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Abstract
This study quantified the seasonal and spatial variability of partial pressure of CO2 (pCO2) and water-atmosphere

CO2 fluxes in the Parnaíba River Delta, the largest delta in the Americas. It is a pristine equatorial, mangrove-
dominated environment located in a transitional between humid and semi-arid climates, with marked
seasonality in rainfall and river discharge. Major channels and bays were sampled during dry and wet seasons,
with continuous measurements of pCO2, temperature, salinity, and wind velocity. Subsurface water samples
were collected in discrete stations for pH, total alkalinity (TA), dissolved inorganic carbon (DIC), dissolved
oxygen and chlorophyll a quantification. A significant positive correlation between carbonate system
parameters with salinity was found in both periods, with salinity significantly higher in the dry season. Strong
deviations of pCO2, TA, and DIC from two endmembers conservative mixing were found, particularly in
mangrove-dominated waters, due to organic matter degradation. The Delta showed high spatial variability
of pCO2, with the highest values in mangrove-dominated waters, moderate in the river-dominated regions,
and lowest in the high salinity areas, suggesting that pCO2 variability is likely controlled by a combination
of river-ocean mixing and biological processes (respiration and photosynthesis). The Delta outgasses about
20 times less CO2 in the dry season (9.06 � 11.09 mmol m�2.d�1) than in the rainy season
(209.68 � 250.87 mmol m�2 d�1). Our results indicate this large mangrove-dominated tropical delta is an
important source of CO2 to the atmosphere, but a sharp decrease was observed during dry periods.

Although corresponding to only 7% of the total area of the
global ocean, the coastal ocean is a highly active biogeochemi-
cal area where several processes and transformations of carbon
occur (Gattuso et al. 1998), especially in the estuarine zone
(McLusky and Wolanski 2011; Bauer et al. 2013). The estuar-
ies, in their different typologies, are defined as transitional
areas between the riverine domain and marine waters, receiv-
ing significant inputs of organic and inorganic carbon from
different sources, such as rivers, groundwater, mangrove tidal
creeks, and the ocean (Abril and Borges 2005; Cole et al. 2007;
Cai 2011; Dürr et al. 2011; Bauer et al. 2013; Chen
et al. 2018).

A delta is a coastal estuarine environment created by the
deposition of riverine sediments to the coastline more rapidly
than its removal and/or redistribution by tides or waves
(Bianchi 2007). These environments are mostly sources of
CO2 to the atmosphere (Laruelle et al. 2013), mainly due to
the intense oxidation of the organic matter carried out from
rivers and the input of CO2-enriched freshwaters, porewaters,
and groundwaters (Gattuso et al. 1998; Borges and Abril 2010;
Chen et al. 2018; Call et al. 2019). The river flow is a major
driver of biogeochemistry dynamics in deltas (Paula Filho
et al. 2020), and its mixture with seawater creates estuarine
conditions, establishing hotspots of carbon modifications
(Bouillon et al. 2005; Borges et al. 2018; Maier et al. 2021). In
addition, the close connection of deltaic systems to wetlands,
such as mangrove forests, has the potential to increase its CO2

emissions (Bouillon et al. 2005).
The latest global estimate shows estuaries and deltas as sig-

nificant sources of CO2 into the atmosphere, with a flux of
0.1 Pg C yr�1 (Chen et al. 2013). This study indicated that the
environments located at tropical latitudes usually present
the largest fluxes per unit area. However, these estimates still
have large uncertainties, mainly due to their great spatial
and seasonal variability. Furthermore, tropical estuaries are
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still under sampled compared to subtropical and temperate
ecosystems. Most of the largest rivers in the world regarding
water discharge are in the tropics (Latrubesse et al. 2005), and,
thus, these tropical estuaries and deltas are an important com-
ponent in the transport of carbon to the open ocean and in
the emissions of CO2 to the atmosphere.

Mangroves are one of the most productive ecosystems in
the world, storing and sequestering large amounts of carbon
in their biomass and soils (Bouillon et al. 2008; Alongi 2012).
Although the whole system is an important carbon sink, most
mangrove tidal creeks, as well as the adjacent waters act as a
strong source of CO2 to the atmosphere (Borges et al. 2003).
This high CO2 flux is usually attributed to the exchanges with
porewater enriched in pCO2, dissolved inorganic carbon (DIC)
and total alkalinity (TA) (Call et al. 2019); and the metabolic
activity in sediments which produce TA and DIC through dif-
ferent diagenetic pathways (Sippo et al. 2016). Therefore, com-
pared to the rivers, the surface waters of mangrove creeks are
normally enriched in TA and DIC, and the ratios between DIC
and TA can provide important insights into the CO2 dynamics
of these coastal systems (Sippo et al. 2016).

The latest global assessment of CO2 efflux in mangrove-
dominated estuaries estimated emissions on the order of
34.1 � 5.4 Tg C per year (Rosentreter et al. 2018a). However,
only one Brazilian system was included in this compilation.
The lack of data from Brazilian estuarine and deltaic systems
in adequate spatial and seasonal resolution is the main reason
these systems remain out of global estimates.

With about 10,000 km2 of mangrove forests, Brazil is the
third country in the mangrove area, containing roughly 7.1%
of the total global area (Magris and Barreto 2010). Most of the
mangrove area in Brazil is concentrated in the Northern equa-
torial region (60%–70%), and one of the largest areas is the
Parnaíba River Delta (PRD). The PRD is a wave-dominated and
tidally influenced delta, the largest open sea delta in the Ame-
ricas, containing a complex system of islands, multiple tidal
channels, and fluvial-marine plains which harbor around
1500 km2 of mangrove forests (Lacerda 2018). The PRD is con-
sidered an almost pristine environment, with little industrial
development, and ecotourism and agriculture as the main eco-
nomic activities. The first research about CO2 dynamics in
PRD assessed the main channel of the river and only two
creeks, during the rainy season (Chielle et al. 2023). However,
due to the complexity of the PRD, it was essential to extend
the sampling to other channels and bays of the delta and to
access the seasonal variability, in order to understand the het-
erogeneity of the PRD and the extension of the estuarine
region over the marine intrusion influence.

