrain photosynthetic oxygen production.

Spatial patterns of pH, DO, ORP, turbidity, and chloro-
phyll a across the four stations are provided in Supple-
mentary Material Figure S2c-g. Turbidity was significantly
higher at the Lower Left station (p < 0.001; Table S3), in-
dicating localized sediment dynamics in this region. Dis-
solved oxygen was significantly lower in the upper estuary
compared to other stations (p <0.01), consistent with
higher organic matter loading from riverine sources.

pH values also showed significant spatial variability (p
< 0.001; Table S3), with higher values in the lower estuary
compared to the upper estuary (Dunn'’s test, p < 0.001), re-
flecting the greater marine influence and the more alkaline
conditions typical of coastal waters in the lower reaches
of the system.

Oxidation-reduction potential (ORP) values were pre-
dominantly positive (> 200 mV), indicating a generally
oxidizing environment and the absence of strongly reduc-
ing conditions (e.g., sulfide accumulation). Although ORP
is not a direct proxy for dissolved oxygen concentration,
positive ORP values are consistent with the predominance
of oxidized species (such as 0,, NO3;~, and metal oxides) in
the water column. This apparent decoupling between ORP
and low DO concentrations suggests that physical mixing
and sediment dynamics—rather than biological oxygen
consumption alone—play a dominant role in regulating
both the redox state and oxygen availability in this hyper-
tidal estuary (Figure 4c).

ORP shows significantly higher values in the lower estu-
ary compared to the upper estuary (p < 0.001), consistent
with the greater marine influence and more oxidizing con-
ditions in the lower reaches of the system (Figure S2 and
Supplementary Material, Table S3). Although light attenu-
ation and primary production were not directly measured,
the persistent high turbidity and consistently low chloro-
phyll a concentrations suggest that light limitation is the
most plausible mechanism constraining photosynthetic
oxygen production in this system (inferred from the ob-
served inverse relationship between turbidity and DO).

Chlorophyll a concentrations were relatively low, with
a mean annual value of 7.8 + 10 mg m~3 (Figure 4e), con-
sistent with mesotrophic conditions (Carmouze, 1994;
Bricker et al., 2003). Significant seasonal differences were
observed (p < 0.05), with higher values during February.
Overall, low chlorophyll a concentrations appear to be pri-
marily controlled by light limitation associated with persis-
tent turbidity rather than by nutrient availability, a pattern
also reported for other hypertidal systems such as Sao
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Marcos Bay (Lefévre et al., 2017).

Chlorophyll a shows spatial variability, with higher val-
ues in the lower estuary (especially LL), suggesting that
despite persistent turbidity, local conditions may favor
phytoplankton growth in specific zones.

3.4 Nutrients (NH,", NO;~, NO, , PO,® and SiO,)

The concentrations of dissolved inorganic nitrogen, phos-
phorus, and silicate are shown in Figure 5. Ammonium
(NH4+) concentrations were consistently low throughout
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the annual cycle, with maximum values below 10 yumol L1,
well below the regulatory threshold for brackish waters
(CONAMA, 2005) (Figure 5a). The CONAMA thresholds
are established to protect aquatic biota from eutrophica-
tion and toxicity effects; values consistently below these
limits indicate the absence of nutrient enrichment and
underscore the pristine, low-impact status of the Turiagu
estuary. No significant seasonal differences were observed
(Kruskal-Wallis test, p > 0.05), and mean annual concen-
trations remained close to 3 umol L1, indicating limited
ammonification or rapid biological uptake.

Nitrate (NO5; ) concentrations ranged from 0.1 to 6.5
umol L=! and also remained below regulatory limits for es-
tuarine waters (Figure 5b). Although significant seasonal
variability was detected (Kruskal-Wallis test, p <0.05;
followed by Dunn’s post hoc test for pairwise compar-
isons), concentrations remained consistently low, with
monthly means of 2.1 +1.46 ymol L™! (February), 0.8
+0.45 umol L™ (April), 0.9 + 0.48 umol L™ (July), and
1.5 4+ 0.46 umol L™! (November), varying within a rela-
tively narrow range (0.1-6.5 umol L™1) over the annual
cycle. Higher values during February and November coin-
cided with increased phytoplankton biomass (Figure 4e),
suggesting enhanced biological uptake during periods of
higher productivity.

