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Introduction: This study investigated the variability and main drivers of the carbonate
system in Gayraca Bay and Chengue Bay, located on the northeastern Caribbean
coast of Colombia, through monthly measurements of partial pressure of CO, (pCO,),
pH, total alkalinity (TA), and dissolved inorganic carbon (DIC) from 2017 to 2022.
Statistical analyses and Taylor series decomposition were employed to determine the
seasonal and interannual contributions of sea surface temperature, salinity, TA, and
DIC to changes in pCO,, pH, and calcium carbonate saturation state (Q).

Results: The results showed significant seasonal variability influenced by annual
changes in coastal upwelling, rainfall, and river runoff. Low/high pH and Q values
were associated with high/low DIC and TA values during the dry and wet seasons,
respectively, while pCO, exhibited an opposite pattern. During El Nifio, negative
anomalies in coastal upwelling produced negative anomalies in pCO, and positive
anomalies in Q, DIC, and TA. Conversely, during La Nifia, alternating periods of
positive rainfall and upwelling anomalies were observed. Higher rainfall
corresponded to negative anomalies in pCO,, DIC, and TA and positive anomalies
in Q, whereas stronger upwelling led to opposite trends. In early 2022,
undersaturated levels of Qcalc and Qarag (<1) were observed, which could affect
coral calcification and pose risks in future climate change scenarios. Taylor series
decomposition analysis identified TA and DIC as primary drivers of carbonate system
variability, modulated by seasonal and interannual changes in rainfall and river runoff,
which are influenced by ENSO events. The observed trends in pH and pCO, were
driven by a decrease in DIC and TA, attributed to increased river runoff, contrasting
with typical ocean acidification trends driven by rising atmospheric CO, levels.

Discussion: This highlights the region's unique dynamics and underscores the
importance of local studies. This study provides a novel 6-year time-series dataset
for the carbonate system in the Colombian Caribbean, offering a valuable baseline
for assessing the impacts of global warming and ocean acidification in the region.

ocean acidification, upwelling, tropical oceans, coral reef areas, Caribbean surface
water, subtropical subsurface water, riverine input, ENSO
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1 Introduction

Ocean acidification (OA), a reduction in pH caused by the
absorption of atmospheric CO,, alters the carbonate balance (Feely
et al,, 2004; Orr et al., 2005; Fabry et al., 2008; Doney et al., 2009a).
Rising water temperatures and OA threaten the long-term health of
calcifying organisms and the persistence of coral reef ecosystems
(Silverman et al., 2009). In coastal zones and shallow environments,
OA is exacerbated by highly variable coastal processes influenced by
multiple factors, including freshwater and nutrient inputs,
biological processes, and upwelling (Doney et al., 2009a; Rheuban
et al,, 2019; Cai et al,, 2021; Wright-Fairbanks and Saba, 2022).
Despite their importance, the impacts of these factors have been
poorly studied in tropical areas, especially in Latin America.
Furthermore, the magnitude of the sinks and the degree of
acidification in marine shelf areas are not accurately known,
mainly due to limited time series and higher natural
spatiotemporal variability compared to that of open ocean
systems (Omar et al., 2019).

Carbonate chemistry variability in tropical areas caused by
seasonal upwelling has been observed in the Gulf of Papagayo
(Sanchez-Noguera et al., 2018), Gulf of Tehuantepec (Chapa-
Balcorta et al., 2015), and Galapagos Islands (Manzello et al,
2014). However, little is known regarding how regional upwelling
affects the variability of the carbonate system in these important
regions or the Caribbean. Indeed, few Latin American countries
with tropical coastal zones have produced robust time series with
high-quality data on carbonate system variables, although Mexico
(Hernandez-Ayon et al., 2003, 2013; Norzagaray-Lopez et al., 2013,
2015, 2017; Chapa-Balcorta et al., 2015), Costa Rica ( (Sanchez-
Noguera et al., 2018), and Brazil (Parard et al., 2010; Valerio et al.,
2021) are notable exceptions, and modeling information is available
for the region (Takahashi et al., 2002; Doney et al., 2009b; Gallego
et al., 2018; Gregor and Gruber, 2021).

In the northern Caribbean, a 17-year dataset was generated with
ships of opportunity, which has been used to evaluate decadal
trends and patterns of the inorganic carbon cycle and OA
(Wanninkhof et al., 2020). Gledhill et al. (2008) compiled satellite
data, modeling results, and measurements from ships of
opportunity and geochemical prospecting efforts in the Greater
Caribbean region, such as those conducted within the World Ocean
Circulation Experiment program (WOCE 22 and AROl) and
Eastern Boundary Current cruise (ABACO). Woosley et al. (2016)
evaluated a transect in the western Atlantic (centered at 66° W,
between 11° and 40° N) to analyze anthropogenic carbon capture
and storage. Astor et al., 2005, 2013) examined the variability of
DIC and CO, fugacity (fCO,) in the Cariaco Basin, off Venezuela.
Tigreros (2013) studied the north-central Colombian Caribbean
Sea, reporting that the average partial pressure of CO, (pCO,-sea)
was greater than the atmospheric partial pressure of CO, (pCO,-
atm). Given this difference, the system attains equilibrium by
releasing CO, into the atmosphere. Despite these advances,
uncertainty still surrounds the carbonate system in the
Caribbean region.
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The Tayrona National Natural Park (TNNP) is located within
the Southern Caribbean Upwelling System (Correa-Ramirez et al.,
2020), which covers the northern part of Colombia and Venezuela.
Upwelling and terrestrial runoft converge in the TNNP, resulting in
seasonal and interannual variability (Bayraktarov et al, 2014).
During the upwelling season, the region acts as a source of CO,
to the atmosphere (Astor et al.,, 2005). Interannual variability in
pCO, is positively related to sea surface temperature (SST), and low
but significant correlations between SST and the Atlantic Multi-
decadal Oscillation (AMO) and El Nifio Southern Oscillation
(ENSO) have also been identified (Astor et al., 2013). The TNNP
is representative of the biodiversity of the coral formations in
Colombia and provides habitats for many fish species and
benthic organisms.

Carbonate system drivers have been investigated worldwide
(Lovenduski et al., 2007; Doney et al., 2009b; Gallego et al., 2018;
Gregor and Gruber, 2021). Although multiple studies have
investigated these drivers in temperate regions (Rheuban et al,
2019; Da et al., 2021; Wright-Fairbanks and Saba, 2022), the drivers
behind the seasonal cycle and interannual variability have not been
documented in tropical zones, such as the Caribbean, where the sea
theoretically behaves as a CO, source (Takahashi et al., 2002). Thus,
this study aimed to understand the spatiotemporal variation of the
carbonate system in the TNNP, including the effects of local (river
runoff and seasonal upwelling) and regional (ENSO) drivers. This
survey provides a novel dataset (2017-2022) composed of monthly
data on the carbonate system and meteorological, hydrological, and
oceanographic variables for the northeastern Colombian Caribbean,
thus establishing a baseline to study the effects of global warming in
the region.