As a protected area, the delta is a key environment in
understanding the carbon cycle in natural environments, and
how climate change may influence its dynamics. We hypothe-
size that due to the high variability of river discharge and pre-
cipitation, the delta will present marked seasonal variability of

pCO2 values and fluxes, as well as a strong spatial heterogene-
ity in the processes that control these fluxes.

Methods
Study area

The PRD is located on the northeastern equatorial Brazilian
coast (41�1000W–42�2000W; 03�1000S–02�4500S), between the
states of Cear�a, Piauí, and Maranhão. The PRD is formed by a
complex system with more than 70 islands, multiple tidal
channels, and fluvial-marine plains colonized by mangrove
forests with trees reaching 20 m, and many migrating coastal
dunes (Lacerda 2018). In 1996, the delta was included in an
Environment Protection Area (EPA) (MMA 2006), due to its
great biodiversity and ecological importance in fauna and
flora. The establishment of the EPA and the low population
density of the area characterize the ecosystem as an almost
pristine environment, with small industrial development, and
small harbors to attend ecotourism, agriculture, and fishing.

The delta is situated on a climatic transitional coast, between
the NE semi-arid and Amazon humid climate, mainly influenced
by the Intertropical Convergence Zone (ITCZ) and the South
Atlantic anticyclone. There are two marked seasons (Supporting
Information Fig. S1): a rainy period from January to May–June
(monthly average = 181 mm) with maximum precipitation usu-
ally happening in April (267.2 mm); and a dry period from July–
August to December (monthly average: 28.5 mm). The river dis-
charge follows the pattern of the precipitation, generally higher
in April (1460 m3 s�1). However, the discharge is also regulated
by the Boa Esperança reservoir (around 700 km upstream from
the Parnaíba river mouth), and it is never below 100 m3 s�1 even
under very dry conditions. The delta is classified as a wave-
dominated asymmetric delta, due to its outline and spits west of
the river mouth (da Silva et al. 2015). The tide is semidiurnal,
reaching amplitudes of 3.3 m during spring tide while it reaches
only 1.7 m during neap tide (mesotides) (da Silva et al. 2015).

Sampling strategy
The PRD includes the Parnaíba River, Caju, Melancieiras,

and Tut�oia Bays together with other tidal channels. The sam-
pling campaigns occurred in March 2018, the rainy season,
and in December 2019 and December 2021, the dry season
(Fig. 1). Continuous, real-time measurements of pCO2, tem-
perature, salinity, and wind velocity were taken by an under-
way CO2 equipment coupled with a thermosalinograph and
an anemometer. Subsurface water samples were collected in
discrete stations for pH, TA, DIC, dissolved oxygen (DO), and
chlorophyll a (Chl a) analysis (Fig. 1). DO and pH were mea-
sured in situ using a multiparametric probe (YSI® Professional
Plus) and a Methrom® portable electrode in the NBS scale,
respectively. Due to a malfunctioning of the electrode, there is
no pH data from the December 2021 campaign.
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Continuous measurements
Surface water temperature and salinity were measured by a

thermosalinograph (SeaBird Electronics®), while wind speed
and direction were measured by an anemometer (Davis®

S-WCF-M003) attached to the vessel. Wind speed and direc-
tion were rectified using vector decomposition.

The pCO2 in estuarine water and atmosphere was measured
using a semi-autonomous underway equipment. Detailed
descriptions of this equipment can be found in previous studies
conducted in estuarine and continental shelf waters (Pierrot
et al. 2009; Carvalho et al. 2017; Cotovicz et al. 2020a; Chielle
et al. 2023). In summary, a flux of subsurface estuarine water is
pumped to the equilibrators. After the equilibrium with the
water, the air is dried and passes through a non-dispersive
infrared analyzer (NDIR Li-Cor® Li-7000, USA) to measure
its CO2 concentration as the molar fraction of CO2 (xCO2

eq).
The system, then, calculates the partial pressure of CO2

(in μatm) from the molar fraction of CO2 in dry air (μatm) con-
sidering surface water temperature and 100% saturation of
water vapor, according to (Weiss and Price 1980):

pCO2
eq ¼XCO2

eq� Peq�Pw
eq� �

, ð1Þ

where Peq is the barometric pressure at equilibrium and Pw
eq is

the water vapor pressure (in atm) calculated at the equilibrator
temperature.

A temperature correction was applied to convert the pCO2

(μatm) measured in the equilibrator (pCO2
eq) to the pCO2

at in situ surface water temperature conditions (pCO2
sw)

(Takahashi et al. 2002):

pCO2
sw ¼ pCO2

eq� exp 0:0423�SWT�Teq½ � ð2Þ

Manual calibration is completed before starting the mea-
surements using certified standards (360, 1009, and 2009
ppmv, White Martins Certified Material). After, every 6 h the
system runs an automated calibration. Nitrogen gas is used as
zero, free from CO2 and water vapor. The precision of pCO2

measurements was around � 2 ppmv verified periodically
using these certified gas standards.