Nitrite (NO, ) concentrations exhibited marked sea-
sonal variability, ranging from 0.1 to 2.73 umol L™!
(Figure 5c), with peak values observed in April, coincid-
ing with maximum river discharge and turbidity. During
this period, NO, concentrations approached or exceeded
the guideline value for brackish waters (CONAMA, 2005).
Elevated turbidity and reduced dissolved oxygen likely in-
hibited complete nitrification, favouring the accumulation
of NO, in the water column. The predominance of the
sequence NH,  >NO;  >NO, contrasts with the typical
estuarine pattern, where nitrate is usually the dominant
dissolved inorganic nitrogen species in well-oxygenated
waters (Bianchi, 2007) and suggests altered nitrification
dynamics-driven by intense sediment resuspension and
light limitation in this hypertidal system.

Phosphate (P0,37) concentrations varied from 0.01 to
4.8 umol L1, with higher values recorded during the rainy
period, particularly in February (Figure 5d). Mean annual
concentrations (1.0 4+ 0.5 yumol L) remained below esti-
mated guideline values fordissolved inorganic phosphorus,
although episodic increases were observed during periods
of high river discharge. Enhanced runoff and sediment
resuspension during the wet season likely promoted the
release of phosphorus from soils and bottom sediments, es-
pecially given the dominance of highly weathered latosols
in the Turiagu basin.

Seasonal variations in nitrogen and phosphorus re-
sulted in pronounced deviations from the Redfield N : P ra-
tio. Ratios < 16:1, and frequently < 10: 1, were observed
during periods of high rainfall and discharge (February
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and April), indicating nitrogen limitation, whereas ratios
> 16:1 occurred during the drier period (July) (Figure 5e).
Consistently negative DINX values across all seasons fur-
ther indicate a deficit of dissolved inorganic nitrogen rel-
ative to phosphorus, suggesting that the Turiagu estuary
acts as a net source of phosphate to the adjacent coastal
zone.

The consistently negative DINX values raise an impor-
tant question: is nitrogen limitation primarily controlled
by nutrient scarcity (biogeochemical control) or by phys-
ical constraints on nutrient uptake (hydrodynamic con-
trol)? We propose that both mechanisms operate in tan-
dem in the Turiagu estuary. The biogeochemical control is
evidenced by the net denitrification fluxes estimated from
the LOICZ budgets (Section 3.6), indicating that the sys-
tem actively removes fixed nitrogen, particularly during
periods of high river discharge. This process maintains
a stoichiometric nitrogen deficit relative to phosphorus, as
reflected by the DINX values. However, the hydrodynamic
control is equally important: the relatively short water res-
idence time (especially during the wet season; Table S2)
limits the time available for biological assimilation, while
persistent turbidity (> 100 NTU) attenuates light penetra-
tion, constraining phytoplankton growth irrespective of nu-
trient concentrations. Consequently, the low chlorophyll a
levels observed (Section 3.3) are likely a combined result
of limited nitrogen availability and physical constraints on
primary production. This interpretation is consistent with
findings from other hypertidal and high-turbidity systems,
where physical forcing often overrides biological control
of nutrient dynamics (Lefévre et al., 2017; Costa, 2020).

Silicate (Si0,) concentrations showed strong hydro-
logical control, ranging from 0.03 to 115.1 umol L™%, with
higher values during the rainy season and sharp declines
during the dry period (Figure 5f). This pattern reflects the
dominant role of leaching and river discharge in silicate
supply. Observed concentrations and variability were com-
parable to those reported for the Amazon River and other
tropical systems (Araujo et al., 2017; Aquino et al.,, 2022).
The resulting stoichiometric ratios (DIN:SiO,: P03~ ~
13:178:1) strongly deviated from Redfield proportions
and indicate nitrogen as the primary limiting nutrient,
while phosphorus and silicate are supplied in relative ex-
cess, consistent with patterns reported for Amazon-influ-
enced estuarine systems (Araujo et al,, 2017).

3.5 Salinity gradient
The salinity gradient in the Turiacu River estuary was anal-
ysed in relation to turbidity and nutrient distributions
across all sampling periods and tidal conditions (Figure 6).
High turbidity values were consistently observed along
the salinity gradient during both spring and neap tides
(Figure 6a,b), reflecting intense vertical and longitudinal
mixing driven by the hypertidal regime.

Previous studies have shown that the lower (30-36
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psu) and middle (5-30 psu) reaches of the Turiagu estuary
are predominantly well mixed to weakly stratified, with
tidal energy exceeding river discharge, particularly during
spring tides. Similarly, tidal currents reaching velocities of
up to ~ 2 m s~ promote strong resuspension of bottom
sediments and suspended particulate matter, generating
episodes of hyperturbidity, especially in the middle and
lower estuary (Costa, 2020).

