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• Hydrodinamical conditions determine
the spatial variability of ΩAr in surface
waters.

• Biological processes control ΩAr
changes in SML.

• In deep waters, the lowest ΩAr values
are related to NACWP.

• ΩAr and pH have decreased in the
coastal areas between 2006 and 2016.
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The spatiotemporal variability of aragonite saturation state (ΩAr) has been studied in the eastern shelf of theGulf
of Cádiz (GoC) (SW Iberian Peninsula). The studywas carried out during the years 2014 and 2016 aboard twelve
oceanographic cruises, along three or five transects, located between Cape Trafalgar and the Guadiana River. The
GoC exhibited oversaturated of calcium carbonate with ΩAr mean values of 2.68 ± 0.30 in surface and 2.05 ±
0.15 in deep waters. pH, total alkalinity (TA), calcium concentration (Ca2+) and ΩAr showed a high variability
within the surface mixed layer (SML, z < 100m). Biological activity seemed to be the main process to determine
theΩAr variability in the SML, revealing a greater importance than temperature, mixing or air-sea processes. The
buffer factors of the CO2 system in the GoC have been estimated in the SMLwaters, and they are relatedwith the
biological activity and the temperature changes. A decrease of pH andΩAr in this SMLwith depth was observed,
due to the increase of the respiratory processes. In deep waters (z > 100 m), TA and Ca2+ concentration pre-
sented a conservative behaviour related to the distribution of the different water masses located in the GoC.
The vertical variation of ΩAr also depends on the degree of mineralization of these water masses, obtaining
the maximum values in the Subtropical North Atlantic Central Water (100–200 m), minimum values in the
Subpolar North Atlantic Central Water (about 400 m), and intermediate values associated to the presence of
the Mediterranean Water (>500 m). Results showed a significative acidification of the coastal areas, for those
depths lower than 100 m from 2006 to 2016, with a mean decrease of pH and ΩAr of −0.0089 and −0.0552
yr−1, respectively.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The concentration of carbon dioxide (CO2) in Earth's atmosphere has
been in continuous increase since the beginning of the industrial era,
when the concentration was of 278 ppm in 1750 (Joos and Spahni,
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2008), to approximately 411 ppm in October 2020 (Earth System Re-
search Laboratories, https://www.esrl.noaa.gov/gmd/ccgg/trends/mlo.
html). This CO2 increase ismainly due to the rise of anthropogenic activ-
ities, such as, fossil fuel combustions and land use changes. In conse-
quence, this will lead to pronounced variations in our climate by the
end of this century (Siegenthaler et al., 2005). The oceans act as the
major sinks for this increasing atmospheric CO2. It has been estimated,
based on the 2019 assessment of the Global Ocean Project, that over
the decade 2009–2018 oceans have absorbed about 23 ± 5% (2.6 ±
0.5 PgC yr−1) of the total CO2 emissions (Hauck et al., 2020). This has
significantly benefitted humankind by reducing the greenhouse gas
levels in the atmosphere (Sabine and Feely, 2007). Hence, the funda-
mental role of the oceans as buffers of natural and anthropogenic CO2

emissions, as well as, in mitigating climate change (Landschützer
et al., 2019).

The changes caused in the seawater carbonate chemistry with im-
pacts on its chemical speciation and biogeochemical cycles by the CO2

uptake from the atmosphere, is referred to a phenomenon known as:
ocean acidification (OA) (e.g. Doney et al., 2009; Ríos et al., 2015;
Wanninkhof et al., 2015). An increase of CO2 in surface waters leads to
a decrease of the ocean's buffering capacity, due to a decrease in pH, car-
bonate ions (CO3

2−) concentrations and the calcium carbonate (CaCO3)
saturation state. Global surface ocean pH is projected to decrease by
~0.33 ± 0.04 units within this century (Jiang et al., 2019) and 0.7 units
in the next 300 years (Caldeira and Wickett, 2005). This pH drop-off
can inhibit the capacity of many marine organisms to form CaCO3 skel-
etons and shells (Orr et al., 2005; Gattuso et al., 2015). Marine organ-
isms affected by this OA include open-ocean species, such as
foraminifera, coccolithophores and pelagic mollusks, among others.
Nevertheless, the greatest concern is with the coastal calcifying organ-
isms, including bivalves, shallow-water calcareous algae and especially
corals (Doney, 2006; Doney et al., 2009). However, some organisms
could present certain resistance to OA effects (Ries et al., 2009;
Dupont et al., 2010; Aberle et al., 2013), which in turn depends on
other factors, such as, temporal dynamics, species-specific thermal tol-
erances and food availability (Ramajo et al., 2016; Leung et al., 2019),
that are not incorporated into the models and can add uncertainty to
these estimates (Bindoff et al., 2019).

In continental shelves and coastal systems, the decrease of pH over
time is much more pronounced than in open oceans. This is due to the
fact that these areas are not only affected by global OA caused by in-
creasing atmospheric CO2 levels. These systems are also influenced by
the coupled effects of various processes, such as, the mixing between
freshwater and seawater, the eutrophication, the upwelling, the organic
matter degradation and the biological activity, being the pH controlling
mechanisms more complex than in the open ocean (Feely et al., 2010;
Cai et al., 2011; Duarte et al., 2013; Zhai et al., 2014; Xue et al., 2016;
Hu et al., 2017). In this sense, Carstensen and Duarte (2019) found a
much broader range of trends in 83 coastal systems across the world
(−0.023 to 0.023 pH units yr−1), resulting larger than the one esti-
mated for oceanic times series (−0.0004 to −0.0026 pH units yr−1).
In addition, the coastal contributions of nutrients and carbon, the in-
tense biological activity (photosynthesis/respiration) and the greater
influence of benthic fluxes in the water column cause a greater spatial
and seasonal variability of pH, different carbonic species concentrations
and degree of CaCO3 saturation (e.g. Wootton et al., 2008; Carstensen
and Duarte, 2019).

Aragonite is usually the most abundant form of biogenic CaCO3 in
seawater. It is approximately 1.5 times more soluble than calcite
(Millero, 2007; Wanninkhof et al., 2015). Therefore, the saturation
state of aragonite (ΩAr) can be considered as a good indicator to
study themarine carbonate system, regarding that ifΩAr < 1 the disso-
lution of aragonite shells and skeletons is favoured (Feely et al., 2009).
Moreover, the aragonite is essential for many phytoplanktonic and ben-
thonic species (Gattuso et al., 2015; Waldbusser et al., 2015), and it is
also the main CaCO3 form in shallow waters (Mucci, 1983; Morse
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et al., 2006, 2007). Taking this into account, the studies ofΩAr have re-
ceived special interest in the last few years (Feely et al., 2010; Hu et al.,
2017; de Carvalho-Borges et al., 2018; Cotovicz et al., 2018). For this rea-
son,ΩArhas also beenused to assess the effects of natural processes and
human activities on marine calcareous organisms in coastal waters
(Zhai et al., 2014; Xue et al., 2017; Eyre et al., 2018: Li and Zhai, 2019;
Zhai et al., 2020).

The Gulf of Cádiz (GoC) is strategically located by its proximity to the
Strait of Gibraltar. It plays a key role in the carbon cycle of the eastern
part of the North Atlantic (Parrilla, 1998) and Mediterranean Sea
(Dafner et al., 2001), and receives several continental inputs fromdiffer-
ent rivers. Still, there are very few studies focussed on the spatiotempo-
ral variability of the carbonate system and CaCO3 saturation state in this
area. They are generally designed to know if the GoC acts as source or
sink of CO2 or to estimate the amount of anthropogenic carbon that is
exchanged between the Mediterranean Sea and the Atlantic Ocean
(Aït-Ameur and Goyet, 2006; Huertas et al., 2006, 2009; de la Paz
et al., 2008, 2011; Ribas-Ribas et al., 2011; Flecha et al., 2012; Jiménez-
López et al., 2019). Ribas-Ribas et al. (2011) showed that the temporal
and spatial variability in the distribution of inorganic carbonate system
parameters in the northeastern shelf of the GoC was controlled by river
inputs, primary production, respiration, CO2 air-sea exchange and
remineralization. Also, Flecha et al. (2019) completed a study of a de-
cadal trend (from 2005 to 2015) of the carbonate system parameters
in the different exchanging water masses in the Strait of Gibraltar, con-
cluding that the contribution of the anthropogenic driver was responsi-
ble for about 40% of the pH changes.