Laboratory analysis
Water samples for determination of TA were collected in

duplicate using 500 mL borosilicate bottles. To preserve the
samples, we added 200 μL of a saturated solution of HgCl2,

Fig. 1. Map of the sampled area, highlighting the discrete sampling points as grouped by the clusters (triangle: mangrove-dominated; square: river-
dominated; and circle: marine-dominated), and the vessel trajectory (black line) along four channels of the Parnaíba delta: Parnaíba River, Caju,
Melancieiras, and Tut�oia bays. Samples were carried out in wet (blue) and dry (green) seasons.
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sealed the bottles, stored them at a low temperature, and
protected them from the light. TA was measured according to
the methodology described by Dickson et al. (2007), using an
automated open-cell potentiometric titration system. The pre-
cision of TA method was around 5 μmol.kg�1 (n = 7 measure-
ments). TA values were adjusted according to certified
reference material (CRM, A. G. Dickson from Scripps Institu-
tion of Oceanography). Samples for Chl a analysis were taken
in 5 L polypropylene bottles. The water was filtered in
Millipore® AP40 filters, and the filter was stored protected from
the light, and frozen until analysis. The pigment was extracted
from filters using 90% acetone, the extract was measured in a
spectrophotometer, and pigment concentration was obtained
according to Jeffrey and Humphrey (1975) equations.

CO2 fluxes to the atmosphere
The net water-atmosphere CO2 fluxes (F, mmol m�2 d�1)

were calculated using:

F¼ kK0 pCO2
sw�pCO2

atm� �
, ð3Þ

where K0 is the solubility of CO2 as a function of temperature
and salinity (Weiss 1974), pCO2

sw is the pCO2 in the estuarine
waters and pCO2

atm is the atmospheric pCO2 measured in situ,
and k is the gas transfer velocity.

We used wind speed parametrizations specific for estuaries
to determine the gas transfer velocity (Raymond and
Cole 2001–RC; and Borges et al. 2004–BO). Furthermore, we
also used a wind speed parameterization specific to open ocean
waters (Wanninkhof 2014–WN) to provide ranges of estima-
tions. The parametrizations are as follows:

k¼1:91� exp 0:35uð Þ� 600=Scð Þ�0:5 RCð Þ ð4Þ
k¼4:045þ2:58�u0:758� 600=Scð Þ�0:5 BOð Þ ð5Þ

k¼0:251�u2� 600=Scð Þ�0:5 WNð Þ ð6Þ

where Sc represents the Schmidt number, and u is the wind
speed measured in situ.

Riverine CO2 contribution to estuarine emissions
For the main river channel, we estimated the contribution

of CO2 originated within the estuarine zone and from the
river to evaluate the relative contribution of riverine water in
the estuarine CO2 fluxes according to the method described
in Rosentreter et al. (2018b). The relative contribution of the
riverine CO2 to the overall emissions in the estuary was calcu-
lated as:

Riverine contribution %ð Þ¼ FRiver=FEstuary
� �� 100, ð7Þ

where FEstuary is the average flux to the atmosphere in the
main river channel (calculated from Eq. 3); and FRiver is

the riverine CO2 flux to the estuary calculated from the esti-
mated river discharge and riverine excess CO2 (in mmol d�1;
Borges et al. 2006). The riverine excess CO2 was calculated
according to Abril et al. (2000):

RiverineCO2 excess¼DICin situ�DICequilibrium ð8Þ

where DICin situ is the DIC at the river endmember and
DICequilibrium represents the DIC calculated from the observed
TA and pCO2 values assuming equilibrium between the water
and atmosphere CO2 concentrations.

The DIC was estimated from pCO2, TA, water temperature,
and salinity using the CO2SYS program (Lewis andWallace 1998).
The dissociation constants for carbonic acid used were proposed
by Mehrbach et al. (1973) refitted by Dickson and Millero (1987),
and the borate acidity constant was obtained from Lee et al.
(2010). We calculated the error propagation of DIC calculation
following Orr et al. (2018). The combined uncertainty of DIC cal-
culation was estimated to be � 5 μmol kg�1.

Conservative mixing lines
The conservative mixing of TA (TAmixing) and DIC

(DICmixing) were estimated according to Jiang et al. (2008),
considering the inputs of the river significant:

Cmixing ¼ Si
Socean

�Coceanþ 1� Si
Socean

� �
�Criver, ð9Þ

where Si is the salinity in the sampling station, Socean is the
salinity in the ocean endmember; the Cocean is the variable
concentration in the ocean endmember, and Criver the con-
centration in the riverine endmember.

The CO2 mixing curve was estimated according to the
DICmixing and TAmixing values calculated from Eq. 9 through
the CO2SYS program (Lewis and Wallace 1998), using the
corresponding average temperature for the wet and dry sea-
sons, and the constants stated before.

Categorization
Due to the great spatial and temporal heterogeneity of

processes and locations in the PRD, a clustering analysis
was performed to establish groups of similar stations for
each season (dry and wet). A k-means cluster analysis was
made based on the minimum Euclidean distances between
the groups, using a standardized dataset of temperature,
salinity, and pCO2. The data were, then, grouped into
the following clusters based on the k-means grouping and
their characteristics: marine-dominated; river-dominated,
and mangrove-dominated regions (Supporting Information
Fig. S2).

Statistical analysis
Data normality was verified by the Shapiro–Wilk test.

As most of the data did not present normal distribution,
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non-parametric statistics were used. Spearman’s rank correla-
tion coefficient was used to investigate the correlation
between variables, Wilcox to evaluate seasonal changes, and
the difference between clusters was assessed by the Kruskal–
Wallis test. A principal component analysis (PCA) was made
with each seasonal dataset separately to identify patterns and
processes in it. All statistical analyses were based on α = 0.05
and were performed in R. Plots were created in Excel and R,
and maps in Ocean Data View.