The persistent hyperturbidity observed in the Turiagu
estuary - exceeding 100 NTU throughout the year - distin-
guishes this system from most mesotidal tropical estuar-
ies, where turbidity peaks are typically seasonal and river-
driven. The combination of strong tidal currents (~ 1-3
m s~1) and the seasonal variation in water residence time
(shorter during the wet season; Table S2) promotes con-
tinuous sediment resuspension and non-conservative nu-
trient additions that are rarely observed in less energetic
systems. Descriptive statistics of current velocities mea-
sured at the four sampling stations during each seasonal
campaign are provided in Supplementary Material Table
S1.

Although sampling was standardized at spring and
quadrature tides, at flood and ebb, the inherent short-term
variability of hypertidal systems (e.g., tidal pumping, sed-
iment resuspension during ebb/flood cycles) may intro-
duce additional intra-tidal variability not captured by our
seasonal approach.

During the wet season, high river discharge (~ 180
m3 s™1; Costa, 2020) further enhances material transport
toward the estuary, reducing retention time by approxi-
mately 61% (from 59 days in the dry season to 23 days in
the wet season) (Table S1 and Table S2; supplementary
material).

Supplementary Material Table S3 summarizes the re-
sults of non-parametric statistical comparisons (Kruskal-
Wallis and Dunn’s post hoc tests) among the four sampling
stations for all variables, revealing significant spatial het-
erogeneity for most parameters (p < 0.05).

In summary, the salinity gradient and associated nutri-
ent distributions in the Turiagu estuary reveal a clear cas-
cade of physical-biogeochemical coupling. The hypertidal
regime drives intense sediment resuspension, which main-
tains persistent turbidity and promotes non-conservative
nutrient additions in the middle and lower estuary. The
seasonal variation in water residence time - shorter dur-
ing the wet season (23 days) and longer during the dry
season (59 days; Table S2) — modulates the extent of bi-
ological processing. During the wet season, the shorter
residence time limits nutrient assimilation and organic
matter degradation, favouring net nutrient export to the
coast. In contrast, the longer residence time during the dry
season allows greater biological processing, contributing
to the observed metabolic shift towards autotrophy. This
physical control is so dominant that it overrides the typ-
ical seasonal patterns of nutrient limitation observed in
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less energetic systems, reinforcing the interpretation that
hydrodynamics - rather than biological uptake alone - are
the primary drivers of nutrient dynamics in this system.

Along the estuarine gradient, phosphate (P0,3~) con-
centrations increased predominantly in the middle and
lower estuary, particularly during neap tides (Figure 6c¢,d).
This pattern suggests that sediment resuspension and in-
tense mixing favour the release of phosphorus from par-
ticulate matter and organic-rich sediments, contributing
to its addition along the salinity gradient.

Similarly, dissolved inorganic nitrogen (DIN) concen-
trations increased toward the middle and lower estuary
(Figure 6e,f), indicating the dominant role of physical pro-
cesses - tidal energy, mixing, and freshwater inflow - in
controlling nutrient redistribution in this region.

Silicate (Si0,) exhibited spatial and temporal patterns
comparable to those of DIN and P0,3~ (Figure 6g,h), al-
though at substantially higher concentrations. These val-
ues are consistent with those reported for other Amazon-
influenced estuaries, such as the Para River estuary (Aquino
et al,, 2022), reinforcing the strong coupling between hy-
drological forcing, sediment dynamics, and silicate supply
in hypertidal tropical systems.

The observations reported here highlight distinctive
nutrient dynamics in a hypertidal estuary, where intense
tidal energy in the middle and lower reaches exerts a pri-
mary control on the distribution of dissolved nutrients
within the water column. These physical forcings strongly
influence ecosystem metabolism by regulating the balance
between organic matter production and respiration, which
in turn governs the cycling of key nutrients such as nitro-
gen and phosphorus. To quantify these metabolic pro-
cesses and their associated nutrient fluxes, we applied
a simplified biogeochemical approach based on mass bal-
ance principles, incorporating river discharge, precipita-
tion, evaporation, estuarine area and volume, salinity, and
dissolved inorganic nutrients (PO,3~ and DIN).