2 Methodology
2.1 Study area

This study was conducted in the Gayraca and Chengue Bays of
the TNNP (Figure 1), located within a coastal complex formed by
the entrance of the sea in the northwestern Sierra Nevada de Santa
Marta (Garzon-Ferreira et al., 2004). The continental shelf of the
TNNP is narrow, with depths of 200 m within 2 km from the coast.
The TNNP is a biodiversity hotspot in the Caribbean, hosting 500
1000 benthic species, including mollusks, echinoderms, corals, and
sponges (Miloslavich et al., 2010), as well as coral communities,
seagrass meadows, and mangrove ecosystems in its capes, inlets,
and bays (Bayraktarov and Wild, 2014). The western sides of the
bays are more exposed to wave action, with the more protected
eastern areas hosting complex and species-rich coral formations
dominated by massive colonies (Diaz et al, 2000). Coral and
crustose coralline algae coverage is higher in the exposed areas of
the bays than in the protected areas (Eidens et al., 2014).

From December to April (boreal winter) and July to
August (known as Veranillo de San Juan), periods of low
precipitation and trade wind intensification occur in the TNNP
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FIGURE 1

Map with bathymetric contours of the Gayraca and Chengue Bays in the Tayrona National Natural Park (TNNP). Triangles represent exposed areas,
while circles indicate sheltered areas (A). Climatological average of the sea surface temperature (SST, °C) for the Caribbean Sea in February (17 years,
2003-2019) (B). The black box shows the location of the study area in the continental Colombian Caribbean (northeastern Caribbean Coast of
Colombia). The red box indicates the location of the TNNP (C). The temperatures of the waters influenced by the Magdalena River and the Ciénaga

Grande de Santa Marta are also shown.

(Salzwedel and Miiller, 1983; Diaz-Pulido and Garzon-ferreira,
2002; Sarmiento-Devia et al., 2013; Correa-Ramirez et al., 2020).
Wind intensification results in La Guajira upwelling, which forms
part of the western South Caribbean Upwelling System (Figure 1B).
In the southeastern Caribbean, La Guajira upwelling raises cold
subsurface waters (average of 24-25.5°C; Correa-Ramirez et al,
2020) belonging to Subtropical Underwater (SUW) with distinct
biogeochemistry (Cervantes-Diaz et al., 2022) from those of the
surrounding Caribbean surface waters (average temperature of
26.5-28°C). A minor rainy season and weakened winds are
present from May to June (Sarmiento-Devia et al, 2013). The
highest precipitation due to the migration of the Intertropical
Convergence Zone (ITCZ) occurs from September to November.
This migration also alters wind intensity and intensifies terrestrial
runoff (Bayraktarov et al., 2014).

The mouth of the Magdalena River (Bocas de Ceniza and Boca de
la Ciénaga Grande de Santa Marta; Figure 1C) is located in the
southwestern region of the study area. The Magdalena River extends
1613 km, and its drainage basin covers 257.438 km® The Magdalena
River flows northward through Colombia and discharges into the
Caribbean Sea (annual discharge of 228 km?). According to data from
the Calamar station (112 km upstream), the average annual flow rate
of Magdalena River discharge is 7200 m>s™', with low average
discharge (4068 m>s™) in March and high average discharge
(10287 m’s™) in November (Restrepo and Kjerfve, 2000). ENSO
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affects the rainfall regime in the Colombian Andes (Poveda and Mesa,
1997), where the Magdalena River originates, and is strongly
associated with the interannual variability of Magdalena River
discharge. Precipitation increases when negative Oceanic Nifo
Index (ONI) anomalies are recorded in the Pacific Ocean (cold
phase-La Nifa), resulting in increased flow (Poveda and Mesa,
1996). When positive ONI anomalies are recorded (warm phase-El
Nifo), precipitation decreases, negatively affecting flow rates. The
ENSO phenomenon explains up to 65% of the interannual variability
in the flows of the main rivers in Colombia that discharge into the
Caribbean Sea (Restrepo and Kjerfve, 2000; Gutierrez and Dracup,
2001). The flow rates associated with negative ONI anomalies of the
La Nina phase exceed 12000 m>.s!, whereas the flow rates associated
with the positive ONI anomalies of the El Nifio phase range from
2000 to 3000 m>s™" (Restrepo and Kjerfve, 2000).

In addition to the Magdalena River (which enters this swampy
complex through channels on the western side), the Fundacion,
Aracataca, and Sevilla Rivers descend from the Sierra Nevada de
Santa Marta and discharge in the southern and eastern sides of the
Ciénaga Grande de Santa Marta lagoon. The flow through the
mouth of the Ciénaga Grande de Santa Marta, called Boca de la
Barra, ranges from 200 to 700 m*s™ throughout the year (Ricaurte-
Villota et al,, 2018). The contributions of continental water and
those from the Magdalena River primarily reach the study area
during the intense rainy season from September to November,
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when the northeast trade winds weaken and the coastal counter-
current strengthens (Pujos et al., 1986). Romero-Rodriguez et al.
(2017) also noted these patterns in the climatology of the
Magdalena River sediment plume extension in data from the
MODIS sensor (555-nm band).

2.2 Data collection and processing

To assess the spatiotemporal variation of the carbonate system
in the TNNP related to climatic and oceanographic forcings,
measurement stations were established in the exposed and
protected areas of the Gayraca and Chengue Bays (Figure 1C).
Field measurements were taken monthly between March and
November 2017, January and November 2018, March and
December 2019, February 2020 (due to the COVID-19
pandemic), October and December 2020, March and December
2021, and January and October 2022 and complemented with
satellite and ONI data.

2.2.1 Climatic and oceanographic forcing
To assess the forcings that influence the variability of the
carbonate system in the study area, we analyzed monthly
meteorological (wind and precipitation), hydrological (Magdalena
River flow rates), and oceanographic (SST, salinity, and dissolved
oxygen) data. Wind speed data from a point near the study area
(11° 30" N, 74° 15" W), which were also used to calculate the
upwelling index and monthly climatological analysis, were obtained
from the fifth-generation ERA-5 reanalysis dataset (Hersbach et al.,
2023) available on the Copernicus platform; these data have a
spatial resolution of 0.25° x 0.25° and an hourly temporal resolution.
We calculated the upwelling index, which considers the volume
of water transported per unit of time and distance along the coast, to
determine the contribution of upwelled water to the study area. We
followed the methodology of Bakun (1973) and calculated Ekman
transport as follows (Equation 1):

b

=2 (107 ==
Q.= (0% Q="

(10) (1)

where p is the air density (p = 1.2 kg:m?), f is the Coriolis
parameter (f), and 7, -7, are the wind stress components
calculated via the wind speed for each west-east (Q,) and north-
south (Q,) component (Equation 2). Monthly ERA-5 wind data
were used.