Results
Hydrological and biogeochemical conditions

Accumulated rainfall 1 week before sampling during the
wet season was 47.4 mm in 2018. During the dry season,
the accumulated rainfall reduced to 0.19 mm in 2019, and
2.0 mm in 2021. Following the seasonal pattern of the precipi-
tation, the mean river discharge during the rainy season was
1345 m3 s�1, while in the dry season it was 405 m3 s�1 in
2019, and 577 m3 s�1 in 2021. Overall, rainfall rates during
sampling campaigns were lower than the historical average,
while river discharge rates in 2018 and 2021 were higher than
the historical average for the month sampled.

The main measured and calculated parameters in this study
are summarized in Table S1 (Supporting Information). The
river, mangrove and marine dominated regions were classified
according to the cluster analysis (Supporting Information
Fig. S2).

The spatial distribution of the continuous measurements
is displayed in Fig. 2. During the field campaigns, the
water temperature remained high and with little variation.
However, the average water temperature in the dry season
(29.78 � 0.46�C) was significantly lower (p-value < 0.05) than
in the rainy (30.12 � 0.66�C). In addition, the marine-
dominated areas presented the lowest temperatures in both
seasons (dry = 29.62 � 0.43�C; wet = 29.75 � 0.29�C).

Salinity along the delta showed clear spatial and seasonal var-
iability. During the rainy season, the delta was dominated by
freshwater with an average salinity of 19.26 � 13.18. The higher
salinities during the rainy period were found particularly along
the bays and near the river mouth, mainly during high tide.
Salinities higher than 33 were found only during the dry season,
when salinity was significantly higher (p-value < 0.05), with an
average of 23.81 � 15.43. In the dry season, the low salinity
values were restricted to the river-dominated and mangrove-
dominated regions, as shown in Fig. 2.

Fig. 2. Maps of the continuous measurements: temperature (a–c), salinity (d–f), and pCO2 (g–i) spatial distribution in the PRD for each sampling
campaign (2018: rainy season; 2019 and 2021: dry season).
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The carbonate system parameters (pH, TA, and DIC) also
presented distinct spatial variability along the study area,
with a significant positive relationship with salinity (Fig. 3).
TA and DIC were always higher in the marine-dominated
regions. In addition, strong seasonality was observed, with

higher values found in the dry season compared to the wet
season (Supporting Information Table S1). TA and DIC in the
freshwater endmember showed a seasonal difference, with
values of 412.0 and 464.6 μmol kg�1 in the rainy period, and
295.3 and 305.8 μmol kg�1 in the dry season, respectively.

Fig. 3. Distributions of TA, DIC, and Chl a along the salinity gradient, for the wet (a–c), and dry (d–f) seasons. Red lines in (a, b, d) and (e) represent
the two-endmember conservative mixing lines. The gray squares represent river-dominated regions, the yellow triangles are the mangrove-dominated
regions, and the blue dots the marine-dominated areas.

Fig. 4. Distribution of pCO2 along the salinity gradient for the wet (a) and dry (b) seasons. Black dotted line indicates the conservative mixing,
red dashed line is the atmospheric value. Colored by the clusters. Notice the different y scales.
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In the rainy season, the deviation from the conservative
mixing line for this season can be noticed more clearly in the
marine-dominated areas. In contrast, during the dry season,
TA and DIC distribution against salinity were nearer the con-
servative mixing line, with deviations found mostly in the
mangrove-dominated regions, as observed in Fig. 3.

Overall, the delta was undersaturated in oxygen with respect
to the atmosphere, but usually above 50%, however some few
points exhibited values close to hypoxia. In both seasons, Chl
a values dropped with a salinity increase, and, thus, Chl
a values were lower during the dry season (4.96 � 5.37 μg L�1),
mainly in the marine and mangrove-dominated waters.
The river-dominated region was, in both seasons, the area
with maximum Chl a levels (dry: 11.71 � 6.95 μg L�1; wet:
8.97 � 0.82 μg L�1).

pCO2 and water-atmosphere CO2 fluxes variability
Large spatial and seasonal variation in surface pCO2 was

observed within the deltaic system (p-value < 0.05), with
values ranging from 406 to 7895 μatm (Fig. 2). In both sea-
sons, surface pCO2 was much higher in mangrove-dominated
areas (dry: 736 � 107 μatm; wet: 5157 � 1256 μatm) than the
other sampled areas. The lowest pCO2 average was found in
the marine-dominated regions (Supporting Information
Table S1). In general, high values were associated with fresh-
water zones, and decreased with salinity. Indeed, in both sea-
sons pCO2 was significantly and negative correlated with
salinity, and was, on average, almost four times higher during
the wet season (2006 � 1563 μatm) compared to the dry sea-
son (527 � 113 μatm). The majority of pCO2 values remained
above the conservative mixing line (Fig. 4).

Due to no consensus of the best k-wind speed parametriza-
tion, in this study we used three different parameterizations,
two of which are suitable for estuarine systems and one for
open ocean waters. The use of three parametrizations gave
us a large range of estimates. For this study, we used the average
of these values. Overall, wind speed ranged from 0.32 to
14.98 m s�1 during the wet period, with direction predomi-
nantly from N and NE. Winds were slightly weaker during the
dry period (4.28 � 2.40 m s�1) compared to the wet period
(5.79 � 2.51 m s�1). There was significant spatial variability in
the wind speed (p-value < 0.05). The mangrove-dominated
regions presented the lowest mean wind velocity in both periods
(dry = 3.03 � 1.43 m s�1; wet = 4.06 � 2.23 m s�1), compared
to the marine-dominated regions (dry = 4.36 � 2.39 m s�1;
wet = 5.96 � 2.11 m s�1), and the river-dominated area
(dry = 5.46 � 2.71 m s�1; wet = 6.53 � 3.28 m s�1). The gas
transfer velocity ranged from 0.69 to 245.25 cm.h�1 over the
sampling campaigns. Following the seasonal changes observed
in the wind speed, the gas transfer velocities were lower
during the dry season (11.58 � 12.32 cm h�1) compared to the
wet season (17.41 � 15.90 cm h�1). During both seasons, the
highest values were found along the river dominated regions,
and the lowest in the mangrove-dominated areas (Table 1).

