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Weekly and bi-monthly carbonate system parameters and ancillary data were collected
from 2008 to 2020 in three coastal ecosystems of the southern Western English
Channel (sWEC) (SOMLIT-pier and SOMLIT-offshore) and Bay of Brest (SOMLIT-Brest)
located in the North East Atlantic Ocean. The main drivers of seasonal and interannual
partial pressure of CO2 (pCO2) and dissolved inorganic carbon (DIC) variabilities
were the net ecosystem production (NEP) and thermodynamics. Differences were
observed between stations, with a higher biological influence on pCO2 and DIC in
the near-shore ecosystems, driven by both benthic and pelagic communities. The
impact of riverine inputs on DIC dynamics was more pronounced at SOMLIT-Brest
(7%) than at SOMLIT-pier (3%) and SOMLIT-offshore (<1%). These three ecosystems
acted as a weak source of CO2 to the atmosphere of 0.18 ± 0.10, 0.11 ± 0.12,
and 0.39 ± 0.08 mol m−2 year−1, respectively. Interannually, air-sea CO2 fluxes
(FCO2) variability was low at SOMLIT-offshore and SOMLIT-pier, whereas SOMLIT-Brest
occasionally switched to weak annual sinks of atmospheric CO2, driven by enhanced
spring NEP compared to annual means. Over the 2008–2018 period, monthly total
alkalinity (TA) and DIC anomalies were characterized by significant positive trends (p-
values < 0.001), from 0.49 ± 0.20 to 2.21 ± 0.39 µmol kg−1 year−1 for TA, and from
1.93 ± 0.28 to 2.98 ± 0.39 µmol kg−1 year−1 for DIC. These trends were associated
with significant increases of calculated seawater pCO2, ranging from +2.95 ± 1.04
to 3.52 ± 0.47 µatm year−1, and strong reductions of calculated pHin situ, with a
mean pHin situ decrease of 0.0028 year−1. This ocean acidification (OA) was driven
by atmospheric CO2 forcing (57–66%), Sea surface temperature (SST) increase (31–
37%), and changes in salinity (2–5%). Additional pHin situ data extended these observed
trends to the 2008–2020 period and indicated an acceleration of OA, reflected by
a mean pHin situ decrease of 0.0046 year−1 in the sWEC for that period. Further
observations over the 1998–2020 period revealed that the climatic indices North Atlantic
Oscillation (NAO) and Atlantic Multidecadal Variability (AMV) were linked to trends of SST,
with cooling during 1998–2010 and warming during 2010–2020, which might have
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impacted OA trends at our coastal stations. These results suggested large temporal
variability of OA in coastal ecosystems of the sWEC and underlined the necessity
to maintain high-resolution and long-term observations of carbonate parameters in
coastal ecosystems.

Keywords: ocean acidification, coastal ecosystem, long-term monitoring, NE Atlantic, carbonate system
dynamics

INTRODUCTION

Coastal ecosystems are often associated with important and
variable inputs of nutrients (phosphates, nitrates, nitrites, and
silicates) via river discharge, which induce large seasonal and
interannual variability of the carbonate system (Gypens et al.,
2009, 2011). High nutrient concentrations increase carbon
absorption by promoting biological production (Elser et al.,
2007). Up to 30% of primary production [and organic matter
(OM) remineralization] is concentrated in coastal shelf zones
(Walsh et al., 1988; de Haas et al., 2002; Bauer et al., 2013),
leading to high uptake (and release) of dissolved inorganic
carbon (DIC) and partial pressure of CO2 (pCO2) (Thomas
et al., 2005). In addition, natural riverine carbon originating from
the lithosphere and organic matter of the terrestrial biosphere
(Ludwig et al., 1998) are partly exported to coastal ecosystems
(Hartmann et al., 2014). Finally, depending on the nature of the
soil, weathering processes can either increase or decrease DIC
and total alkalinity (TA) (Hartmann et al., 2009; McGrath et al.,
2019) in surface waters. All of these intricate interactions make it
difficult to assess the drivers of the carbonate system in the diverse
coastal ecosystems.