Ty = pCq VIE+V* U Ty = pCq VIE+V v (2)

where pa = 1025 kg:m” is the water density and C, is the drag
coefficient (C; = 1.4 x 107). Based on the results obtained for the
zonal and meridional Ekman transport (Qx and Qy), the upwelling
index was calculated for each month (2017-2022; Equation 3):

UI = —sin (0)Q, + cos (0)Q, (3)

theta (0) is the mean angle between the shoreline and the
equator (37.82°).
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The rainfall data for the study period were obtained from the
Institute of Hydrology, Meteorology, and Environmental Studies
(IDEAM)' Aeropuerto Siméon Bolivar station. The monthly flow
rates of the Magdalena River and its monthly climatological patterns,
which were used as an indicator of terrestrial runoff, were calculated
from the 2007-2022 time series of the IDEAM? Calamar station.

The annual SST cycle was derived from a 15-year time series (2007-
2022) of the Global Ocean OSTIA Sea Surface Temperature and Sea Ice
Analysis product (Good et al., 2020) obtained from the Copernicus
Marine Service (CMEMS)?, with a spatial resolution of 1/20° (~6 km)
and daily temporal resolution. The annual sea surface salinity (SSS) cycle
for 2007-2022 was obtained from the Global Ocean Physics Reanalysis
and Global Ocean Physics Analysis and Forecast products, also available
from the Copernicus Marine Service platform. This reanalysis had a
spatial resolution of 1/12° (~9 km) and daily temporal resolution.

To analyze temperature, salinity, and dissolved oxygen from 2018
onward, we used in situ measurements from a CTD system
(Conductivity, Temperature, Depth) composed of a CTD SBE
19Vplus unit (Sea-Bird Scientific, Bellevue, USA) equipped with
sensors for pressure (SBE-19P, initial accuracy + 0.1% of full-scale
range), temperature (SBE19plusV2, initial accuracy + 0.005°C),
conductivity (SeaCAT Profiler, initial accuracy + 0.0005 S/m), and
dissolved oxygen (SBE-43, initial accuracy + 2% of saturation). These
sensors were calibrated at SBE headquarters on multiple occasions:
November 2014, July 2017, December 2018, and September 2019.
The CTD data were post-processed according to standard practices
using Sea-Bird Data Processing software’. From temperature and
salinity data throughout the water column, we identified the water
masses in the study area during different climatic seasons by plotting
potential temperature against absolute salinity (©-SA diagram),
following the classifications proposed by Emery and Meincke
(1986); Giraldo (1994), and Hernandez-Guerra and Joyce (2000).
Dissolved oxygen was used as a water mass tracer.

To evaluate interannual changes related to ENSO, we used
ONI* data from 2017 to 2022 and compared them with the
deseasonalized standardized anomalies of carbonate system
variables for the exposed Gayraca site. Spearman correlations
(95% confidence) between the ONI and carbonate system variable
anomalies were calculated using Minitab v. 21.1.0.

2.2.2 Carbon biogeochemistry and saturation
state in the Tayrona National Natural Park

To study carbonate biogeochemistry, pH profiles (NBS scale)
from the surface to approximately 20 m were generated from the data
collected with the CTD fitted with a pH sensor (SBE-18, + 0.1 pH
stated accuracy achievable with frequent field calibrations). The on-
site sensor calibration followed the no. 18-1> application note for SBE

1 http://dhime.ideam.gov.co/atencionciudadano/
2 https://marine.copernicus.eu/
3 https://www.seabird.com/software

4 https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/

ensostuff/ONI_v5.php
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18, using three standard pH buffer solutions (pH 4.01, 7.00, and
10.00) provided by WTW, a division of Thermo Fisher Scientific.
This sensor was also calibrated at the SBE main facility in March
2017, July 2017, and December 2018. The NBS scale was utilized as
the CTD, and its calibration solutions are standardized for this scale.

Water samples were collected from the surface layer at each station
using 5-L Niskin bottles to measure pH, dissolved inorganic carbon
(DIC), and total alkalinity (TA) in the laboratory. Each sample was
transferred to a 40-ml amber borosilicate bottle with double septa and
fixed with 10 pl (i.e., the minimum recommended amount) of mercury
chloride (HgCl,) solution (Dickson et al., 2007). The samples were
refrigerated until arriving in the laboratory, where they were preserved
at 4°C for analysis. The DIC concentration was analyzed following the
coulometric method described by Johnson et al. (1987) with an
uncertainty of 3.0 pmolkg™ in the Oceanographic Research Institute
(IIO-UABC). Certified reference material (CRM AG Dickson, Scripps
Institution of Oceanography) was used to ensure accurate readings
(<0.15%). The reference material resulted in an average relative
difference of 2.2 + 1.1 umolkg™”, with a maximum of 4 umolkg"
(0.2% error), compared to the certified value. Meanwhile, TA was
measured using the open-cell potentiometric titration method at the
Marine Environmental Quality Laboratory (LabCAM) of the Institute
for Marine and Coastal Research (Bernal et al, 2021) with an
uncertainty of 4.0 umolkg’. The carbonate system variables
measured in situ were compared with meteorological, hydrological,
and oceanographic information to understand their influence on these
variables. Aragonite (Qurog) and calcite (Qcqc) saturation levels were
calculated with CO2sys v2.3xls (Lewis and Wallace, 1998), using
discrete measurements of SST, salinity, DIC, and TA (Orr et al,
2018). Additionally, the Millero constants were applied because they
are suitable for the NBS scale and coastal estuarine environments
(Millero, 2010), which are characterized by notable variations in
salinity driven by freshwater runoff.

2.2.3 Partial pressure of CO, and ocean-
atmosphere CO, fluxes

The pCO, data were measured in situ using a Pro-Oceanus CO,-
Pro probe (Bridgewater, Canada) at the surface and bottom in the
exposed and protected areas of each bay and compared with those
calculated by the couple DIC-TA using CO2sys_v2.3.xls (Lewis and
Wallace, 1998). This dataset initially showed similar values; however,
by the end of the record (2022), the measured values diverged from
the calculated values in both magnitude and trend. As a result, the
calculated values were chosen for analysis. These discrepancies may
have been caused by sensor drift or calibration errors over time.
Additionally, factors, such as debris o water pollution, could have
impacted the in situ pCO, measurements. The wind speed in each
area was measured in situ on each side of each bay using a GM816
BENETCH digital handheld anemometer (Palo Alto, USA), which
also measured air temperature.

The CO, flux in the ocean-atmosphere interface (FCO,) was
determined using the following equation:

5 https://www.seabird.com/asset-get.download.jsa?code=250995
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FCO, = K, x K,, x (pCOy’ — pCO5™ (4)

where K, is the CO, solubility coefficient in seawater (mol L atm™);
determined according to (Weiss, 1974) as a function of SST (°K) and SSS;
Kw is the gas transfer velocity (cm hour™), calculated using the equation
of Wanninkhof (2014); pCO,™ is the pCO, at the surface (measured in
this study); and pCO,*™ is the pCO, in the atmosphere, which was
obtained from the Ragged Point measuring station (Barbados) of the
Earth System Research Laboratories of the NOAA Global Monitoring
Network (Lan et al., 2024). This station was the closest to the study area
and exhibited similar conditions to those in the Caribbean. A positive
FCO, value indicates that more CO, is present in the ocean than in the
atmosphere. Under these conditions, the ocean acts as a CO, source. In
contrast, negative values indicate that more CO, is present in the
atmosphere than in the ocean, with the ocean acting as a CO, sink.