The OA in oceanicwaters has been focus of many studies, but little is
known regarding to its status in coastal waters (coastal and continental
shelf systems). So, the main aim of this paper is to evaluate the spatio-
temporal variability of CaCO3 saturation state between the years 2014
and 2016. In addition, this studywill also estimate the decadal evolution
(2006–2016) of the carbonate system parameters in the shallowest wa-
ters of the GoC, aswell as the influence of OA in the pH andΩAr changes,
using the dataset obtained by Ribas-Ribas et al. (2011) in the northeast-
ern shelf of this area between 2006 and 2007.

2. Material and methods

2.1. Study area

The study was carried out in the GoC, located in the southwestern
Iberian Peninsula (Fig. 1). Water circulation in this area is characterized
by the bilayer exchange that takes place in the Strait of Gibraltar due to
the density differences between twowatermasses: an inflowof Atlantic
water on the surface towards the Mediterranean basin, and a deeper
outflow of Mediterranean water that courses into the Atlantic Ocean
(e.g. Baringer and Price, 1999; Sánchez-Leal et al., 2017). This same cir-
culation pattern is found in the GoC with the distribution of three main
water masses at different depth intervals (Criado-Aldeanueva et al.,
2006; Bellanco and Sánchez-Leal, 2016). The Surface Atlantic Water
(SAW) that extends at the shallowest depths up to the seasonal thermo-
cline, with coastal and atmospheric interaction. The North Atlantic Cen-
tral Water (NACW), at an intermediate depth below 100 m in two
different varieties, NACWT, a warmer water mass of subtropical origin,
and NACWP, a colder one of subpolar origin (Pérez et al., 2001). The
Mediterranean Outflow Water (MOW) that flows between 300 and
400 m deep from the seafloor within the Strait of Gibraltar and spills
over the slope of the GoC (Carracedo et al., 2016).

Furthermore, due to its importance, this work also focused on the
Guadalquivir system (Fig. 1). The Guadalquivir River has a length of
680 km and a drainage basin of 63,822 km2 (Granado-Lorencio, 1991).
This estuary extends up to 110 km from its mouth to the Alcalá del
Río dam with a semidiurnal tidal period (Díez-Minguito et al., 2013),
and it is clearly affected by anthropogenic activity (Huertas et al.,
2005; de la Paz et al., 2007; Ruiz et al., 2015). The Guadalquivir

https://www.esrl.noaa.gov/gmd/ccgg/trends/mlo.html
https://www.esrl.noaa.gov/gmd/ccgg/trends/mlo.html


IBERIAN
PENINSULA

St. GibraltarGulf of 
Cádiz

GU

TO

GD

SP

TF

Guadalquivir 
Estuary

Tinto-Odiel
Estuary

Guadiana
Estuary

Fig. 1. Map of the Gulf of Cádiz showing the location of sampling stations during the cruises followed in STOCA (dots) and OCAL (squares) projects, along five transects: Trafalgar (TF),
Sancti Petri (SP), Guadalquivir (GD), Tinto-Odiel (TO) and Guadiana (GU), in addition to three offshore stations. The sampling stations in the Guadalquivir estuary are also displayed.

D. Jiménez-López, T. Ortega, A. Sierra et al. Science of the Total Environment 787 (2021) 147858
River is the responsible of the main freshwaters discharges to the
GoC with an annual input of 1.5 × 109 m3 approximately
(Confederación Hidrográfica del Guadalquivir, España, n.d.; http://
www.chguadalquivir.es/saih/DatosHistoricos.aspx).
2.2. Field sampling and analytical methods

The sampling was conducted through two projects (STOCA and
OCAL) and twelve cruises were carried out on board the R/V's Ángeles
Alvariño and RamónMargalef between 2014 and 2016, at the beginning
of each season (March, June, October and December). Samples were
taken at different depths in fixed stations, which were distributed
along transects perpendicular to the coastline. On the one hand, the
STOCA project was developed over 34.1 × 102 km2, with a total number
of sixteen stations distributed in three transects, Trafalgar transect (TF),
Sancti Petri transect (SP) and Guadalquivir transect (GD) (Fig. 1), with a
total number of 578 samples. On the other hand, the OCAL project cov-
ered amore extensive area of the GoC, 69.1 × 102 km2, including thirty-
seven sampling stations along two additional transects, Tinto-Odiel
transect (TO) and Guadiana transect (GU) (Fig. 1), with a total of 766
samples.

In addition, five other cruises were carried out in the Guadalquivir
estuary on board of the R/V UCadiz during July 2017, March and April
2018, as well as March and April 2019. The sampling strategy covered
a longitudinal transect across the river with a total of twenty five sta-
tions for each cruise (Fig. 1).
3

Seawater samples to analyse pH, total alkalinity (TA) and calcium
concentrations ([Ca2+]) were collected using Niskin bottles (10 L).
These were mounted on a rosette-sampler coupled to a Seabird CTD
911+, which measured temperature (T), practical salinity (SP) and dis-
solved oxygen (DO). T and SP measurements resulted with an accuracy
better than ±0.005 °C and ±0.02 units, respectively. DO values were
obtained from the sensor included in the rosette (SBE 63), which was
pre-calibrated with several water depths samples at selected stations
using Winkler titration (±0.1 μmol kg−1) (Parsons et al., 1984). Appar-
ent oxygen utilization (AOU)was defined as the difference between the
calculated solubility applying the Benson and Krause Jr. (1984) expres-
sion and the measured DO values.

Water samples for pH and TA measurements were obtained from
Niskin bottles following the protocol described in SOP1 (Dickson et al.,
2007) and they were preserved in 500 mL borosilicate glass bottles en-
suring no headspace, and stored in darkness at constant temperature
until its analysis on board. The total suspended matter in the GoC is
lower than 0.5mg L−1 (Freitas and Abrantes, 2002), and the possible in-
terference on TA analysis could be relatively unappreciable. Neverthe-
less, the corresponding samples to the Guadalquivir estuary were
filtered through pre-combusted glass-fibre filters (Whatman, GF/F 0.7
μm) immediately after sampling due to the high turbidity. Both mea-
surements were performed in duplicate within a period of less than
4 h from the sampling.

pH was measured with a potentiometer, using a glass-combined
electrode (Metrohm, 6.0253.100) calibrated on the total pH scale with
a TRIS buffer solution (Zeebe and Wolf-Gladrow, 2001). This electrode
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was calibrated, approximately, every fifteen samples in order to obtain a
right accuracy of pHmeasurement. The precision for these pHmeasure-
ments was determined from regular measurements by means of two
batches (Batch # 128 and 153) of Certified Reference Material (CRM
supplied by Prof. AndrewG. Dickson, Scripps Institute of Oceanography,
San Diego, USA). Results showed a precision of ±0.003 (n = 15) for
measurements obtained in the laboratory under controlled temperature
conditions, and±0.005 (n=65) for those carried out on board. Prior to
this, pH was normalized to 25 °C using the CO2SYS program (Pierrot
et al., 2006) including the K1 and K2 acidity constants proposed by
Millero (2010) in the pH total scale, the HSO4

− constant of Dickson
(1990) and the total boron constant of Lee et al. (2010). TA measure-
ments were obtained by potentiometric titration (Metrohm, 905) with
standardized 0.1MHCl (0.7mol kg−1 in NaCl), using a fixed sample vol-
ume of 96.570 ± 0.008 mL. TA values were converted to μmol kg−1

through the seawater density (Millero and Poisson, 1981) to the in
situ T and SP. The titration of CRMs (Batch # 128 and 153) was used to
test the titration system. Thus, an accuracy of ±3 μmol kg−1 and a pre-
cision of±3 μmol kg−1 was obtained in the TAmeasurements (n=65).
The analytical performance of pHand TA resulted in agreementwith the
oceanographic data described by Olsen et al. (2019). Moreover, pH and
TA were used in the CO2SYS program (Pierrot et al., 2006) to calculate
pH at in situ T (pHT), dissolved inorganic carbon (DIC) and CO3

2− con-
centrations in the same conditions described for the pH normalization.
Phosphate (PO4

3−) and silicate (SiO2) concentrationswere also included
in the CO2SYS calculations.