3.6 Estuarine metabolism
Estimates of estuarine metabolism were based on the stoi-
chiometric framework of biogeochemical modelling using
the canonical C: N: P ratio of 106:16: 1, as recommended
for seasonal assessments (Figure 7). The results indicate
that the Turiagu River estuary generally acts as a source
of dissolved inorganic phosphorus (DIP; PO,37) and dis-
solved inorganic nitrogen (DIN) to the adjacent coastal
zone throughout the annual cycle (Figure 7a,b). Phosphate
was exported during most of the year, except in November,
when a negative flux (—0.01 mmol DIP m~2 d™1) indicated
temporary retention within the estuary. This reversal is as-
sociated with reduced river discharge, lower rainfall, and
intensified tidal mixing during the dry season.

Exported DIP fluxes were substantially higher during
February and April, with ADIP values ranging from 2.8 to
22.4 x 10° mol d~1, whereas much lower or negative val-
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Figure 7. Seasonal mass balance of dissolved inorganic phosphorus (DIP; a) and dissolved inorganic nitrogen (DIN;
b) in the Turiacu River estuary. ADIP and ADIN represent the net fluxes across the land-ocean interface (10® mol d™1).
Runoff, precipitation, and evaporation are expressed in 103 m3 d~1. VQ, DIPQ, DINQ, VR, VX, VRDIYR, and VXDIYX are

expressed in mol d~! (DIY = DIP or DIN).
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ues were observed in July (0.4 x 10 mol d~1) and Novem-
ber (—2.3 X 10° mol d1!) (Figure 7a). According to the
LOICZ methodology (Gordon et al., 1996), the C: P stoi-
chiometric relationship (ADIC = ADIP x [C: P]) indicates
that the system alternated between heterotrophic and au-
totrophic states over the seasonal cycle.

During February and April, the estuary exhibited
net heterotrophy, with NEM values of —10.6 and
—1.1 mmol C =2 d~}, respectively, indicating that commu-
nity respiration exceeded primary production and that the
system acted as a net source of carbon to the atmosphere.
Similar metabolic behaviour has been reported for other
tropical estuaries in northern and northeastern Brazil,
where mean CO, fluxes of 55 + 45 mmol m~2 d~!(range:
0.9-175.2 mmol m~2 d~1) were observed, with higher
emissions during the rainy season (Noriega and Araujo,
2014). In contrast, during July and November, the system
shifted towards autotrophy, with positive NEM values of
0.01 and 1.1 mmol C m~2 d~%, respectively, indicating net
carbon uptake (P > R). In November, the mixing flow (V,)
changed sign, reflecting a reversal in estuarine-ocean ex-
change driven by enhanced tidal influence (Figure 7a).

Seasonal variations in DIN fluxes further revealed that
the estuary predominantly acted as a DIN source to the
coastal ocean, except in February, when the system func-
tioned as a DIN sink (Figure 7b). During this month, higher
DIN concentrations in river inflow (DINQ = 5.9 umol L™1)
contributed to a negative ADIN. In April, July, and Novem-
ber, positive ADIN values indicated net export of DIN.

Using the LOICZ stoichiometric approach, the balance
between nitrogen fixation and denitrification was esti-
mated as the difference between observed and expected
DIN fluxes [N fixation — denitrification = ADIN — ADIP X
(N : P)]. The inferred nitrogen balance suggests that deni-
trification = dominated  during February (—1.7
mmol N m~2 d~1) and April (=0.06 mmol N m™2 d™1),
whereas no dominant nitrogen transformation was de-
tected in July due to low DIN fluxes. In November, the
LOICZ budget indicates that nitrogen fixation prevailed,
with a positive rate of 0.26 mmol N m~2 d~1. These rates
are consistent with values reported for other estuarine
systems using similar modelling approaches.

Seasonal changes in salinity played a key role in mod-
ulating these biogeochemical processes. Salinity ranged
from approximately 2 psu in April to 30 psu in February
and November, indicating substantial variability in salt
balance throughout the year (Figure 7). This variability
reflects the combined effects of river discharge during pe-
riods of intense rainfall and the hypertidal regime, which
alters mixing flows, residence time, and nutrient redistri-
bution within the estuarine system.