2.2.4 Underlying drivers of the carbonate system

To determine the main underlying drivers of the pCO,, pH, and
Q variability in the study area, a first-order Taylor series
decomposition method was used for pCO,, pH, and Qarag>
considering the influence of temperature (T), salinity (S), DIC,
and TA. This type of decomposition has been used in other marine
carbonate system studies (Lovenduski et al., 2007; Doney et al,
2009b; Gallego et al., 2018; Wright-Fairbanks and Saba, 2022).

The interannual and seasonal surface-water anomalies for any
variable X’ (ApCO,’, ApH'and AQarag’) can also be expanded
linearly for all variables under consideration:

0pCO, ., 0pCO, ,  9pCO, /, 9pCO, /
ApCO,' = T S DIC TA
PE == Y sy D Topic ™ Toma !
(5)
where
0pCO; , _ 9pCO, , ~ 9pCO, , 9pCO, .,
= DI TA 6
S s St pic PICsr o s ©
JpH opH opH pH
’_ i l i ’
ApH _BTT+BSFWS+BDIC nDIC+aALK TA" (7)
where
opH ., OJpH JpH , OpH ,
= DI TA 8
a5 S T s St apic Pt M ®
20 00 00N 200 /
!l _ il ! ot ! o ! _ o
AQppeg ' = aTT +aSFWS + SDIC nDIC" + 5 Al nTA (9)
where
0, 00 00, 00
amg ! — amg vl amg DI ! amg TA/ 1
Sy 5s >t apic PICt g, AL (10

In addition, freshwater precipitation and evaporation drive
correlated variations in surface water DIC” and TA’, which have
opposite effects on pCO,. To remove this effect, we use the modified
method of Lovenduski et al. (2007), normalizing DIC and TA by
salinity (nDIC and nTA, respectively), using (Equation 11), with
average salinity represented by Sal.¢
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DIC/TAy,

nDIC/nTA =
Salspl

x Sal.s (11)

The monthly anomaly of the variable after removing the mean
monthly climatology (Xo; i.e., mean January or mean February), given
by X'= X - X,, was used to evaluate change on the interannual time
scale. The partial derivative Sgy corresponds to the freshwater driver
that includes the direct effect of changes in salinity on pCO,, pH, and
Qarag and the indirect effect caused by changes in surface DIC and TA
(Lovenduski et al., 2007; Doney et al., 2009b; Hauri et al., 2013;
Franco et al., 2021). To calculate the partial derivatives, we used the
derived routine for CO2SYS-MATLAB (Orr et al., 2018).

Instead of using the deseasonalized series for the seasonal
analysis, monthly averages were calculated, and the difference
between these and the total average (seasonal amplitude)
was used.

Finally, we evaluated differences in conditions between the
Gayraca and Chengue Bays and between exposed and sheltered
stations with a non-parametric Mann-Whitney test in Minitab
v21.1.0. No significant differences were present between the exposed
and protected areas of each bay or between the Gayraca and
Chengue Bays (see Supplementary Material). Both sites displayed
similar patterns; thus, we only describe Gayraca Bay in this
study. The results for Chengue Bay can be found in the
supplementary material.

10.3389/fmars.2024.1305542

3 Results

3.1 Climatic and oceanographic forcing

Contrasting annual patterns in wind and rainfall were observed.
The highest wind speeds (until 12 m-s™') and minimal rainfall
(~0 mm) were recorded in the first three months of the year
related to the intensification of the northeast trade winds between
December and March, with seasonal upwelling decreasing
temperature (Figure 2A). From September to November, the
winds relaxed, and the northward shift in the ITCZ enhanced
precipitation, decreased salinity (~33 PSU; Figure 2B), and
increased SST. The intensification in rainfall increased Magdalena
River discharge (a proxy for terrestrial runoff; Figure 2C), with the
freshwater contribution resulting in biogeochemical changes in
the area.

During the study period, a weak La Nifa (2017-2018) evolved
into a weak El Nifio (2018-2019), followed by a moderate La Nifia
(2020-2022). The upwelling index indicated that upwelling
conditions were present throughout much of the year, with
weakening in the wet season and strengthening in the dry season
(first three months of the year; Figure 3A). Upwelling and rainfall
exhibited interannual changes related to ENSO conditions
(Figure 3B), with an intensification of upwelling and negative
anomalies in rainfall coinciding with the weak El Nifo. During

A B
14 30 180 37.0
—&— Wind —e— Temperature 160 —v— Rainfall  —a— Salinity s
12 % - 140 ’
< s & £ 120 36.0
g 10 g E 100 355 2
2 78 s ® 350 L
o - 8 P
c 8 -3 £ 60 @
H 345
= % £ K] 0 »
. 34.0
° 25 20
0 335
il irizeansa O G ELiizomxig B0
522283328528 §38%3532538%238
Month Month
C 11000
:',w 10000 —#— Magdalena river flow
E
= 9000
2
‘g 8000
2
7000
o
&
2 6000
T
2 5000
=
4000
S 2 55 %53 28838
S2P=<23>280248
Month

FIGURE 2

Description of the seasonal cycle of wind (m-s™*) and sea surface temperature (SST, °C) (A), precipitation (mm) and salinity (UPS) (B), and Magdalena
River discharge (m*s) (C) for a location near the study area (11° 30 N, 74° 15~ W)
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FIGURE 3

Upwelling index (Ul) in the Tayrona National Natural Park (TNNP) and accumulated monthly rainfall at the Aeropuerto Simon Bolivar station between
March 2017 and October 2022 (A). Deseasonalized anomalies of Ul and rainfall over the study period (B). Light gray bars indicate La Nifia, and dark

gray bars indicate El Nifio conditions.

La Nifa periods, the strongest negative upwelling anomalies were
observed along with positive rainfall anomalies.