The average flux of CO2 using the three models ranged
from 2 to 1494 mmol C m�2 d�1 in the rainy season, and from
�2 to 119 mmol C m�2 d�1 in the dry season. The great
majority of values were positive, indicating that the delta was
mostly oversaturated in CO2 in relation to the atmosphere
(pCO2atm average = 410 μatm), and the systems is an overall
source of CO2 to the atmosphere. The negative values were
restricted to the areas with high salinity. The large spatial variabil-
ity found in pCO2 values and wind speed was reflected in the
fluxes, resulting in a high standard deviation (Supporting Informa-
tion Fig. S3). There was significant seasonal and spatial variability
for the fluxes (p-value < 0.005). Averaged fluxes were approxi-
mately 20 times lower in the dry season (9 � 11 mol m�2 d�1)
than during the rainy season (210 � 251 mmol m�2 d�1). The
mangrove-dominated areas were a stronger source of CO2 in the
rainy season (434 � 290 mmol m�2 d�1) and a moderate source
during the dry season (22 � 13 mmol m�2 d�1). In contrast, the
marine-dominated regions had the lowest values of fluxes in the
wet season (100 � 90 mmol m�2 d�1) and in the dry season
(5 � 7 mmol m�2 d�1). The river-dominated region was a stronger
source of CO2 during the rainy season (410 � 336 mmol m�2 d�1)
when compared to the dry season (11 � 11 mmol m�2 d�1).

Discussion
Spatial–temporal variability of TA and DIC

Salinity plays an important role in the spatial and seasonal
variability of the carbonate system in the PRD. During the
rainy period, when river discharge is high, the salinity gradi-
ent extended toward the platform. The oceanic waters adja-
cent to the delta present typical values of salinity close to
36 (da Silva et al. 2015; Carvalho et al. 2017), but our maximal
measured salinity in the wet period was 33.5. The fraction of
freshwater, estimated following Bianchi (2007), was 99% at
the river-dominated waters, 90% at the mangrove-dominated
and 21% at the marine-dominated regions during the wet sea-
son. This is a general estimate, using the salinity average
values, and can be subject to errors, as there are other factors
involved, such as the tide variability. A better evaluation of
the freshwater contribution in the PRD is an important topic
to be assessed in future studies. Nevertheless, our estimate sug-
gests that, currently, the estuarine region occupies an exten-
sive area of the Delta. The freshwater input can come from the
connecting channel, surface runoff or from small rivers that
drain into this system (da Silva et al. 2015; Smith et al. 2021).

In opposition, during the dry period, with reduced river
flow and runoff, high salinity waters are spread in all the com-
partments of the PRD (Fig. 2). The freshwater fraction was
reduced, especially at the marine-dominated regions (5%), but
it was still high at the river-dominated waters (97%), and at
the mangrove-dominated ones (93%). The salinity gradient
was found approaching the mouth of the main channel and
in the secondary channel connecting the delta to the coastal
embayment. There is a relationship between rainfall and the
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river discharge, but it was observed in other studies that
the discharge does not reach values bellow 261 m3 s�1 in the
dry season, probably due to its regulation by the Boa
Esperança reservoir upstream (da Silva et al. 2015), and may
explain the low salinities in the main river channel. Further-
more, the water from lateral diffusion coming from the huge
mangrove forest (Supporting Information Fig. S4) and dunes
can also contribute to the low salinity in the mangrove-
dominated channel (Dias et al. 2016). This lateral diffusion
refers to the water that leaves the mangrove forest during ebb
tide, related to the hydrodynamics of the mangrove forest, the
rainfall, and driven by the tidal variability and exchange with
porewater, also known as tidal pumping (Ovalle et al. 1990;
Stieglitz et al. 2013; Call et al. 2019).

The two endmembers mixing model is commonly used to
examine if there is significant production or consumption of
organic and inorganic carbon species along the land-ocean
aquatic continuum throughout the deviation from the conser-
vative mixing behavior. The significant correlations between
DIC, TA and salinity in both seasons suggest a high influence
of the mixing processes, as some sampled stations followed
nearly the conservative lines (Fig. 3). However, certain stations
presented deviation above the conservative trend, evidencing
an addition of DIC and TA in the estuary, possibly reflecting
the biogeochemical processes caused by the tidal pumping
processes in the large mangrove forest area of the delta. The
interstitial waters, which are enriched in DIC, TA, greenhouse
gases, and other compounds as the result of aerobic and anaer-
obic organic matter degradation that occur in mangrove soils,
are then transported from the mangrove creeks to estuarine
and continental shelf waters (Bouillon et al. 2005; Maher
et al. 2015; Sippo et al. 2016).