Continental margins represent only 4.5% of the global
ocean uptake of anthropogenic carbon (Bourgeois et al., 2016),
estimated at 2.6 ± 0.3 PgC year−1 of CO2 (31 ± 4% of
anthropogenic CO2 emissions) (Gruber et al., 2019), yet they
are particularly vulnerable to anthropogenic forcing, such as
urban development, atmospheric deposition, from fossil fuel
combustion and agricultural activities. All of these anthropogenic
stressors can have compensatory or additive effects on the CO2
system (Doney, 2010; Sunda and Cai, 2012; Da et al., 2018), and
consequently on potential coastal seawater acidification (Borges
et al., 2010; Borges and Gypsens, 2010; Wallace et al., 2014;
Carstensen and Duarte, 2019). Ocean acidification (OA) has
been ongoing over the last 250 years, with a pH decrease of
0.11 units in the global ocean, equivalent to a hydrogen ion
concentration increase of 28% (Gattuso et al., 2015). Coastal
acidification can be far more dramatic relative to the open ocean
as a result of multiple stressor interactions (Duarte et al., 2013;
Osborne et al., 2020). OA has major consequences, particularly
for organisms with shells or skeletons composed of calcium
carbonate (CaCO3) (Doney et al., 2020). Coastal ecosystems can
experience extreme OA hotspots due to the intrusion of acidified
water with low aragonite saturation states (�Arag, Feely et al.,
2010, 2016; Chan et al., 2017; Fennel et al., 2019) or conversely
constitute refuges with more stable pH (Chan et al., 2017).
Carbon and pH variability affect algal physiology, impacting
phytoplankton inorganic carbon fixation (Raven et al., 2017), and

may contribute to increased harmful algal blooms (Fu et al., 2012;
Flynn et al., 2015; Raven et al., 2020).

Monitoring of physical and biogeochemical processes in
seawater is essential to understand the evolution of oceans,
especially in the context of increasing temperature and
atmospheric CO2 (IPCC, 2013). Recent decades have seen the
emergence of a large number of CO2 monitoring programs in the
open ocean (Bates et al., 2014; Sutton et al., 2017). Monitoring
stations are distributed around the Pacific (e.g., Munida, Currie
et al., 2011; Bates et al., 2014; WHOTS, ALOHA, Sutton et al.,
2017) and the Atlantic (e.g., ESTOC, González-Dávila et al., 2010;
BATS, Bates et al., 2014), and cover a wide range of latitudes, from
sub-polar waters (Iceland/Iriminger seas, Olafsson et al., 2009,
2010; Bates et al., 2014) to tropical waters (CARIACO, Caribbean
Sea, Astor et al., 2013; Taylor et al., 2012; Bates et al., 2014;
Muller-Karger et al., 2019). The SOOP-CO2 provided pCO2 data
acquired from ships of opportunity1, while the growing BGC-
Argo array (Claustre et al., 2020) will provide open ocean pH
observations, in addition to salinity-derived TA. SOCAT (Bakker
et al., 2016) and LDEO Global Surface Database (Takahashi
et al., 2020) contribute to these international efforts by compiling
quality CO2 observations from the scientific community, while
GLODAP (Lauvset et al., 2016) and OceanSODA-ETHZ (Gregor
and Gruber, 2021) databases provide global gridded data of the
open ocean carbonate system. The limited CO2 system variability
in the oceanic environment, compared to coastal ecosystems,
favors observations of the alterations associated to climate change
such as carbon accumulation or OA. Global estimates of OA
in the open ocean were estimated at −0.0018 ± 0.0004 year−1