In situ data of temperature and salinity revealed significant
seasonal variations linked to changes in upwelling intensity and
river runoff, associated with the presence of different water masses
(Figure 4). During the dry season when upwelling was strongest, the
lowest SST values were recorded (24-25°C), and modified
Subtropical Underwater (SUWm) predominated, characterized by
SA > 36.6 g kg’ and © ~22-23°C (Giraldo, 1994; Hernandez-
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Guerra and Joyce, 2000). During the rainy season, warmer waters
were present in the study area with features similar to Caribbean
Surface Water (CSW, SA ~35.5 gkg'' and © ~28-30°C;
(Hernandez-Guerra and Joyce, 2000). The water column showed
minimal vertical variation in temperature, salinity, and dissolved
oxygen, indicating uniform mixing (refer to Supplementary
Material). However, the T-S mix data from different years
revealed variations due to the impact of surface freshwater inputs
and/or water masses (Figure 4) (CSW and SUWm).
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3.2 Carbon biogeochemistry and saturation
state in the Tayrona National Natural Park

No vertical variability was present in the parameters because of
the well-mixed water column. Therefore, we only describe surface
patterns. The average, maximum, and minimum values are shown
in Table 1. The differences in environmental conditions between the
dry (enhance upwelling) and wet (increase river runoff) seasons
were reflected in the differences in the carbonate system variables.
The seasonal carbonate system climatologies showed low SST and
pH, but high SSS, DO, DIC, and TA values during the upwelling
season (dry conditions) and the opposite in the wet season
(Figure 5A). Associated with the low rainfall period of Veranillo
de San Juan, low SST; pH values below 8.1; high SSS, DIC and TA
values; and low DO were observed in June, earlier than expected
(July to August).

The time series showed high interannual variability, with SST
and SSS consistently exhibiting opposite behavior, marking the
changes between dry and wet conditions. During periods of higher
SST and lower SSS, lower DO values and higher pH levels were
observed, associated with increased terrestrial runoff. As expected,
DIC and TA followed a pattern similar to that of SSS, especially in
the protected area of Gayraca Bay (Figure 5B).

The water masses observed in the study area exhibited
characteristic DIC, TA, pH, and DO signatures, with lower pH

(7.73-8.06) and higher DIC (2082-2122 umolkg ), TA (2316 -
2433 pmolkg ), and DO (4.19 - 4.39 ml-L™") values associated with
SUWm, while higher pH (8.11-8.41) and lower DIC (1799-1990
umol-kg™), TA (2032-2172 umol-kg ™), and DO (3.50 - 4.22 ml-L™")
values were associated with CSW (Table 2).

During 2018 and 2019, the water samples were classified as
neither SUW nor CSW, although the values were close to those of
SUW, with low pH and high DIC values. Meanwhile, in July and
Qctober 2021, a water mass with characteristics close to those of
CSW was observed with high pH, low DIC, and low DO, although
the DIC values were higher for October. Finally, in July 2022, no
specific water mass could be identified because DIC and pH were
low, while TA and DO were high.

The saturation values for Q. ranged from 0.34 to 9.98 (average of
4.90), while those for ., ranged from 0.23 to 6.63 (average of 3.35;
Figure 6). Both Qg and €, exhibited values<1 during February
2022 (0.80 and 0.53, respectively), indicating corrosive conditions for
calcium carbonate. These values coincided with waters of low pH
(7.99), high DIC (2109 umolkg'), and low TA (2069 umolkg™")
associated with the presence of mixing between SUWm and CSW.

The carbonate system variables showed a significant association
with ENSO (Figure 7). During the weak La Nifa event, anomalies
were predominantly positive for pCO, and DIC but negative or near
zero for TA and Q. In contrast, during the moderate La Nifia
event, the anomalies alternated, with pCO,, DIC and TA showing

TABLE 1 Descriptors of pH, dissolved inorganic carbon (DIC), total alkalinity (TA), sea surface temperature (SST), sea surface salinity (SSS), and
dissolved oxygen (DO).

Station Descriptor
Average 8.16 2043 2335 27.08 36.03 4.11
Gayraca exposed Max. 8.43 2122 2483 29.60 36.94 4.99
Min. 7.72 1719 2032 24.15 29.63 3.48
Average 8.14 2044 2350 27.12 35.99 4.10
Gayraca sheltered Max. 8.46 2147 2602 29.85 36.94 4.85
Min. 6.86 1770 2052 24.06 29.33 3.58
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predominantly negative values toward the end of the record, while
Qarag exhibited positive anomalies. Meanwhile, during the weak El

Nino event, pCO, anomalies were negative, whereas DIC, TA, and

Qg anomalies were predominantly positive. Conversely, pH

anomalies did not exhibit consistent patterns during La Nifia or

El Nifo events.

Frontiers in Marine Science

3.3 Partial pressure of CO,
carbon fluxes

and

Seasonally, the highest pCO, values were found in the dry season

when upwelling was active, while the lowest were in the season with

maximum rainfall and river runoft (Figure 8A). At the interannual
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TABLE 2 Values of dissolved inorganic carbon (DIC), total alkalinity (TA) and pH in relation to the water masses recorded for the characteristic months of
the climatic seasons in Gayraca Bay.

DIC TA oD

(umol-kg™) (pmol-kg™) (ml-LY Water Mass

Time (y-m)

2020_3 7.82 2105.76 2433.20 4.39 SUWm
2020_10 8.41 1841.45 2068.30 4.99 CcSw
2021_3 8.06 2121.70 2432.50 4.19 SUWm
2021_7 8.21 1989.76 2183.10 3.50 Close to CSW

2022_10

1799.00

2172.00

4.22

CcSw

Lines shaded with dark gray correspond to periods where a specific water mass could not be identified.

scale (Figure 8B), the lowest pCO, values, close to atmospheric
equilibrium (average of 411 patm for 2019) at the Ragged Point
station in Barbados (used as a reference in this study), were recorded
during the weak El Nifio event and in the second half of 2022,
corresponding to the moderate La Nifia period. Both periods were
characterized by negative upwelling anomalies (Figure 3). The second
period showed the lowest recorded values, with an average of 393
patm. In contrast, the highest values (mean of 610 patm) with higher
amplitudes (~400 patm) were observed during the weak La Nifa (late
2017-mid 2018) and during the middle of the moderate La Niia
(second half of 2021-first half of 2022).

The ocean-atmosphere CO, flux values (Figure 9) analyzed
between March 2017 and October 2022 were mostly positive. Thus,
the area acted as a source of CO,. The CO, fluxes were higher in the

exposed zone (mean 35.4 mmol-m>day") than in the protected
(mean 16.8 mmol-m’z-day'l) zone. Negative flux values (sink
behavior) were very small (close to zero) and were observed
mainly during the same periods of negative upwelling anomalies
explained above (Figure 3) (i.e., during the weak El Nifo and the
second half of 2022 [the moderate La Nifa period]).

3.4 Trends of carbonate system variables in
the Northeastern Colombian
Caribbean Coast

Despite the increasing trend in the CO, concentration at the
Ragged Point (Bermuda) station (Figure 10A), the carbonate system
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FIGURE 6
Calcium carbonate saturation state in Gayraca Bay: calcite (Qc,c) (A) and aragonite (Q,.5) (B). Light gray bars indicate La Nifia, and dark gray bars
indicate El Nifio conditions.
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FIGURE 7
Oceanic El Nifio Index (ONI) compared with partial pressure of CO,
(pCOy), pH, dissolved inorganic carbon (DIC), total alkalinity (TA),
and omega aragonite (Q,,4) anomalies during 2017-2022.

variables showed mainly a decreasing trend over the study period
(2017-2022) (Figure 10): pCO, (-0.5464 patm-y '), nDIC (-0.6828
;,Lmol~kg_1~y_1), DIC (-2.8685 umol-kg_l-y_l), and TA (-2.74
umolkg'y™") (Figures 10B, E, F and G, respectively). Only pH
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(Figure 10C) (0.0015) showed a slight increasing trend, while Qqqg
(-0.0008) and nTA (-0.0768 wmolkg '-y™') (Figures 10D, H)
showed minimal decreasing trends.