We recognize that our nutrient measurements were
restricted to surface waters, which may not capture poten-
tial vertical gradients in biogeochemical processes such as
benthic regeneration or sediment-water fluxes. However,
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given the strong tidal mixing and shallow nature of the
Turiacu estuary, surface concentrations are likely repre-
sentative of the bulk water column, supporting the use of
the LOICZ mass-balance approach for first-order metabolic
estimates. Future studies employing depth-resolved or
continuous vertical profiling would help refine these esti-
mates

3.7 Interrelationships among variables

To further explore the relationships among physical, chem-
ical, and biological variables, a Spearman correlation anal-
ysis was performed (Supplementary Material Table S4).
The analysis confirmed the strong hydrological control of
the system, with salinity negatively correlated with sil-
icate (rho =—0.31, p <0.05) and nitrite (rho =—0.69,
p <0.001), indicating that these variables are enriched
in freshwater-influenced waters. In contrast, phosphate
(rho =0.65, p < 0.001) and nitrate (rho =0.60, p < 0.001)
showed positive correlations with salinity, suggesting en-
richment in the more saline lower estuary through sedi-
ment resuspension and desorption. Turbidity was posi-
tively correlated with nitrate (rho =0.37, p < 0.05) and
phosphate (rho = 0.28, p < 0.05), supporting the role of
sedimentresuspension in nutrient release. Importantly, no
significant correlations were found between chlorophyll a
and any of the dissolved inorganic nutrients (rho < 0.35, p
> 0.05), reinforcing the interpretation that phytoplankton
biomass is primarily controlled by physical factors - turbid-
ity and light limitation - rather than by nutrient availability
in this hypertidal system. As expected, NH,* was strongly
correlated with DIN (rho = 0.90, p <0.001), consistent
with its dominance among nitrogen species.

3.8 Implications for other systems

The findings from the Turiagu estuary have implications
beyond this single system. First, the quantitative nutrient
flux estimates (ADIP and ADIN) contribute to the Global
Nutrient Export from Watersheds (Global NEWS) model
database, which currently lacks data from hypertidal trop-
ical systems. Second, the observed metabolic alternation
between heterotrophy and autotrophy provides a baseline
for assessing future changes in other hypertidal systems
under climate change and increasing anthropogenic pres-
sure. Third, the methodological framework - combining
seasonal hydrochemical observations with LOICZ mass-
balance modelling - is transferable to other data-limited,
high-energy coastal systems, particularly in tropical re-
gions where logistical constraints limit extensive sampling.
Regionally, this study establishes the first comprehensive
hydrochemical baseline for the Maranhao coast, which can
support future environmental licensing and conservation
planning in an area experiencing rapid agricultural expan-
sion.
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4. Conclusion

This study analysed the hydrochemistry of the Turiacu
River estuary, northeastern Brazil, under a hypertidal
regime, providing a comprehensive assessment of water
quality, nutrient dynamics, and estuarine metabolism in
a system with low anthropogenic influence.

The results revealed pronounced seasonal variability in
salinity, driven by the combined effects of intense tidal en-
ergy and river discharge during periods of higher rainfall.
Persistent high turbidity in the mixing zone throughout the
year strongly influenced dissolved oxygen, chlorophyll a,
and nutrient concentrations, highlighting the dominant
role of physical forcing in structuring estuarine biogeo-
chemistry.

Nutrient distributions exhibited nonconservative be-
haviour along the salinity gradient, particularly in the mid-
dle and lower estuary. Dissolved inorganic phosphorus
(DIP) and dissolved inorganic nitrogen (DIN) generally
acted as sources to the adjacent coastal ocean, except in
November (DIP sink) and February (DIN sink). Stoichio-
metric indicators (N : P ratios and DINX) consistently indi-
cated nitrogen limitation for phytoplankton growth.

Silicate concentrations showed spatial and temporal
patterns similar to those of other nutrients but at substan-
tially higher magnitudes, resulting in elevated SiO, : PO, 3~
ratios (39:1 to 457:1). Consequently, the overall DIN:
Si0, : PO,3~ ratio (13:178:1) deviated markedly from
the Redfield ratio, reflecting the strong influence of hy-
drological and sedimentary processes in this hypertidal
estuary.

Biogeochemical modelling indicated that the estuary
alternated between metabolic states over the seasonal cy-
cle. During periods of high river discharge (February and
April), the system was heterotrophic (P <R) and acted as
a source of carbon to the atmosphere, whereas during July
and November it shifted to autotrophy (P > R), functioning
as a carbon sink. The inferred nitrogen balance indicates
that denitrification dominated during the high-discharge
months, while nitrogen fixation prevailed during the dry
season.

Overall, the hydrochemical and metabolic patterns ob-
served in the Turiagu River estuary reflect biogeochemical
processes typical of tropical hypertidal systems with mini-
mal human impact, primarily controlled by the strength of
tidal forcing and seasonal variability in river discharge.
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