for the period 1991–2011 (Lauvset et al., 2015) and relate to
pCO2 increase of 1.2 ± 0.5 µatm year−1 to 2.1 ± 0.5 µatm
year−1 in different ocean basins (Takahashi et al., 2009, 2014).
These trends are highly linked to the studied periods and can
vary regionally and seasonally (Leseurre et al., 2020). Long-
term monitoring in nearshore ecosystems is particularly relevant
since these ecosystems host large stocks of shellfish species
sensitive to ongoing OA (Doney et al., 2020), yet remain scarce.
Coastal margins present additional challenges because of the
intense daily, seasonal, and interannual variability associated to
these environments (riverine inputs, climatic, and anthropogenic
drivers), which make it more challenging to observe trends
related to climate change (Kapsenberg et al., 2017; Reimer et al.,
2017a; Chen and Hu, 2019).

In the North East Atlantic Ocean, a recent initiative by the
Global Ocean Acidification Network (GOA-ON2) has aimed to

1https://www.aoml.noaa.gov/ocd/ocdweb/occ_soop.html
2http://goa-on.org
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coordinate, encourage, and maintain long-term observations of
the CO2 system at local and national scales. In this context,
we report on three time series of carbonate parameters in
the southern Western English Channel off Roscoff (SOMLIT-
pier and SOMLIT-offshore) and in the Bay of Brest (SOMLIT-
Brest), initiated within the French network for the monitoring
of coastal environments (SOMLIT3). From 2008 to 2020, we
performed weekly to bimonthly observations of carbonate system
and ancillary physical and biogeochemical parameters at these
northeast Atlantic Ocean coastal stations. The present study,
which builds on the work of Salt et al. (2016) and Gac et al.
(2020), aims to decipher, for the first time, trends and drivers of
OA in NE Atlantic coastal waters based on long-term time series.
In light of the relatively long duration of the study, we attempt
to identify the main factors influencing the variability of the
carbonate system from local [rivers, Net Ecosystem Production
(NEP)] to large-scale [North Atlantic Oscillation (NAO) and
Atlantic Multidecadal Variability (AMV)] processes.

STUDY AREA

This study focused on coastal waters of the English Channel
and the Iroise Sea, located in one of the world’s largest
temperate continental margins, the North West European shelf.
As part of SOMLIT, two sites (Roscoff and Brest, Figure 1) are
sampled bimonthly since 2008 to monitor physical, chemical, and
biological parameters, including carbonate system parameters.
The region is characterized by low temperature ranges between
winter and summer, by sustained wind throughout the year with
frequent storms from fall to spring, and by heavy rainfall, with a
maximum monthly mean rainfall during December (140 mm at
Brest and 125 mm at Roscoff), causing significant discharges of
fresh water from many rivers and estuaries (Tréguer et al., 2014).
Large-scale hydro-climatic indices such as the NAO (Hurrell,
1995) and the AMV can significantly influence the climate
regimes in the area. AMV has been linked for example with
decadal variations in temperature and rainfall patterns (Sutton
et al., 2018). The NAO produces large changes in surface air
temperatures, storm-track position, and precipitation over the
North Atlantic and is strongly related to changes in sea surface
temperature (SST) at the Brest and Roscoff sites (Tréguer et al.,
2014 and reference therein). Freshwater inputs release important
nutrient stocks into the aquatic environment (Meybeck et al.,
2006; Dürr et al., 2011; Tréguer and De La Rocha, 2013), fueling
phytoplankton blooms (e.g., Del Amo et al., 1997; Beucher et al.,
2004). In these ecosystems, nutrient inputs maintain sustained
phytoplankton biomass during the summer.

SOMLIT-Brest is located in the Bay of Brest, a macrotidal
estuary located in a semi-enclosed bay covering 180 km2.
The hydrology is controlled by exchanges of high salinity and
relatively warm waters from the Atlantic Ocean and freshwater
inputs from two main estuaries: the Aulne (annual mean
discharge during the study period of Qmean = 24.0± 24.4 m3 s−1)
and the Elorn (Qmean = 5.9± 5.0 m3 s−1). Samples were taken at

3https://www.somlit.fr/

a station near the coast (48◦21′32′′N; 4◦33′07′′W) characterized
by a shallow water column (∼10 m), not sufficient to observe
seasonal stratification due to intense semi-diurnal tidal streams,
with a maximum tidal amplitude of 8 m.