Ca2+ samples were stored and refrigerated at a constant tempera-
ture until their later analysis in the laboratory. [Ca2+] were measured
in duplicate after weighing thewater sample (~5 g, ±0.0001 g), by clas-
sic volumetric titrationwith ethylene glycol tetraacetic acid (EGTA, 0.01
M) as titrant and borax (0.1M) as a buffer (~10mL), and using a calcium
selective electrode (Metrohm, 6.0510.100). This method is described by
Rosón et al. (2016) and the references are included therein. A [Ca2+]
standard (~10 mmol kg−1) was prepared dissolving 1.00664 ±
0.00001 g of pure CaCO3 in a 1000.0 ± 0.5 mL analytical flask. In order
to reach the seawater ionic strength, 29.131 ± 0.001 g of NaCl and
5.349 ± 0.001 g of MgCl2 were added (both free of calcium impurities),
as well as several additions of 0.5 mL of HCl 12 N up to 6.5 mL to ensure
the complete CaCO3 dissolution. A reproducibility of ±3 μmol kg−1 was
obtained with this method, obtained from the average of the standard
deviations of the duplicated measurements. Additionally, before
analysing the Ca2+ in samples, in order to check the precision of this
method, some regular measurements (n ≈ 5) were carried out from
two standard samples daily (Batch # 128 and 153), giving a global
value of ±5 μmol kg−1 (n = 120). During the STOCA cruises, [Ca2+]
was not measured, instead it was determined by means of the experi-
mental relationship between [Ca2+] and SP obtained from the OCAL
cruises measurements, which were below the thermocline depth ([Ca2
+]/SP = 293.3 (±0.4) μmol kg−1, r2 = 0.93, n = 256). ΩAr was deter-
mined through [CO3

2−] and [Ca2+], and the apparent solubility product
for aragonite (Mucci, 1983), but taking into account the pressure correc-
tion proposed by Millero (1979).

Finally, nutrient samples for analysis of nitrate (NO3
−), PO4

3− and SiO2

contents were filtered through pre-combusted glass-fibre filters
(Whatman, GF/F 0.7 μm) and stored at−20 °C until their later analysis
in the laboratory. Analyses were performed in a segmented flow auto-
analyser (Skalar, San Plus) based on classic spectrophotometric methods
(Grasshoff et al., 1983). The accuracies were of ±0.10 μmol L−1 for NO3

−,
±0.02 μmol L−1 for PO4

3− and ±0.05 μmol L−1 for SiO2. Chlorophyll-a
(Chl) values for the different cruises were obtained from González-
García et al. (2018) and González-García et al., submitted.

2.3. Calculations

The contributions of temperature, air-sea exchange, mixing and in
situ biological activity processes to seasonal ΩAr net changes have
4

been calculated in the surface mixed layer (SML, z < 100 m) using a
mass budget model proposed by Xue et al. (2017). This method has
been applied independently using the mean values in coastal (bottom
depth < 100 m) and distal (bottom depth > 100 m) areas (n = 12,
see Figs. S1 and S2 in Supplementary material).

In addition, in order to quantify the ability of theGoCwaters to resist
changes in the CO2 system, we have estimated the buffer factor changes
in the CO2 system using the formulation presented by Álvarez et al.
(2014) based on Egleston et al. (2010), also differing between coastal
and distal areas in the SML. The three factors studied quantify the sensi-
tivity of aqueous CO2 (γDIC), hydrogen ion concentration or activity
(βDIC) and the carbonate saturation state Ω (ωDIC) of changes in DIC
when the TA parameter is kept constant. The Revelle factor (R), has
also been directly calculated as DIC/γDIC (Egleston et al., 2010)
(Table S1 and Fig. S3, see in Supplementary material). Note that higher
absolute values of buffer factors indicate a greater buffer capacity,
whereas higher R values indicate decrease in the seawater buffering
capacity.

An Optimum Multiparameter Analysis (OMP) has been applied in
our study area to identify the spatial distribution and mixing propor-
tions of water masses. This method is an extension of the classical anal-
ysis based on T and SP variables, including biogeochemical variables,
such as oxygen or nutrients as a new feature (Tomczak Jr., 1981;
Tomczak and Large, 1989; Karstensen and Tomczak, 1998; Poole and
Tomczak, 1999). The OMP analysis was used to determinate the contri-
bution of the different water masses to each sample, represented as a
percentage. This analysis was performed during the OCAL cruises, and
in order to avoid the mixing layer effect in our study area only samples
below a depth of 100mwere used (n=256). Three water masses were
included, ENACWP, ENACWT and MOW and the analysis was applied
taking into account the conservative (T, S and SiO2) and non-
conservative variables (DO, NO3

−, PO4
3−). Moreover, the values de-

scribed by Flecha et al. (2012) were used to define the source
water types of our study area. This included performed TA calculated
for NACW according to Pérez et al. (2002) and in the case of MOW,
those established by Rhein and Hinrichsen (1993), as well as
Santana-Casiano et al. (2002). Moreover, from the results of the
water masses distribution obtained with this OMP approach, the
values of a particular variable can be estimated by iterative solving
the set of equations involved (256 linear equations). Therefore, the
values of Ca2+, TA and DO were estimated, and the derived variables
of pHT and ΩAr were computed using CO2SYS program, and AOU
values were calculated with the solubility expression from Benson
and Krause Jr. (1984).

2.4. pH and ΩAr variation in the GoC

Our data were compared to the database performed by Ribas-Ribas
et al. (2011) followed in the coastal waters of the northeastern shelf of
the GoC during four cruises that took place in June 2006, November
2006, February 2007 and May 2007. The study area was located
36.39–36.93°N and 6.83–6.25°W, with sixty-three sampling stations in
each cruise and 989 samples in total at a maximum depth of 95 m.
The main aim of this comparison was to study the variation of pH and
ΩAr throughout eleven years in the coastal area of the GoC. To do this,
we took into account the mean values of T, SP, pHT, TA and DIC for sur-
face (z < 20 m) and subsurface waters (z > 20 m) measured by Ribas-
Ribas et al. (2011) (Table 1 therein, distal waters). They were compared
with the mean values of our work, at the stations with bottom depths
lower than 100 m, and using the same approach of division between
surface and subsurface waters. In addition, this variation study was car-
ried out about pHT andΩAr values to themean T registered among both
works (17.1 °C) in order to avoid the possible effect caused by T changes
(pHT@Tmean and ΩAr@Tmean, respectively). This normalization was
also followed by CO2SYS program in the same conditions described
previously.



Table 1
Number of samples (n),mean values and standard deviations of practical salinity (SP), temperature (T), apparent oxygen utilization (AOU), pHT (pH at in situ temperature), total alkalinity
(TA), dissolved inorganic carbon (DIC), calcium concentration (Ca2+), and aragonite saturation state (ΩAr) measured at fixed stations for the different cruises undertaken between 2014
and 2016. Three vertical intervals are considered: surface (0–100m), intermediate (100–500m) and deep (>500m). The depth range of the surfacemixed layer (SML) is included in the
first vertical interval.

Depth Cruise n SML
(m)

SP T (°C) AOU
(μmol kg−1)

pHT TA
(μmol kg−1)

DIC
(μmol kg−1)