3.5 Underlying drivers of the
carbonate system

At the seasonal scale, we observed that TA was an important
driver of changes in pCO, (Figure 11A). This was observed mainly
in the dry season (December to April), although during February
and July, which are months with high upwelling activity, DIC
increased its positive effect on pCO,. In the wet season, the effect
was negative, which coincided with the relationship between DIC-
TA and SSS (see Supplementary Material). Also, SST exhibited an
important contribution: it was the second most important driver in
the dry season and the main driver at the end of the wet season
(October to November).

TA was an important driver of pH changes (Figure 11B),
although DIC and freshwater, includes the direct effect of salinity
changes due to freshwater input (Sgw) also exhibited important
contributions. DIC was the main driver in February, with its effect
increasing from May to July. Freshwater was the main driver of
change (positive effect) in pH during the wet season and in August.
Finally, the main driver of changes in Q.. was TA (Figure 11C),
with important negative contributions to DIC in February, June,
and July (dry season) and a positive contribution in March.

At the interannual scale, TA was the main driver of pCO,, pH,
and Qg changes (Figures 11D, E, F), with some periods where DIC
was the dominant driver. For pCO,, these two drivers had positive
effects at the beginning of the record and between mid-2021 and
2022. The contribution of Sgw to CO, increased at the end of the
record, between the end of 2020 and the end of 2022, which coincided
with a moderate La Nifia event. TA had a negative influence on pH at
the beginning of the record but a positive influence between the end
of 2020 and the middle of 2022. Finally, the contribution of TA to
pCO, was mainly negative at the beginning of the record, as well as
between the end of 2020 and mid- 2022.

4 Discussion

We analyzed the temporal variation of the TNNP carbonate
system from 2017 to 2022. Upwelling and fluvial runoff influenced
seasonal patterns, while interannual variability was modulated by
ENSO events. These factors alternated between marine and
estuarine conditions, shaping the chemistry of the carbonate
system in the study area. The results highlight the high variability
of oceanographic processes in coastal regions, emphasizing the need
for a holistic understanding of the system that considers chemical,
physical, and biological variables, as well as ocean-atmosphere
interactions to identify the underlying mechanisms.
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4.1 Seasonal variability of oceanographic
and biogeochemical conditions

The TNNP is a principal site for seasonal La Guajira upwelling
(Rueda-Roa and Muller-Karger, 2013). Alongshore winds during
the dry season (December to April) and Veranillo de San Juan (July)
result in an upwelling of a subsurface water mass (Sarmiento-Devia
et al., 2013; Herrera-Fajardo et al., 2017; Correa-Ramirez et al.,
2020, characterized by a low temperature and high salinity water
mass identified as modified Subtropical Underwater (Correa-
Ramirez et al., 2020). This water mass was associated with lower
pH values (average 8.0), high DIC, and high TA that resulted in
natural acidification conditions similar to those observed in other
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tropical upwelling regions, such as the Gulf of Papagayo (Sanchez-
Noguera et al., 2018) and Gulf of Tehuantepec (Chapa-Balcorta
et al, 2015). During the rainy season, when more river runoff was
observed from the Magdalena River and other nearby rivers
(September to November), pH values were higher (~8.2) than in
the dry season, reflecting mixing in the coastal zone (Carstensen
and Duarte, 2019). In this period, DIC and TA values were lower
due to freshwater dilution (Salisbury et al., 2009), which was
associated with increased river runoff due to more rainfall,
contributing to the formation of Caribbean surface water.
Cervantes-Diaz et al. (2022) reported similar results for the Gulf
of Mexico, observing low DIC values associated with this water
mass. The highest pH values (average pH of ~8.25) were recorded
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Ocean-atmosphere CO, fluxes in the exposed and protected areas of Gayraca Bay.
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Trends in atmospheric CO, records from the Ragged Point
measuring station (Barbados) (A), and the carbonate system
variables, partial pressure of CO, (pCO5) (B), pH (C), calcium
carbonate saturation state of aragonite (Q,r.4) (D), salinity-
normalized dissolved inorganic carbon (nDIC) (E), dissolved
inorganic carbon (DIC) (F), salinity-normalized total alkalinity (nTA)
(G), and total alkalinity (TA) (H) in the exposed and protected areas
of Gayraca Bay.

during transition periods (April and August), probably because
upwelling relaxed and freshwater inputs were low. The results of
this study also align with descriptions of other areas influenced by
fluvial inputs that modulate ocean chemistry, particularly DIC and
TA (Lefévre et al., 2014, 2021).
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The waters in the Gayraca and Chengue sites did not show the
typical salinity and temperature values for CSW and SUW, probably
due to changes due to evaporation and the influence of continental
runoff (Guerrero and Piola, 1997; Tomczak, 1999; Cervantes-Diaz
et al,, 2022). Similarly, diffusion, lateral mixing, currents, and their
fluctuations have been shown to modify salt and heat balances and
alter water mass characteristics (Guerrero and Piola, 1997).

The seasonal behavior of pCO, showed the highest values
during the dry season (December-March and June) coinciding
with the season of highest wind speeds, upwelling conditions,
lower SST, and higher DIC/TA. Hernandez-Ayon et al. (2013)
explained that upwelled water contains high concentrations of DIC,
leading to higher seawater pCO, than atmospheric pCO,, favoring a
positive ocean-to-atmosphere.

4.2 Interannual variability related to
ENSO events

The interannual variability patterns of the oceans are primarily
modulated by the main atmospheric and ocean-atmosphere climate
modes (Wang and Schimel, 2003). In the tropical Pacific, ENSO is
the most important force in marine physics and biogeochemistry
(Doney et al., 2009b). Also, the northeastern Colombian Caribbean
coast exhibited interannual variability related to contrasting
climatic conditions associated with ENSO events. River runoff,
including water from the Ciénaga Grande de Santa Marta and
Magdalena River, notably affects the oceanographic conditions of
the TNNP, which has been generally only associated with
upwelling. Nonetheless, river runoff inputs were a crucial
determinant of the conditions in the area during the study period,
which was evident due to the high rainfall recorded from 2017 to
2018 and from the end of 2020 to 2022 during La Nifia events. An
increase in river runoff during La Nifa has been observed in several
coastal areas adjacent to large rivers like the Magdalena River
(Restrepo and Kjerfve, 2000; Restrepo et al., 2006), such as those
adjacent to the Amazon and Congo Rivers (Lefevre et al., 2014,
2021; Ibanhez et al.,, 2015), with consequences for the
biogeochemistry of the nearby ocean (Bates and Hansell, 2004).