The deviations from conservative mixing lines of TA (ΔTA)
as a function of DIC (ΔDIC) can tell us about the main diage-
netic processes taking place during organic matter degradation
in mangroves that contribute to alkalinity generation (Borges
et al. 2003; Bouillon et al. 2005). The relationship between ΔTA
and ΔDIC found in the PRD, indicates a combination of aero-
bic and anaerobic sulfate reduction and denitrification as the
diagenetic pathways of the processes of organic matter degrada-
tion, producing TA and DIC (Fig. 5), which is consistent with
other mangrove-dominated estuaries (Borges et al. 2003; Bouil-
lon et al. 2007; Cotovicz et al. 2020b; Reithmaier et al. 2020;
Santos et al. 2021). The low concentrations of total nitrogen
(TN) in PDR, available only in the main river channel
(0.47 � 0.11 mg L�1, Paula Filho et al. 2020), indicates that the
denitrification is probably a minor pathway of TA production,
as observed in other pristine mangrove creeks (Maher
et al. 2015). It is suggested that the production of DIC and TA,
and consequent outwelling of carbon by mangrove tidal creeks,
with later ocean storage, may represent an important fraction
of the blue carbon sequestration with a potential significance
in global carbon budgets (Call et al. 2014; Santos et al. 2021).
Indeed, �50% of the carbon fixed by mangroves are not

accounted for (Bouillon et al. 2008), but recent studies hypoth-
esized that the outwelling of DIC can explain a major part of
this “missing mangrove carbon” (Maher et al. 2018; Santos
et al. 2021).

Some stations, mainly in the dry season, presented devia-
tion below the conservative mixing (negative values; Fig. 3).
This suggests that process of reoxidation might be occurring
in certain regions of the delta, i.e., the TA and DIC are being
consumed due to sulfide reoxidation (Cotovicz et al. 2021).
Sulfate reduction is a process which generates TA, however
most of the sulfide produced is reoxidized, resulting in an
alkalinity consumption (Middelburg et al. 2020). A net gain
of TA occurs only if the sulfate reduction is coupled to pro-
cesses that consume permanently the reduced compounds,
like the pyrite formation (Middelburg et al. 2020; Reithmaier
et al. 2020). Indeed, pyrite stocks were correlated to TA export
in mangrove tidal creeks (Reithmaier et al. 2020). In Fig. 3, it
is possible to see that these negative values are restricted to
high salinity areas, which are more oxygenated (Supporting
Information Table S1). Therefore, not all DIC and TA pro-
duced in the mangroves of the delta are being exported, as a
part seems to be reoxidized.

Drivers of pCO2 variability
The pCO2 distribution along the salinity gradient displayed

in Fig. 4 represents the distinct spatial and seasonal variations
in the PRD, suggesting that there are multiple factors influenc-
ing the carbon dynamics. The pCO2 measurements were well
above the conservative mixing curve, particularly in the low
salinity zones of the river-dominated region, and in the
mangrove-dominated areas. In the river-dominated waters,
the excess of CO2 can be attributed to the riverine-CO2 that
enters the estuary, especially during the high discharge season.
In fact, the contribution of riverine CO2 to the overall CO2

emission in the main channel was estimated to be around
75% in the rainy season. Freshwater runoff from rivers is an
important source of CO2 in estuaries and can contribute on
average to 10% of total estuarine emissions (Abril and Bor-
ges 2005), or more (Rosentreter et al. 2018b). The freshwater
influence was also observed in other tropical deltas, such as
the Mekong and Guayas, which presented higher values of
pCO2 in the inner areas of the estuary during the high dis-
charge season (Borges et al. 2018; Belliard et al. 2022).

In contrast, in the dry season, the pCO2 in the river-
dominated waters was much lower, and the contribution of
riverine-CO2 was around 45% of the total CO2 estuarine emis-
sions. This reduction could be associated with enhanced phy-
toplankton primary production, as the Chl a values were
higher in the dry season in this area (11.71 � 6.95 μg/L). In
the Mekong Delta, the authors associated the decrease in the
pCO2 values of the inner estuary with a reduction of the resi-
dence time in the low water season, which favored the growth
of freshwater phytoplankton (Borges et al. 2018). Furthermore,
the more saline conditions during dry season explained the
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low values in the delta. Previous study showed that adjacent
shelf waters present typical values of pCO2 around 400 μatm
(Carvalho et al. 2017). Moreover, undersaturated conditions
relative to atmospheric equilibrium were observed only at the
main river mouth and in a portion of marine-dominated
waters (Fig. 4) during the dry season. This could be caused by
the more intense marine intrusion, the thermodynamic equili-
bration during the mixing of fresh and seawater, and by the
biological uptake (Cotovicz et al. 2020a; Abril et al. 2021).

Although mangroves are an important blue carbon envi-
ronment, mangrove dominated waters usually have CO2 con-
centrations highly above than the estuary associated (Borges
et al. 2003). In the PRD, the mean pCO2 values observed in the
mangrove-dominated waters are within the range reported in
other mangrove systems in the world (Bouillon et al. 2007;
Akhand et al. 2016; Rosentreter et al. 2018a; Call et al. 2019;
Cotovicz et al. 2020a; Belliard et al. 2022). Maximum pCO2

values were found along these areas, fairly exceeding the values
calculated by the mixing curve, in both seasons (Fig. 4). The
presence of processes that add CO2 in the system through the
mangrove tidal pumping (Jeffrey et al. 2018; Call et al. 2019),
the intense mineralization of organic matter from autochtho-
nous and allochthonous sources (Borges et al. 2018) and the het-
erotrophic processes related to the high availability of
mangrove-derived organic matter, during the rainy season, could
sustain these elevated levels of pCO2 (Borges and Abril 2010).