Ca2+

(mmol kg−1)
ΩAr

Surface (0–100 m) Spring 2014 58 5–100 36.1 ± 0.2 14.9 ± 0.6 7.2 ± 18.6 8.07 ± 0.03 2288 ± 15 2050 ± 28 10.60 ± 0.06 2.54 ± 0.19
Summer 2014 65 15–75 36.2 ± 0.1 17.3 ± 2.5 7.5 ± 25.7 7.98 ± 0.04 2293 ± 24 2081 ± 29 10.61 ± 0.04 2.35 ± 0.34
Autumn 2014 55 20–70 36.1 ± 0.1 18.7 ± 2.6 6.8 ± 23.1 8.00 ± 0.05 2290 ± 32 2060 ± 34 10.59 ± 0.03 2.51 ± 0.36
Winter 2014 53 60–120 36.3 ± 0.2 17.6 ± 0.7 12.0 ± 8.8 8.04 ± 0.05 2319 ± 32 2068 ± 35 10.65 ± 0.04 2.69 ± 0.27
Spring 2015 54 5–90 36.1 ± 0.1 14.8 ± 0.6 2.4 ± 20.4 8.08 ± 0.09 2332 ± 28 2084 ± 50 10.58 ± 0.03 2.63 ± 0.47
Summer 2015 56 20–60 36.3 ± 0.1 18.6 ± 2.5 6.8 ± 20.6 8.02 ± 0.04 2339 ± 32 2091 ± 36 10.66 ± 0.04 2.68 ± 0.31
Autumn 2015 56 20–40 36.1 ± 0.1 17.1 ± 2.5 18.6 ± 25.7 7.93 ± 0.05 2326 ± 30 2135 ± 33 10.60 ± 0.03 2.14 ± 0.34
Winter 2015 54 20–75 36.4 ± 0.1 19.0 ± 1.8 5.6 ± 10.3 8.03 ± 0.01 2313 ± 13 2058 ± 16 10.68 ± 0.03 2.74 ± 0.19
Spring 2016 122 50–150 36.1 ± 0.2 14.8 ± 1.0 26.3 ± 18.3 8.00 ± 0.03 2319 ± 17 2117 ± 19 10.64 ± 0.06 2.21 ± 0.18
Summer 2016 129 30–90 36.2 ± 0.2 17.5 ± 2.2 6.8 ± 23.8 8.00 ± 0.05 2309 ± 15 2077 ± 25 10.60 ± 0.07 2.52 ± 0.31
Autumn 2016 129 5–25 36.4 ± 0.1 18.4 ± 2.7 6.3 ± 19.6 7.99 ± 0.02 2329 ± 13 2101 ± 19 10.64 ± 0.06 2.50 ± 0.27
Winter 2016 129 50–110 36.4 ± 0.1 18.1 ± 1.0 12.0 ± 10.8 8.02 ± 0.02 2333 ± 11 2088 ± 11 10.66 ± 0.05 2.64 ± 0.17

Intermediate (100–500 m) Spring 2014 13 36.2 ± 0.5 13.6 ± 0.5 49.6 ± 9.4 8.01 ± 0.02 2292 ± 47 2088 ± 40 10.62 ± 0.15 2.17 ± 0.13
Summer 2014 17 36.3 ± 0.5 14.2 ± 0.8 47.7 ± 13.7 7.95 ± 0.04 2294 ± 47 2111 ± 50 10.64 ± 0.15 2.00 ± 0.16
Autumn 2014 15 36.2 ± 0.3 14.5 ± 0.5 44.9 ± 8.6 7.95 ± 0.05 2295 ± 34 2112 ± 44 10.62 ± 0.09 2.01 ± 0.23
Winter 2014 14 36.4 ± 0.4 15.4 ± 0.8 39.1 ± 10.1 8.00 ± 0.03 2316 ± 53 2098 ± 47 10.69 ± 0.12 2.34 ± 0.20
Spring 2015 16 36.1 ± 0.3 13.6 ± 0.7 32.6 ± 17.6 8.03 ± 0.08 2323 ± 36 2106 ± 41 10.58 ± 0.09 2.33 ± 0.41
Summer 2015 15 36.2 ± 0.4 14.4 ± 0.8 43.1 ± 16.3 7.98 ± 0.04 2325 ± 38 2121 ± 39 10.63 ± 0.12 2.18 ± 0.20
Autumn 2015 15 36.1 ± 0.4 13.7 ± 0.5 51.3 ± 7.9 7.88 ± 0.04 2321 ± 50 2170 ± 44 10.59 ± 0.11 1.74 ± 0.17
Winter 2015 14 36.4 ± 0.4 15.0 ± 0.6 43.1 ± 9.8 8.00 ± 0.01 2316 ± 30 2105 ± 29 10.68 ± 0.11 2.27 ± 0.10
Spring 2016 60 36.1 ± 0.5 13.9 ± 1.1 53.9 ± 22.6 7.94 ± 0.04 2318 ± 38 2139 ± 37 10.62 ± 0.15 2.00 ± 0.21
Summer 2016 53 36.2 ± 0.5 13.8 ± 1.0 53.3 ± 13.0 7.95 ± 0.04 2308 ± 49 2124 ± 41 10.60 ± 0.17 2.02 ± 0.18
Autumn 2016 54 36.2 ± 0.5 13.7 ± 0.9 50.8 ± 11.7 7.94 ± 0.02 2318 ± 43 2142 ± 34 10.58 ± 0.15 1.95 ± 0.15
Winter 2016 53 36.3 ± 0.5 14.7 ± 1.0 48.8 ± 15.6 7.97 ± 0.02 2328 ± 43 2132 ± 37 10.64 ± 0.16 2.15 ± 0.16

Deep (>500 m) Spring 2016 10 36.8 ± 0.4 13.2 ± 0.5 73.9 ± 12.2 7.92 ± 0.03 2366 ± 45 2188 ± 43 10.84 ± 0.15 1.97 ± 0.10
Summer 2016 10 36.6 ± 0.4 13.2 ± 0.5 66.2 ± 4.3 7.94 ± 0.02 2344 ± 36 2157 ± 26 10.74 ± 0.13 2.03 ± 0.12
Autumn 2016 9 36.8 ± 0.4 13.3 ± 0.3 62.6 ± 2.8 7.93 ± 0.01 2368 ± 32 2186 ± 24 10.78 ± 0.12 2.00 ± 0.09
Winter 2016 8 36.8 ± 0.5 13.8 ± 0.5 70.1 ± 11.8 7.95 ± 0.02 2377 ± 42 2185 ± 31 10.81 ± 0.15 2.10 ± 0.15
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2.5. Statistical analysis

The principal descriptive statistics (mean, standard deviation, mini-
mum and maximum values) were determined in the dataset. For
analysing differences on hydrological and biogeochemical characteris-
tics the one-way analysis of variance test (ANOVA) was used. The
threshold values for statistical significance were taken as p < 0.05.
These statistical analyses were performed with IBM SPSS Statistics soft-
ware (version 20.0; Armonk, New York, USA). Linear correlations and
figures were carried out using SigmaPlot software version 11.0, and
Figs. 3, 6, S4 and S5 were performed with Ocean Data View. Moreover,
the uncertainties of the different linear equations were calculated
through the reproducibility of the analytical measurements.
3. Results

3.1. Vertical distribution

Table 1 presents the average values of the hydrological and biogeo-
chemical characteristics studied for the cruises followed between the
years 2014 and 2016, including three vertical depth ranges according
to the presence of the water mass majority. Therefore, they were differ-
entiated in surface, intermediate and deep intervals, although this last
water mass was only registered during the 2016 cruises (only one sta-
tion was deeper than 500 m in STOCA cruises). SP values showed a var-
iability between 35.2 and 37.8, being the highest mean values recorded
in deepwaters (36.8±0.4) (Table 1), and the values among surface and
intermediate depths did not present significant differences. The mean T
values were similar for intermediate and deep depths (14.1 ± 1.0 and
13.4 ± 1.0 °C, respectively), but significantly different to surface values
that presented the highest mean T values (17.2 ± 1.6 °C). Some anom-
alies were detected in these surface waters, due to the fact that the
cruises were carried out from the beginning of each meteorological
5

season (Table 1), showing the highest average T values during winter
(18.1 ± 1.3 °C) and the lowest in spring (14.8 ± 0.8 °C). AOU mean
values presented significant differences between the three depth ranges
and varied from −55.0 to 106.3 μmol kg−1. An increase towards the
deepest waters was observed, reaching a mean AOU value of 66.5 ±
10.4 μmol kg−1 (Table 1) derived from the decrease of the photosyn-
thetic activity and a greater influence of the respiration processes
(Fig. 2). However, pHT values displayed a slight depletion with depth
(Fig. 2), and were only significantly different to the surface depth,
which presented the highest mean values (8.01 ± 0.05) (Table 1). TA
and DIC presented a similar behaviour with depth, hence the vertical
profile for TA is the only one represented (Fig. 2). The mean values of
TA and DIC were of 2363 ± 41 and 2175 ± 38 μmol kg−1, respectively,
with a weak increase in deep waters for both variables (Table 2). These
values are similar to those measured by other authors in the GoC
(Santana-Casiano et al., 2002; Ribas-Ribas et al., 2011; Flecha et al.,
2012, 2019). Although there is no vertical variation of [Ca2+] in Fig. 2,
Table 1 reflects the slightly increase of these concentrations in deeper
waters up to 10.81 ± 0.13 mmol kg−1. In fact, the mean Ca2+ values
only presented significant differences with the deep waters. The study
area was supersaturated of CaCO3 in all the water column (Fig. 2) and
during all the cruises (Table 1). Thus, ΩAr ranged from 1.42 to 3.72,
with similar values in intermediate and deep waters (Table 1) and
being significantly different with the surface water values. A high vari-
ability was also observed in this surface layer (Fig. 2), due to the intense
biological activity and continental inputs from the rivers in the area,
which are composed of carbonated nature basins.
3.2. Surface seasonal variation

The seasonal variation of the studied variables in this work has been
determined in the shallowest waters (Table 2), an area considered as
highly variable due to some factors, such as, the constant interaction
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Table 2
Number of samples (n),mean values and standard deviations of practical salinity (SP), temperature (T), apparent oxygen utilization (AOU), pHT (pH at in situ temperature), total alkalinity
(TA), dissolved inorganic carbon (DIC), calcium concentration (Ca2+), and aragonite saturation state (ΩAr) measured in surface waters (~5 m) at fixed stations, for the different cruises
followed between 2014 and 2016.