During El Niflo, a decrease in rainfall and negative upwelling
anomalies led to lower pCO, and a lower ocean-atmosphere CO,
flux, which agrees with the observations of Feely et al. (1999, 2002)
and Doney et al. (2009b) for the Pacific Ocean during El Nifo events.
These authors documented a strong correlation between the
reduction of the CO, flux into the atmosphere and the onset of El
Nifo. During this period, discrepancies between DIC/TA (high) and
pCO, (low) were observed, which arose primarily due to reduced
upwelling, which limits the influx of CO, into surface waters (Feely
et al,, 1999). This results in lower pCO; levels, even when DIC and
TA remain relatively high. Similarly, diminished CO,-rich terrestrial
runoff can contribute to this effect (Salisbury et al., 2009). Total
alkalinity and DIC generally increases during El Nifio due to changes
in water mass properties due increase evaporation (Feely et al., 1999;
Zeebe and Wolf-Gladrow, 2001). Elevated TA enhances the buffering
capacity of a system, moderating pH changes and altering carbonate
chemistry speciation (Sabine and Feely, 2007). This buffering can
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Factors driving seasonal variability in carbonate system variables, partial pressure of CO, (pCO,) (A), pH (B), and calcium carbonate saturation state of
aragonite (Q,raq) (C) in Gayraca Bay, corresponding to components of a Taylor series decomposition. Drivers of interannual variability in carbonate
system variables: pCO; (D), pH (E), and Q.4 (F). The contributions of sea surface temperature (black), freshwater (red), dissolved inorganic carbon

(DIC, green), and total alkalinity (TA, yellow) are shown.

reduce the fraction of DIC existing as CO,(aq) or pCO,, even with
higher overall carbon content. Additional influences include
biological activity and temperature effects on CO, solubility
(Takahashi et al., 2009).

During La Nifia events, greater variability in conditions was
observed related to increased river runoff and changes in upwelling
patterns. During the weak La Nina and in the middle of the moderate
La Nifa, positive pCO,, TA, and DIC anomalies coincided with
positive upwelling anomalies and an increase in the CO, flux, which
is consistent with the increase in the CO, flux observed at the onset
of La Nina in the Pacific Ocean (Feely et al., 1999, 2002; Doney et al.,
2009b). However, at the beginning and end of the moderate La Nina
event, the behavior was opposite to what was previously described,
with negative anomalies in pCO,, TA, and DIC observed,
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accompanied by a decrease in CO, flux. Additionally, during
certain periods, a decoupling between DIC-TA and pCO, was
evident. While DIC and TA were low due to freshwater dilution
(Salisbury et al., 2009), pCO; remained high, possibly influenced by
factors such as inputs from CO,-rich rivers and upwelling, increased
respiration, and reduced buffering capacity (Bates and Hansell, 2004;
Sabine and Feely, 2007; Salisbury et al., 2009).

During the middle of the moderate La Nifa event (July 2021), a
water mass arrived at the surface with characteristics similar to
those of SUWm but with low DIC. This suggests that the
biogeochemical characteristics of the water reaching the surface
during the upwelling season were influenced by continental inputs,
which agrees with what was reported by Correa-Ramirez et al.
(2020). In this study, the pH anomalies were found to be more
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irregular and less systematic compared to those of pCO,, total
alkalinity (TA), and dissolved inorganic carbon (DIC). This
discrepancy stems from the complex interplay of factors
influencing ocean pH. Unlike pCO,, TA, and DIC, which
generally align with large-scale, systematic processes (Takahashi
et al., 2009a), pH is highly sensitive to localized, non-linear, and
transient factors that can obscure clear patterns (Hofmann et al.,
2011). Additionally, biological processes, such as photosynthesis,
respiration, and calcification, drive rapid and localized changes in
pH (Duarte et al., 2013). These processes often lack consistency due
to their reliance on variables like light availability, organism
distribution, and the time of day (Waldbusser and Salisbury,
2014; Waldbusser et al., 2016). In addition, the logarithmic nature
of the pH scale further amplifies the effects of even small changes in
[H*], resulting in notable pH shifts (Zeebe and Wolf-Gladrow,
2001). This property makes pH anomalies more pronounced and
erratic compared to those of TA, DIC, or pCO,.

4.3 Carbonate saturation state, anomalous
events, and their implications

A notable variation was observed in the saturation states of
aragonite and calcite due to the contrasting seasonal and
interannual conditions of the region. Despite this variability,
saturation states generally remained within optimal ranges for
calcification. This contrasts with findings by Norzagaray-Lopez
et al. (2017) for coral reefs in Cabo Pulmo, Mexico, where low
variability in saturation states was reported. These differences
highlight that the northeastern Colombian Caribbean region
experiences extreme conditions, necessitating a high level of
adaptation by local coral communities.

On a seasonal scale, lower saturation states were recorded
during the dry season, coinciding with natural acidification linked
to the influx of upwelling waters, as previously noted. In contrast,
higher saturation states occurred during the minor and major rainy
seasons. At the interannual scale, saturation state anomalies for
Qqrog Were predominantly negative during La Nifia events and
positive during El Nifio events. This interannual variability
reflects shifts in nutrient availability, light intensity, and
temperature, which are critical drivers of productivity in the reef
zone of the TNNP. Despite these fluctuations, benthic primary
productivity in the TNNP has been found to remain relatively stable
(Eidens et al., 2014), which may contribute to the resilience of these
coral communities to anthropogenic disturbances and climate
change. However, changes in the environmental conditions of the
region could result in high stress for reef formations.

During the moderate La Nifla event in early 2022, undersaturated
levels (<1) of Qcqc and Qg Were observed. These were linked to the
mixing Subtropical Underwater (SUW, low pH) and Coastal Surface
Water (CSW, low DIC). Such conditions could challenge coral
calcification in the area, particularly under future climate change
scenarios. Extreme events in the Caribbean Sea, including cold fronts
from the north (Montoya-Sanchez et al., 2018) and tropical storms,
are also expected to intensify. Although there is no consensus on the
effects of climate change in upwelling areas, several studies suggest
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potential changes in their intensity, timing, and spatial structure
(Bakun, 1990; Bakun et al,, 2015; Wang et al., 2015).

In the TNNP, increased upwelling intensity could result in
higher concentrations of DIC and elevated CO2 fluxes to the
atmosphere during stronger winds, further reducing saturation
states. Similarly, changes in hydrological cycles, including
increased rainfall associated with global warming (Trenberth,
1998; Allan et al,, 2020; Liu et al, 2020), may enhance mixing
between SUW and coastal inputs low in DIC. This could create
more corrosive water, posing risks to the survival of existing coral
formations in the area.