In opposition, during the dry season, the significant reduc-
tion of the pCO2 levels in the mangrove-dominated areas can
be related foremostly to the intrusion of seawater. The PRD is
a distinct delta that has gone through a lob switching process
(Smith et al. 2021). Its western part, where we find the large
bays and multiple mangrove creeks, is almost independent of
the river (da Silva et al. 2015), and its format can favor the

seawater intrusion, significantly reducing the pCO2 values
(Borges et al. 2018). This reduction is also observed in other
mangrove-dominated systems, such as the large Sundarbans,
where there is a predominance of the waters from the Bay of
Bengal, with low pCO2 and high buffering capacity (Akhand
et al. 2021a). The TA : DIC ratio in the PRD, used to give infor-
mation regarding the buffering capacity of seawater was, on
average, close to or below 1 in river and in mangrove-
dominated waters indicating a low buffering capacity in these
regions associated with low pH (Egleston et al. 2010). Overall,
rivers deliver more acidified waters (low TA : DIC and pH) to
estuaries (Borges and Abril 2010; Cai et al. 2021). By contrast,
in marine-dominated regions, the TA/DIC and pH values
increase as the result of the intrusion of well-buffered seawater
in the estuary, particularly in the bays (Supporting Informa-
tion Fig. S3).

There was a weak correlation of pCO2 and DO% during the
dry season (r2 = �0.55, p < 0.05), and a no significant correla-
tion during the rainy season (Supporting Information Fig. S4).
This kind of pattern can occur in some estuaries in regions
dominated by mangrove influence (Akhand et al. 2016;
Cotovicz et al. 2020a), distinguishing from other ecosystems,
where the regulation of pCO2 levels is primarily controlled
by planktonic organic matter production and respiration
(Cotovicz Jr et al. 2015). This suggests that, although the
aerobic organic matter respiration in the PRD is an impor-
tant source of CO2, the excess CO2 is also likely related to
the anaerobic bacterial metabolism in water and sedi-
ments (Hamilton et al. 1995), such as the sulfate reduction
and denitrification, in mangrove tidal creeks (Borges and
Abril 2010).

The Chl a values in the PRD indicate the importance of pri-
mary productivity. The higher values observed along the main

Fig. 5. ΔTA vs. ΔDIC for the (a) wet and (b) dry season. Dotted black lines indicate the stoichiometry of the main processes that influence alkalinity
and DIC: (1) aerobic respiration, (2) carbonate dissolution, (3) iron reduction, (4) manganese reduction, (5) sulfate reduction, and (6) denitrification,
which were calculated according to Middelburg et al. (2020).
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channel, particularly during the dry season, may be supported
by the availability of nutrients, as seen in another part of the
PRD (dos Santos Costa and Cutrim 2021). However, despite
some high values of Chl a observed in the PRD, the values of
pCO2 remained largely oversaturated and no correlation was
observed between Chl a and pCO2. This confirms that the pro-
duction and export of CO2 by the heterotrophic metabolism
is much stronger than the autotrophic CO2 uptake. The
marine and mangrove-dominated regions had lower Chl
a values, particularly during the dry season, as these areas were
strongly influenced by the intrusion of oligotrophic seawater
with low Chl a values.

The PRD is a unique environment composed by distinct
ecosystems. In both seasons, the areas sampled were statisti-
cally different regarding the parameters that constitute the
carbon cycle. These differences indicated that the pCO2 vari-
ability and fluxes are controlled by combining factors, as
shown in the PCA in Fig. 6. In both seasons, the PCA returned
two PCs that account for more than 70% of the data variance.
The loadings from the PCA clearly illustrate the processes and
spatial distribution of the stations. The river-dominated waters
presented more influence by Chl a and temperature, but as
freshwaters exhibited lower TA and DIC. This result is consis-
tent with previous studies of tropical river estuaries in Brazil,
which have found that the river endmember tends to be
poorly buffered (Cotovicz et al. 2020b). In the mangrove-
dominated regions, the high pCO2 showed the importance of
the lateral residual fluxes, which increase the TA, DIC, and
pCO2 via the exchange with porewater (Maher et al. 2015),
and are strongly dependent on the huge mangrove forest
area (Alongi and Brinkman 2011). In the marine-dominated
areas, an increase in DO%, TA and DIC was observed as
pCO2 decreased, representing a seawater domain with high
buffering capacity. During the dry season, all parameters were
influenced and diluted by the intense seawater intrusion.

The CO2 emissions in a global context
Estuarine systems and mangrove-dominated waters are,

mainly, sources of CO2 to the atmosphere, and significant in
regional and global carbon budgets (Chen et al. 2013; Laruelle
et al. 2013). However, the deltaic estuarine system of the
Parnaíba river presents a huge spatial, ecological, and bio-
geochemical complexity compared to typical estuaries. There-
fore, generalizations must be considered with caution. The
supersaturated levels of CO2 in surface water with respect
to the atmospheric levels showed the PRD as a strong
annual source of CO2. The average flux in the rainy season
(210 � 251 mmol m�2 d�1) is one of the largest fluxes found
in estuaries around the world (Chen et al. 2013) and
was highly above (four-fold higher) the global average
CO2 emissions from mangrove-dominated estuaries in the
region between 0 and 23.5�S (52.1 � 16.1 mmol m�2 d�1;
Rosentreter et al. 2018a), and also three-fold higher than
the most recent global estimate at 75.4 mmol m�2 y�1

(Call et al. 2019). However, the average CO2 flux in the dry
season (9 � 11 mmol m�2 d�1) is 20 times lower than the
average of the rainy season.