Cruise n SP T (°C) AOU (μmol kg−1) pHT TA (μmol kg−1) DIC (μmol kg−1) Ca2+ (mmol kg−1) ΩAr

Spring 2014 16 36.1 ± 0.1 15.2 ± 0.5 −4.3 ± 15.4 8.09 ± 0.03 2289 ± 11 2049 ± 32 10.58 ± 0.04 2.65 ± 0.14
Summer 2014 16 36.2 ± 0.1 20.8 ± 1.4 −10.2 ± 5.7 7.99 ± 0.04 2308 ± 25 2069 ± 31 10.62 ± 0.03 2.69 ± 0.18
Autumn 2014 16 36.1 ± 0.1 21.5 ± 0.7 −4.3 ± 3.2 7.99 ± 0.05 2307 ± 42 2060 ± 32 10.58 ± 0.03 2.76 ± 0.28
Winter 2014 16 36.2 ± 0.3 17.6 ± 0.7 8.0 ± 2.1 8.06 ± 0.04 2326 ± 31 2068 ± 42 10.65 ± 0.03 2.59 ± 0.73
Spring 2015 16 36.0 ± 0.1 15.4 ± 0.3 −18.8 ± 9.4 8.12 ± 0.12 2338 ± 37 2067 ± 56 10.57 ± 0.04 2.93 ± 0.67
Summer 2015 16 36.4 ± 0.1 21.0 ± 0.9 −2.2 ± 3.2 8.03 ± 0.03 2365 ± 27 2088 ± 23 10.68 ± 0.01 2.95 ± 0.16
Autumn 2015 16 36.2 ± 0.1 20.5 ± 1.2 −1.9 ± 5.0 7.96 ± 0.03 2347 ± 41 2118 ± 33 10.62 ± 0.01 2.88 ± 0.06
Winter 2015 16 36.5 ± 0.1 20.5 ± 0.3 0.3 ± 1.6 8.03 ± 0.01 2318 ± 7 2051 ± 11 10.69 ± 0.02 2.81 ± 0.07
Spring 2016 37 36.2 ± 0.2 14.8 ± 1.1 20.9 ± 16.3 7.99 ± 0.04 2320 ± 18 2116 ± 21 10.64 ± 0.05 2.24 ± 0.18
Summer 2016 37 36.2 ± 0.2 19.6 ± 1.3 −7.8 ± 9.3 8.03 ± 0.04 2314 ± 12 2060 ± 24 10.60 ± 0.07 2.77 ± 0.14
Autumn 2016 37 36.5 ± 0.1 21.6 ± 1.0 −5.6 ± 2.2 7.99 ± 0.01 2338 ± 9 2087 ± 17 10.68 ± 0.05 2.78 ± 0.09
Winter 2016 37 36.4 ± 0.1 18.5 ± 0.7 7.1 ± 7.0 8.03 ± 0.01 2335 ± 11 2082 ± 14 10.67 ± 0.05 2.72 ± 0.09
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with the atmosphere, the biological activity, the influence of the conti-
nental inputs and the mixing processes. The SP values presented signifi-
cant differences for each season, although they showed a low variability
(Table 2), with a mean value of 36.3 ± 0.2 for the whole study. The
range of variation observed for T values was higher, from 13.1 to 22.9 °C,
without significant differences, except for the seasons of spring.Moreover,
the highest average values obtained were during autumn (21.3 ± 1.1 °C)
and the lowest occurred in spring (15.0 ± 0.9 °C), since they were mea-
sured at the beginning of each season. AOU values in each season pre-
sented significant differences and followed a seasonal variation with
negative average values during summer and autumn (−7.7 ± 8.0 and
−4.7±3.6 μmol kg−1, respectively) due to the greater photosynthetic ac-
tivity, and positive values in spring and winter (5.3 ± 22.8 and 5.9 ± 6.1
μmol kg−1, respectively). Although during the spring cruises, the mean
values obtained in 2015 and 2016 were the minimum (−19.3 ± 9.4
μmol kg−1) as well as the maximum (21.1 ± 16.3 μmol kg−1) recorded
for the complete study, possibly due to the storm conditions in the latter
case, which lead to an increasing of the mixing processes (Table 2). pHT

mean values did not showmuch difference between the different cruises
followed in this study (8.02 ± 0.06). However, they presented significant
differences for each season, with the highest values in spring and winter,
and the lowest in summer and autumn, according to temperature varia-
tion (Table 2). Surface waters also showed a high variability of TA and
DIC, with a variation range of 2244 to 2466 μmol kg−1, and 1935 to 2171
μmol kg−1, respectively. Themean values for both variables did not follow
a constant variation between seasons during the whole study (Table 2).
The variation of [Ca2+] was between 10.45 and 10.81 mmol kg−1

(Table 2), with a mean value, for each season, close to the total average
value (10.64 ± 0.06 μmol kg−1). ΩAr values showed greater variations
in surface waters (1.91–3.72) (Fig. 2). The ΩAr mean value (2.68 ±
0.28) is located in the lower part of the range variation described
by Jiang et al. (2015) for North Atlantic surface waters (2.36–3.95)
at latitudes between 30°N and 50°N where the GoC is located
(Fig. 1). ΩAr presented seasonal significant differences, with the
lowest mean value obtained during spring (2.61 ± 0.35), and the
highest in summer (2.80 ± 0.13) due to the greater photosynthetic
activity in this season.

4. Discussion

4.1. Variation in the surface mixed layer in the GoC

The SML usually constitutes the top 20–100 m of the water column
located above the thermocline (Thompson, 1976). It is themost reactive
zone within the water column due to its higher water temperature and
exposure to sunlight, which allows processes as photosynthesis, lower
hydrostatic pressure, and the exchange of gases with the atmosphere
(Dinauer and Mucci, 2018). Another process to consider in the SML is
the oxidation of organic matter in the areas close to the thermocline
depth, which produces low values of DO and an important effect over
the carbonate system. The depth range of SML in the GoC has been
established in the first 100 m of the water column, this includes the
upper limit of the thermocline depths determined for this study period
(5–125 m) (Sierra et al., 2017; Amaral et al., 2020).

Fig. 3 presents the pHT, TA andΩAr mean values distribution for the
complete study in the SML at three different depths: surface waters
(~5 m), in the maximum of Chl concentrations and in the maximum
of AOU values (31.3 ± 21.9 m and 48.0 ± 29.3 m, respectively). It can
be observed how these variables change depending on depth. pHT in
surface waters present the highest values, with an average of 8.03 ±
0.05, which could be due to the fact that the surface partial pressure of
CO2 (pCO2) is near to the balance with the atmosphere. In this respect,
Jiménez-López et al. (2019) described that the eastern shelf of the GoC
acted weakly as a sink of CO2 (−0.18 ± 1.32 mmol m−2 d−1) between
2014 and 2015, which showed to be near to an equilibrium with the
atmosphere. The relatively high pHT values were observed in the
7

maximum Chl depth accompanied by a decrease in the maximum
AOU depth because of the organic matter degradation processes. This
pHT change influences on [CO3

2−] resulting in a progressive decrease of
TA and ΩAr with depth in the SML (Fig. 3).