4.4 CO, fluxes from the northeastern
Colombian Caribbean coast

During the study period, the calculated CO, fluxes were
predominantly positive, indicating that the area primarily acted as
a CO, source. The highest flux values were recorded when local
wind speeds peaked, particularly during the Veranillo de San Juan
(July to August), when water temperatures were also elevated.
Furthermore, positive upwelling anomalies were linked to
increased ocean-atmosphere CO, fluxes. The relationship between
wind speed and ocean-atmosphere gas exchange has been
extensively reviewed by Wanninkhof (1992, 2014).

Using interpolated monthly mean surface ocean pCO, and
atmospheric pCO, data for the Caribbean, Takahashi et al. (2014)
reported that positive pressure differences between the ocean and
atmosphere persisted throughout most of the year. Exceptions were
observed from January to March, when values were slightly negative
(>-30 patm), although annual net fluxes remained positive.

4.5 Underlying drivers of the
carbonate system

Understanding the factors that drive changes in carbonate
system variables is crucial for predicting their responses to both
natural variability and climate change effects. In the surface waters
of the study area, the behavior of pCO,, pH, and Q. was primarily
influenced by seasonal and interannual variations in TA and DIC.
This was attributed to freshwater inputs and their effects on the
physical and chemical conditions of coastal areas near riverine
runoff. The relationship between these drivers, TA and DIC, and
their impact on CO, exhibited shifts in coupling, influenced by the
dominance of specific processes depending on the prevailing
biogeochemical and physical dynamics of the system, such as
biological activity and mixing processes.

At the seasonal and interannual scales, pCO, variability was
primarily driven by changes in DIC and TA. This is attributes to the
fact that, under estuarine conditions, the buffer sensitivity factors by
DIC and TA-induced are generally of similar magnitude., As a
result, changes in DIC and TA during gas exchange and
biogeochemical processes play a crucial role (Zeebe and Wolf-
Gladrow, 2001; Waldbusser et al., 2016; Cai et al., 2021). In
addition, the sensitivity of an estuarine water mass can differ
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depending on the TA value of the river endmember. Under
conditions of low-salinity, estuaries that receive inputs from low-
TA rivers show greater sensitivity to the addition of CO, than
estuaries that receive inputs from high-TA rivers; this has important
implications for pCO,, pH, and Qqpqg (Cai et al., 2021).

In this study, during months with increased upwelling activity,
which resulted in colder subsurface water with higher DIC content
at the surface, a slight damping of this factor on TA on pCO, was
observed. Furthermore, during La Nifa, increased rainfall enhanced
freshwater influx, resulting in dilution that notably impacted both
DIC and TA.

The sensitivity of pH, pCO,, and ., in an estuarine water body
can vary greatly depending on the TA value of the river endmember.
This is because the DIC: TA ratio of the river (~1.0) changes much
more rapidly in estuaries that receive inputs from low-TA rivers than
in those that receive inputs from high-TA rivers (Cai et al,, 2021).
Additionally, it has been found that long rivers in tropical areas, such
as the Amazon River (Cai et al., 2021) and the Orinoco River, have
low TA (Cai et al,, 2021). In this study, we also detected a lower TA
signal from the Magdalena River, which increased the sensitivity of
the carbonate system variables. Furthermore, much of the seasonality
of TA is driven by changes in seasonal SSS due to rainfall or ice
melting (Gregor and Gruber, 2021).

The variability in pH was mainly modulated by TA followed by
DIC and Spy. During the first part of the year, water with higher
TA/DIC and lower SST entered the study area, negatively affecting
pH. Additionally, higher SSS were recorded due to lower
precipitation, less river runoff, and the contribution of upwelled
water. Conversely, during the rainy season, the arrival of river runoff
with low TA, DIC, and higher SST, along with dilution effects,
resulted in an increase in pH. Increased nutrient inputs from rivers
can lead to a high biological removal of CO, and, consequently,
alkalinization and an increased buffering capacity in surface waters
(Borges and Gypens, 2010). Given that the seasonal cycle of TA in
the study area exhibited a greater amplitude than that of SST, the
change in pH was not primarily driven by the latter, as has been
observed in other coastal areas (Doney et al, 2009b). During
upwelling periods (Feb-Mar), DIC compensated TA. However,
since the inputs were not as high and the upwelled water in the
study area had lower DIC (younger) than that of the Pacific Ocean,
they did not outweigh the effects of other variables.

Similarly, the variability of Qg at the seasonal scale was
mainly modulated by TA, followed by DIC, the latter being the
main driver of change during months of coastal upwelling, which
provided subsurface water with low pH and low Q,,; content. The
effect of DIC on pCO,, pH, and Qqyqg has been widely documented
for upwelling zones (Feely et al., 2008; Turi et al., 2016; Addey et al.,
2021). In the latter part of the year, TA positively affected Qg due
to weakened upwelling. At the interannual scale, the main driver of
Qarag change was also TA, confirming that alternating low and high
river runoff conditions, due to changes in rainfall, modulated the
system at this temporal scale. Lower Q values occur naturally
around most river mouths because they gather runoff from
watershed soils, which typically contain carbonic acid, a by-
product of organic decomposition (Salisbury et al., 2009). In
addition, high rainfall can result in low SSS, and due to notable
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freshwater inputs, (), can also be suppressed by the reduction of
[Ca®*] and [CO5*] in low-salinity areas, as Q) depends on their
concentrations (Salisbury et al., 2008; Feely et al., 2018).

Finally, the observed trends in pH and pCO, were primarily
driven by a decrease in DIC and TA, attributed to an increased
input of river runoft, despite rising atmospheric CO; levels. This
behavior stands in contrast to the typical ocean acidification trends
observed in other regions.

4.6 The importance of the time series of
the northeastern Colombian Caribbean
coast and future actions

For the first time, a time series of the carbonate system variables
is presented for the TNNP, along with a biogeochemical
characterization of the shallow water masses of CSW and SUW.
River runoff and Southern Caribbean upwelling influence this area
on the northeastern coast of the Colombian Caribbean. The
observed seasonal and interannual behavior revealed the
complexity of oceanographic conditions in coastal regions where
oceanic and continental influences alternate, especially in areas with
notable fluvial freshwater inputs. In addition, patterns of variability
in carbonate system variables were evident from year to year.

This study is important for understanding future ocean
acidification scenarios in the context of climate change because
characterizing the natural variability of a system is the first step in
comprehending anthropogenic influences. A holistic understanding
of the system (considering nutrient levels, biological activity, the
redox state, and water mixing) is essential for identifying the
underlying mechanisms. Therefore, it is necessary to continue
monitoring the carbonate system of the TNNP to define an
accurate baseline for the seasonal climatological cycle.
Additionally, we recommend installing equipment to
continuously monitor the TNNP to quantify high-frequency (e.g.,
daily and monthly) changes. Biological variables, such as those
associated with respiration and photosynthesis, may influence the
carbonate system; however, in this study, we cannot speculate how
they may affect the carbonate system of the TNNP because we did
not analyze biological data.
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