The regions dominated by mangroves exhibited the highest
fluxes, as expected in mangrove-dominated channels in rela-
tion to the associated estuary (Borges et al. 2003). The esti-
mated mangrove area in the delta is �1500 km2, accounting
for roughly 1% of the global mangrove forest area (Giri
et al. 2011). Based on this area and the fluxes in the mangrove
channels, we can extrapolate that the PRD emits �0.34
Tg C yr�1 annually, which corresponds to 1% of the global
emissions from mangrove systems (34.3 Tg C yr�1; Rosentreter
et al. 2018a). During the rainy season, this contribution
increases to about 2.7%, as the emissions from the mangrove
area in the delta reach 0.94 Tg C yr�1. These estimates were
obtained using seasonal weighted averages, considering �121
rainy days per year and 244 dry days per year (Supporting

Fig. 6. PCA for rainy (a) and dry (b) seasons based on the discrete sampled stations, divided in high salinity areas (blue dots), mangrove-dominated
(yellow triangles) and river-dominated waters (gray squares).
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Information Fig. S1). However, it is important to note that this
annual estimate may overestimate or underestimate the fluxes,
as this study did not consider different tide regimes or transi-
tional seasons. In addition, the CO2 emissions from mangrove
soil are not included in our estimate. Still, since CO2 fluxes
from these sediments are similar to fluxes from mangrove
waters (Bouillon et al. 2008), this would not significantly
influence our estimate.

The marked seasonal variability of fluxes found in the PRD
was also found in other estuarine systems (Jiang et al. 2008;
Sarma et al. 2012; Akhand et al. 2016; Rosentreter et al. 2018a,
2018b; Cotovicz et al. 2020a; Akhand et al. 2021a, 2021b),
and it is mostly related to the seasonality of the saline intru-
sion and the freshwater discharge. Riverine-CO2 may contrib-
ute largely to estuarine CO2, mainly in those estuaries
associated with large discharge rates and low residence times
(Joesoef et al. 2015; Rosentreter et al. 2018b). River-dominated
estuaries are usually stronger sources of CO2 due to the
entrance of this allochthonous river CO2 (Jiang et al. 2008), as
it was observed in the main channel of the river and two
creeks of PRD by Chielle et al. (2023). But the seasonal aug-
ment of the marine intrusion and the reduced river water sup-
ply can significantly change the carbon dynamics and the
CO2 efflux along the delta. Seawater with high carbonated
buffering capacity could restrain the effect of pCO2 generated
in the mangroves and lower the CO2 emission (Akhand
et al. 2021a, 2021b).

Projections point to the intensification of droughts, rising
sea levels, and warming as a consequence of climate change
on the northeastern coast of Brazil (Soares et al. 2021), which
are likely to increase the salinization of groundwater, surface
water, and soils (IPCC et al. 2019). The increase in aridity
worldwide together with anthropogenic pressure will nega-
tively impact ecosystems, altering their carbon dynamics
(Bauer et al. 2013; Regnier et al. 2013). Only few studies
accesses the carbon dynamics in arid and semi-arid environ-
ments (Leopold et al. 2017; Yao and Hu 2017; Marins
et al. 2023), but they mostly lack a seasonal focus. In these
systems, heating and evaporation have a strong additional
influence on water chemistry and dynamics (Dias et al. 2016;
Cavalcante et al. 2021). Studies have shown that the decreas-
ing freshwater inputs from rivers are related to low CO2 emis-
sions in estuarine and mangrove-dominated waters. This is
attributed to the low inputs of DIC (and CO2) from river
sources, as well as the limited lateral exchanges between man-
groves and estuarine waters during periods of low river flow
(Sarma et al. 2011, 2012; Cotovicz et al. 2020a; Akhand
et al. 2021a, 2021b; Belliard et al. 2022). Therefore, the signifi-
cant reduction of CO2 emissions in the PRD with the entrance
of seawater may represent a prognostic of what would happen
in some estuarine systems in a climate change scenario.

The PRD is a key environment in evaluating this kind of
change since it is a mostly preserved environment inserted in
an EPA, where the variability of natural factors, such as river

discharge and rainfall, are the main drivers of shoreline
changes (Ferreira et al. 2021). A trend of reduction in the
number of rainy days and precipitation in the coastal region
of NE Brazil (de Carvalho et al. 2020) together with a shoreline
retreat in the western part of the PRD (Ferreira et al. 2021) can
result in stronger seawater intrusion and significantly impact
the carbon dynamic in the delta, and potentially in other estu-
arine systems.

Conclusions
The PRD is the largest open sea delta in the Americas, a het-

erogeneous complex system with extensive mangrove forests,
a variety of channels, large bays and with a very extensive
estuarine area. Our data shows that the delta is a source of
CO2 to the atmosphere with well-marked spatial and seasonal
variability. Primary productivity, mineralization of organic
matter, river-ocean mixing, and carbonate thermodynamic
equilibrium are the main processes driving the pCO2 variabil-
ity in this system. The huge mangrove forest area contributes
with residual lateral fluxes and excess of TA and DIC to estua-
rine waters. The seasonality in the pCO2 values and CO2 emis-
sions indicate a strong control by the marine intrusion and
the river discharge. The high seawater intrusion in most chan-
nels of the delta promoted a significant decrease in the pCO2

values and increased the buffering capacity, reducing the CO2

degassing about 20-fold compared to the wet season. This may
highlight an important prognostic of sea level rise and the
reduction of precipitation and freshwater discharge in this
type of mangrove-dominated system. Therefore, the outlook
of aquatic CO2 emissions in the delta depends mainly on the
levels of freshwater discharge, the seawater intrusion in
the delta, and the maintenance of the mangrove forest. The
large variability between and within estuarine systems, and
the strong seasonal changes, highlight the importance of
improving our understanding of estuarine air-water CO2

fluxes, especially in highly heterogeneous tropical estuaries.

Data availability statement
The data that support the findings of this study are avail-

able by contacting the corresponding author, who will make
sure data is available under reasonable request.
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