In general, TA and ΩAr presented the highest values in the offshore
waters (Fig. 3) related to the presence of the eastward branch of the
Azores Current that introduces warmer waters in this part of the GoC
(Gould, 1985; Käse et al., 1985; Johnson and Stevens, 2000). Jiménez-
López et al. (2019) also found that the temperature and pCO2 values
in the surface waters of the GoC were higher in these offshore areas in-
fluenced by this branch. In those areas near to the Moroccan coast and
the external stations of TF, lower values of pHT and ΩAr, and higher of
TA were observed (Fig. 3), which may be due to the existing upwelling
along the African coast of the Strait of Gibraltar (Stanichny et al., 2005).
By contrast, the lowest pHT, TA and ΩAr values were observed in the
central area of the studied region, mainly in the depths matching the
maximum AOU values (Fig. 3). In this area, the stability of the thermo-
cline depth is greater, since it is weakly influenced by the surface coastal
currents of the GoC and the eastward branch of the Azores.

Additionally, pHT, TA and ΩAr showed a higher variability in the
coastal area (Fig. 3). In this regard, the waters near to the Guadiana es-
tuary displayed high values of pHT andΩAr, andmoderately high values
of TA, probably derived from the drift of the filament off Cape St. Vincent
(Relvas and Barton, 2002; Criado-Aldeanueva et al., 2006). Moreover, in
this area is where the highest Chl concentrations were found for the
whole study (González-García et al., submitted), which could explain
a major primary productivity and therefore higher pHT and ΩAr. In
the coastal area of TF, there is an upwelling as a result of the tidal-
topographical interaction that produces an increase of the primary pro-
duction in the zone (e.g. Prieto et al., 1999; Vargas-Yáñez et al., 2002)
and it can be observed in Fig. 3 by a relative increase of pHT, TA and
ΩAr. Finally, it can also be appreciated a certain increase of pHT and
ΩAr in the coastal areas near to the Guadalquivir estuary mouth. It
should be pointed out that the GoC receives significant contributions
from the rivers located in this basin, being the Guadalquivir River re-
sponsible for about 90% of the freshwater discharges to its close onshore
waters (González-Ortegón and Drake, 2012). In this respect, Fig. 4 pre-
sents the evolution of TA, DIC and [Ca2+] with SP in the Guadalquivir es-
tuary for the five samplings carried out between July 2017 and April
2019. The relationships observed for these variables with SP indicate
that the inner parts of this estuary are related with high TA, DIC and
[Ca2+], therefore resulting in an considerable input towards the GoC. If
we consider the average flow of the Guadalquivir River, between 2017
and 2019 (48.6 m3 s−1, Confederación Hidrográfica del Guadalquivir,
España, n.d.; http://www.chguadalquivir.es/saih/DatosHistoricos.
aspx), in addition to the TA, DIC and [Ca2+] values in the river endmem-
ber, we can conclude that the estuary provided 6.2 Gmol yr−1 of TA and
DIC, and 4.0 Gmol yr−1 of Ca2+ to the close coastal areas. Under these
conditions, there would be an increase of 1.4 μmol kg−1 d−1 of TA and
DIC, and 0.8 μmol kg−1 d−1 of Ca2+ in the 400 km2 around the Guadal-
quivir estuary mouth. According to this estimation, Hu et al. (2017) de-
termined that the coastal waters affected by rivers with high levels of
weathering products (CaCO3 river basin) represent well-buffered
systems.

Other studies also consider that the variation of ΩAr in surface wa-
ters is mainly controlled by biological processes (primary production
and aerobic respiration principally), temperature and mixing processes
(Cai et al., 2011; Jiang et al., 2015; Xue et al., 2017). If ΩAr changes are
decomposed into different processes in the SML (Xue et al., 2017), the
primary process controlling seasonal ΩAr net change is the biological
activity (Fig. S1), while gas exchange and mixing only play important
roles during some seasons in this interannual study in the GoC. The ab-
solute value of the relative importance of in situ biological activity pro-
cess is always greater than 35%, and produces a change inΩAr between
−0.41 in winter 2015 and 0.52 in autumn 2015. With the exception of
winter 2014, under storm conditions, the relative importance of

http://www.chguadalquivir.es/saih/DatosHistoricos.aspx
http://www.chguadalquivir.es/saih/DatosHistoricos.aspx
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temperature, exchange with the atmosphere and mixing processes in
ΩAr variability are usually lower than±10%. There is a good linear rela-
tionship between the contributions of individual processes to changes
inΩAr in the coastal anddistal areas (Fig. S2),with a greater importance
of these processes in the variability ofΩAr in the coastal zone. In this re-
spect, the effects of temperature and biological activity on ΩAr in the
distal area affect a 15% lower than in the coastal area. The coastal region
of the GoC has a greater thermal variability (Jiménez-López et al., 2019)
and higher concentrations of nutrients and Chl (González-García et al.,
2018). The contributions of the mixing processes is a 35% lower in the
distal zone, related to the greater importance of the continental inputs
and upwelling effects in the coastal area, mainly produced by the drift
of the filament off Cape St. Vincent and the upwelling of TF (Relvas
and Barton, 2002; Vargas-Yáñez et al., 2002). The influence of sea-air
CO2 exchange on ΩAr variations is more than a 50% lower in the distal
zone. Jiménez-López et al. (2019) describes how the sea-air CO2 fluxes
vary with the distance to coast in the GoC, and they are higher and
more variable in the coastal region.

Moreover, our study area showed that ΩAr was negatively corre-
lated with AOU and NO3

− in the SML (Fig. 5), which supports the hy-
pothesis that biological activity is the main process that controls
changes inΩAr. The primary productivity leads to the uptake of CO2, ris-
ing the pH values in the water and consequently causing an increase of
8

[CO3
2−] and ΩAr. Previous studies in coastal areas have shown that the

existence of a high production in surface waters can make the pH, DO
and ΩAr concentrations grow (Xue et al., 2016; Hu et al., 2017; Cai
et al., 2017; Cotovicz et al., 2018; Li et al., 2020). Also, in the SML, a
ΩAr rate of 0.089 °C−1 was obtained, which is close to the one deter-
mined in the surface waters of the Atlantic Ocean (z < 100 m) by
Jiang et al. (2015) (0.086 °C−1). This trend could be attributed to the T
influence in the inorganic carbonate equilibrium (carbonate equilib-
rium constants) and the aragonite solubility product. When the water
T increases, the first and second carbon dissociation constants increase,
resulting in an increase of [CO3

2−] andΩAr, and a decrease of the arago-
nite solubility product (Dickson and Millero, 1987).

Finally, the buffer factor changes in the CO2 system in the SML have
been calculated in order to have a better understanding of the buffer ca-
pacity in the GoC waters (Table S1). The buffer factors present average
values for the studied area of 0.19 ± 0.01, 0.23 ± 0.01 and −0.27 ±
0.02 for γDIC, βDIC and ωDIC, respectively, and R value of 10.9 ± 0.5. If
we compare these data with those of the entire global surface ocean of
1994 presented by Egleston et al. (2010), we observe that they are
within the range shown in the Atlantic Ocean and we could conclude
that the GoC is a well buffered system. In fact, the values of the buffer
factors and R calculated are very similar to those obtained by Álvarez
et al. (2014) in the GoC. Furthermore, significant differences in γDIC
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and βDIC have been found between the coastal and distal areas. There-
fore, the CO2 and [H+] dissolved in the coastalwaters seem to be slightly
less sensitive to changes in DIC than in the distal waters. However,ωDIC

did not present spatial differences in the study area, so the carbonate
saturation state (or [CO3

2−]) has the same ability to resist changes in
DIC in the coastal and distal zones of GoC. By examining the R value,
we can conclude that for a given change in CO2 the relative change in
DIC for coastal waters is lower than in distal waters.

In other coastal systems, intervals of variation of the buffer factors
have been found to be quite similar to those obtained in the GoC (Hu
et al., 2017; Cotovicz et al., 2018; Urbini et al., 2020). In these systems,
the high buffer capacity is attributed to different reasons, including
the high surface primary productivity, the relatively warm waters and
the presence of highly buffered river water (high TA). Fig. S3 presents
the relationship between the buffer factors calculated in the GoC with
TA/DIC ratio, AOU, and T. It shows as the biological activity and T influ-
ence on the variability of these factors. The lowest AOU values in addi-
tion to the highest TA/DIC and T values were related to the highest
buffer capacity in the SML of the GoC, which was probably due to the
primary productivity that increases the TA/DIC ratio and decreases the
AOU. Additionally, the increase of T produces shifts in acid-base dissoci-
ation constants and a consequent rise of the buffering capacity (Urbini
et al., 2020).

4.2. Variation in deep waters (z > 100 m)

The distribution of the differentwatermasses in the GoC determines
the variations of Ca2+ and ΩAr found in the deep waters (z > 100 m),
with the presence of two major masses, NACW (NACWT and NACWP)
andMOW(Fig. 6). But despite the existence of a particular stratification
of these water masses, the study area registers important mixing
9

processes that alter their characteristics. A break of the depth thermo-
cline influenced by storm events during spring 2016 (e.g. González-
Dávila et al., 2003), a decrease of SP values due to freshwater discharges
(van Geen et al., 1991), and/or the presence of upwelling events in-
duced by the topography of the zone and the wind (Criado-
Aldeanueva et al., 2009; Peliz et al., 2009) could affect the NACW ther-
mohaline properties. Additionally, there is a mixture between NACW
and the surface waters in the coastal area by the interaction with the
bottom, and with MOW that flows along with the topography in the
deeper waters (Hernández-Molina et al., 2014).

TA and [Ca2+] showed a practically conservative behaviour in deep
waters (Fig. 7), which indicates that the mixing processes among the
different watermasses is themain factor to establish their distributions,
and the CaCO3 precipitation is very weak in our study
region. The lineal relationship between TA and SP (TA = −761 (±13)
+ 85.73 (±0.35)·SP, r2 = 0.97, n = 256) is similar to others found in
the GoC (Santana-Casiano et al., 2002; Aït-Ameur and Goyet, 2006;
Huertas et al., 2009; Flecha et al., 2012). However, there are no previous
experimental measurements of Ca2+ in this study area and the relation-
ship observed ([Ca2+]= 293.3 (±0.4)·SP, r2= 0.93, n= 256) is similar
to the one obtained by Culkin and Cox (1966) ([Ca2+]= 293.6·SP). Fur-
thermore, Rosón et al. (2016) found a lower relationship based in the
experimental measurement of a larger collection of samples in the sub-
tropical Atlantic Ocean ([Ca2+] = 292.5·SP). These authors calculated
an overestimation in the quantification of ΩAr (0.5 ± 0.2%) when
using measured [Ca2+] from SP values based on overall the relationship
of Culkin and Cox (1966). The relationship between [Ca2+] and SP was
expected to be lower in the GoC, since NACW is the more abundant
water mass and has low SP values. The differences found with Rosón
et al. (2016) may be due to the [Ca2+] variations associated with the
presence of the Mediterranean water that presents a higher [Ca2+]
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([Ca2+] = 294.3·SP, Culkin and Cox (1966)), the continental inputs in
addition to the CaCO3 dissolution in the surface sediments of the coastal
area (Ferrón et al., 2009).

In general, the deep waters in the studied area of the GoC present a
40.3% of NACWT, a 47.8% of NACWP and an 11.9% of MOW. Fig. 6 shows
the mean annual variations during 2016 cruises of the distribution of
the different water masses identified in TF, SP, GD, TO and GU transects
below the SML. NACWT (T = 17.3 °C, SP = 36.50, Flecha et al., 2012) is
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located under the thermocline depth,with an important contribution to
depths close to 100 m and it represents the most abundant water mass
up to 200m. Below, NACWP (T=11.3 °C, SP=35.55, Flecha et al., 2012)
is placed between 200 and 500m,with a higher presence around400m,
and towards the coastal area this water mass acquires a greater impor-
tance towards lower depths (>40% for 100–200m). Finally, MOW (T=
13.1 °C, SP = 38.50, Flecha et al., 2012) is detected near the bottom, at
depths deeper than 500 m, and its contribution decreases towards the
west, from approximately 40% in the SP transect to less than a 20% in
GU transect. In the TF transect this is the major water mass for depths
over 300m (>60%). Additionally, Figs. S4 and S5 (Supplementarymate-
rial) show the mean annual variations below the SML of T, SP, AOU,
NO3

−, pH, TA, Ca2+ andΩAr in the TF, SP, GD, TO andGU transects during
the 2016 cruises.

Table 3 presents the concentrations of Ca2+, TA, ΩAr, pHT and AOU
estimated for NACWT, NACWP and MOW. The vertical variations of
[Ca2+] and TA are controlled by changes in SP, with relatively high
values at about 100 m deep associated to NACWT (10.69 ± 0.09 mmol
kg−1, 2357 ± 10 μmol kg−1, respectively), showing a progressive de-
crease at about 400 m where the NACWP signal is maximum (10.41 ±
0.09 mmol kg−1, 2303 ± 10 μmol kg−1, respectively), and resulting
with the highest values in the deeper waters due to the presence of
MOW (11.32 ± 0.12 mmol kg−1, 2465 ± 9 μmol kg−1, respectively).
On the contrary, the vertical variation ofΩAr does not show a conserva-
tive behaviour and it ismore related to pHT (r2= 0.51, n=256) than SP
(r2 = 0.37, n = 256). In this regard, NACWP shows higher and lower
AOU and pHT values than NACWT, respectively (Table 3), probably due
to the organic matter mineralization processes of the African coast, re-
lated with the northwest African upwelling system (Pérez et al.,
2001). In the deepest area, the greatest AOU values are identified asso-
ciated to the MOW characteristics (82.0 ± 4.0 μmol kg−1), similar to
those found by other authors (e.g. de la Paz et al., 2008), which have
been attributed to accumulated organic matter mineralization in the
Mediterranean basin (Huertas et al., 2009). Although, it is important
to mention that there is a pHT increase in the deep zone with respect
to NACWP, due to the presence of MOW (e.g. Santana-Casiano et al.,
2002). The Mediterranean Sea shows high values of pHT (e.g. Millero,
1979) and TA, associated to the influences from the inputs across the
Black Sea, as well as the river discharges that affect the inorganic car-
bonate system (Aït-Ameur and Goyet, 2006). Due to the lower variabil-
ity of [Ca2+],ΩAr is more affected by the [CO3

2−] changes, since it is very
sensitive to pH variations. Thus, ΩAr ranges from 2.51 ± 0.07 at about
100 m deep (NACWT) to its lowest value of 1.56 ± 0.06 at about 400
m (NACWP), and finally increases again in the deep zone as a function
of the MOW ratio (2.22 ± 0.06).

4.3. ΩAr decadal trend in the GoC

The coastal ocean has been highlighted in the last decade as an area
where there is a large variability of the total carbonate system
(Andersson and MacKenzie, 2012; Johnson et al., 2013). They are not
only affected by the increase of the atmospheric CO2 levels, but also by
the coupled effects of various processes, such as, temperature, continen-
tal inputs, organic matter degradation, biological and mixing processes,
and the increased risk of human impacts (Cai et al., 2011; Tynan et al.,
2014; Xue et al., 2017). Data collected in the GoC during the
2006–2016 decade were studied to estimate the temporal evolution of
the carbonate system parameters in the shallowest waters, considering
a water column lower than 100 m, located between the Guadiana estu-
ary and Cape Trafalgar. In this coastal zone, it is possible to compare our
database with the one obtained by Ribas-Ribas et al. (2011) between
2006 and 2007.

Fig. 8 shows the decadal trend in the GoC of pHT@Tmean andΩAr@
Tmean mean values for both surface (z < 20 m) and subsurface waters
(z > 20 m). Both variables showed a similar decrease with time
resulting in −0.0085 (r2 = 0.91) and −0.0092 yr−1 (r2 = 0.99) for
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pHT@Tmean, and −0.0554 (r2 = 0.93) and −0.0550 yr−1 (r2 = 0.97)
for ΩAr@Tmean in surface and subsurface waters, respectively. These
rates of pH decrease are within the range of variation found by
Carstensen and Duarte (2019) in 83 coastal systems across the world
(−0.023–0.023 yr−1), and close to the value obtained by Borges and
SP
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Gypens (2010) in the Belgian coast between 1990 and 1998 using R-
MICO-CO2 model (−0.006 yr−1). Borges and Gypens (2010) also deter-
mined, in the same area, a ΩAr rate change near to the values obtained
in this study (−0.047 ± 0.007 yr−1). According to the pH andΩAr var-
iations obtained in this work, it seems that the GoC was subject to a
SP
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alised in 2016 (n = 256).



Table 3
Mean values and standard deviations of calcium concentration (Ca2+), total alkalinity
(TA), aragonite saturation state (ΩAr), pHT (pH at in situ temperature) and apparent oxy-
gen utilization (AOU) associated to the different water masses (NACWT, NACWP and
MOW) during 2016 (n = 256).

NACWT NACWP MOW

Ca2+ (mmol kg−1) 10.69 ± 0.09 10.41 ± 0.09 11.32 ± 0.12
TA (μmol kg−1) 2357 ± 10 2303 ± 10 2465 ± 9
ΩAr 2.51 ± 0.07 1.56 ± 0.06 2.22 ± 0.06
pHT 8.00 ± 0.04 7.89 ± 0.05 7.97 ± 0.04
AOU (μmol kg−1) 21.7 ± 4.3 73.6 ± 2.9 82.0 ± 4.0
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significative acidification trend over the 2006–2016 decade, which is
strengthened with the acidification found by Flecha et al. (2019) in
water masses exchanging through the Strait of Gibraltar. They deter-
mined an annual rate of pH, from 2005 to 2015, that varied between
−0.0036 ± 0.0005 yr−1 and −0.0009 ± 0.0005 yr−1 for the NACW
and the Western Mediterranean Deep Water, respectively. Further-
more, there is also some experimental evidence of acidification in the
distal area of the GoC. Flecha et al. (2012) foundmean values of spectro-
photometric pHT@25 of 8.00± 0.04, 7.92 ± 0.03 and 7.81± 0.04 in the
SML, intermediate (100–500 m) and deep waters (>500 m) in a study
carried out during October 2008. The pHT@25 obtained in this work,
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for the same depth ranges, are relatively lower (7.91 ± 0.04, 7.80 ±
0.04 and 7.78 ± 0.04, respectively). However, the spatial differences
in the areas studied, as well as the depth ranges and the lack of seasonal
variations are enough factors to consider that the quantification of pos-
sible acidification using this database is not very adequate.

These decreases observed could be related to the constant increase
of the atmospheric CO2 concentration (~22.04 μatm between 2006
and 2016, Izaña Atmospheric Research Center in Spain - Earth System
Research Laboratory; https://www.esrl.noaa.gov/gmd/dv/data/index.
php) and the anthropogenic processes that have increased the coastal
inputs of nutrients and carbon (e.g. Hofmann et al., 2011; Hu et al.,
2018). If we assume this atmospheric CO2 rise and consider the repre-
sentative average values in surface waters for TA (2392 μmol kg−1), SP
(36.2), and T (17.4 °C), this would lead to a pH and ΩAr changes of
−0.0018 yr−1 and −0.012 yr−1, respectively. But this pH and ΩAr de-
crease by year is lower than the estimated in coastal waters in the
GoC (−0.0089 yr−1 and −0.0552 yr−1 on average, respectively). This
difference suggests that pH and ΩAr in coastal areas of the GoC are
also influenced by other processes, such as, biological activity, coastal
inputs, in addition to mixed layer dynamics and not only by the atmo-
spheric CO2 uptake. In reference to the biological activity, the coastal
zones are subjected to a strong decoupling of photosynthesis and respi-
ration processes derived from the large amounts of organic matter that
receive these areas, which produce principally an intensification of the
organic carbon remineralization and a decrease of the oxygen and pH
levels (Wallace et al., 2014; Carstensen and Duarte, 2019; Capelle
et al., 2020). Different studies focused on understanding long-term
drivers of pH, have revealed that the pH decline in coastal environments
can be larger than the one predicted from ocean acidification (Cai et al.,
2011; Duarte et al., 2013; Carstensen and Duarte, 2019; Shen et al.,
2020). Cai et al. (2011) suggest that eutrophication could increase the
susceptibility of coastal waters to ocean acidification. Borges and
Gypens (2010) also found that the response of carbonate chemistry to
changes of nutrient inputs to the coastal zone is stronger than ocean
acidification. In Guanabara Bay (Brazil), Cotovicz et al. (2018) found
that, changes in the aquatic carbonate chemistry seemed to be more
affected by the biological metabolism than by changes related to the in-
crease of atmospheric CO2 concentrations. Xue et al. (2017) also sug-
gested that interannual ΩAr changes due to riverine inputs could be
greater than the changes due to a continue rise of atmospheric CO2

over the past few decades in the Gray's Reef National Marine Sanctuary
(Georgia, United States).

In deep ocean, the declining rates of pH andΩAr are lower. Bates and
Peters (2007) and Doney et al. (2009) obtained a pH decrease of
−0.0017 yr−1 (1983–2005) and−0.0019 yr−1 (1988–2007) in the sub-
tropical North Atlantic Ocean and in the North Pacific Ocean, respec-
tively. These authors also determined a decrease rate for ΩAr of
−0.006± 0.001 yr−1 and−0.0069 yr−1 for the same areas. This differ-
ence between coastal and open waters reflects the greater vulnerability
of the coastal areas to the combined stresses of complex hydrodynam-
ics, biological processes and effect of eutrophication (e.g. Thomas
et al., 2007; Cai et al., 2011; Duarte et al., 2013).

5. Conclusions

The results obtained in this study reveal that the GoC is
oversaturated of CaCO3 in the whole water column, and the highest
values ofΩAr were found in the SML. TA, pHT andΩAr show a high spa-
tial variability in the SML related to the complex hydrodynamics of this
transition zone between the coastal area and the continental shelf of the
GoC. The presence of thewarmer eastward branchof theAzores Current
in the distalwaters and the drift of thefilament off fromCape St. Vincent
upwelling in the northwest zone produce a significant increase in TA,
pHT and ΩAr. An increase in ΩAr can also be appreciated in the coastal
area near the Guadalquivir estuary, which constitutes the main conti-
nental input of TA and Ca2+ in GoC. Additionally, the existence of

https://www.esrl.noaa.gov/gmd/dv/data/index.php
https://www.esrl.noaa.gov/gmd/dv/data/index.php
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other upwelling processes, along the African coast and in the Trafalgar
coast, contributes to the variability of ΩAr found in the SML.
Superimposed to spatial trends, vertical variations of ΩAr have been
found in the SML. The highest values are observed in the surface zone
(~5 m), where the interaction with the atmosphere contributes to
keep relatively high pHT values. A decrease in pH and ΩAr with depth
through the maximum Chl and maximum AOU layers has also been
detected.

ΩAr changes have been decomposed in factors to establish themain
processes that control its variability in the SML. The in situ biological ac-
tivity is the primary process that affects theΩAr changes (±0.6), while
temperature variation (±0.05), mixing processes (±0.05) and the ex-
change of CO2 with the atmosphere (±0.02) have a lower relative im-
portance. In the other hand, the buffer capacity also appears to be
controlled by changes in biological activity, as shown from the relation-
ships found with TA/DIC and AOU. A variation of the buffer factors with
temperature has also been found, which is related to its effect on the
equilibrium of the inorganic carbonate system.

In addition, the TA and [Ca2+] in deeperwaters (z > 100m) showed
a conservative behaviour with SP, recording the highest values (2465 ±
9 μmol kg−1 and 11.32±0.12mmol kg−1, respectively) in those depths
where MOW water mass was located. AOU values were also higher in
MOW, related to the organic matter mineralization that occurs in the
Mediterranean basin. In contrast, pH and ΩAr decreased with depth
due to the organic matter mineralization processes.

In turn, the GoC's waters situated closer to the coast, showed a
significative acidification from 2006 to 2016, with decrease slopes of
−0.0089 yr−1 for pH and−0.0552 yr−1 forΩAr. However, this average
reductionwasmore intense than the expected due to the increase of the
atmospheric CO2 levels over this period of time, since this area is largely
overshadowed by local and regional variability from biological activity,
continental inputs, changes in hydrography and mixed layer dynamics.
Despite the fact that this study offers the first results of the CaCO3 satu-
ration state trend in the coastal areas of the GoC, more studies are nec-
essary to be able to establish the possible acidification in offshore and
deeper waters in the GoC.
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