The Roscoff stations are located about 55 km north east of
Brest in the south of the Western English Channel (WEC),
which is a pathway between the North Atlantic Drift and
the North Sea. Two stations (a near-shore station SOMLIT-
pier, 48◦43′59′′N; 3◦58′58′′W, and an offshore station SOMLIT-
offshore, 48◦46′49′′N; 3◦58′14′′W) were sampled along the
coastal gradient in the Roscoff area, which has freshwater inputs
from two small rivers, the Penzé (Qmean = 2.8 ± 2.7 m3 s−1) and
the Morlaix river (Qmean = 4.3 ± 3.9 m3 s−1). SOMLIT-pier is
located near the coast (∼500 m) with a shallow water column
(∼10 m), influenced by continental freshwater inputs and by a
strong semi-diurnal tidal cycle, with a maximum tidal amplitude
of 8 m. SOMLIT-offshore has a deeper water column (∼60 m),
representative of the permanently well-mixed waters of the south
of the WEC (Pingree and Griffiths, 1978). The distance between
this station and the coast (3.5 km) limits the impact of rainwater
and river inflow compared to the SOMLIT-pier station.

MATERIALS AND METHODS

Weekly and Bimonthly Measurements of
the Long-Term Time Series
Environmental data were collected from 1998 to 2020, whereas
carbonate parameters were sampled from July 2008 to December
2020 (see details below). At SOMLIT-Brest (January 1998–
2020), sampling took place on a weekly basis at high tide
slack. The two Roscoff stations, SOMLIT-offshore (January 1998–
2020) and SOMLIT-pier (January 2000–2020), were sampled
bimonthly during neap tides and at high tide slack. Sampling
in Brest was carried out from the observation pier of Sainte-
Anne-du-Portzic, while sampling in Roscoff took place aboard
the R/V Neomysis research vessel. During each sampling event,
SST measurements were obtained using a Seabird SBE19+,
with a temperature accuracy of 0.005◦C. Surface seawater (2
m depth at the Brest station and 1 m depth at the Roscoff
station) was sampled using a 10-L Niskin bottle. Discrete sea
surface salinity (SSS) was measured by storing seawater samples
in glass bottles with a rubber seal with analysis conducted
in the following months in a temperature-regulated room
with a portasal Guidline Salinometer at the SHOM (Service
Hydrologique et Océanographique de la Marine) with a precision
of 0.002. Samples for dissolved oxygen (DO) measurements were
stored in 280-ml brown glass bottles, analyzed after addition
of 1.7 ml of Winkler reagent I and II, and kept in the dark
in a water bath. DO concentrations were determined by the
Winkler method using a potentiometric end-point determination
with a Metrohm titrator. The estimated accuracy of this method
is 0.2 µM (Carpenter, 1965). To evaluate the impact of non-
thermodynamic processes on DO variations, the dissolved
oxygen saturation (DO%) was calculated using the equations
of Garcia and Gordon (1992) from SST, SSS, and DO values.
Chlorophyll-a (Chl a) concentrations were obtained by filtration
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FIGURE 1 | Map, bathymetry, and topography of the study area in the southern Western English Channel (sWEC), with the two regions of study: the Brest region,
with the SOMLIT-Brest station (black square), the Aulne and Elorn rivers; and the Roscoff region, with SOMLIT-pier (upward black triangle) and SOMLIT-offshore
(downward black triangle) stations and the Penzé and Morlaix rivers. Black circles indicate the locations of sampling in the rivers and the black star the location of the
Meteo France station (“Guipavas station”) for wind speed data. Bathymetry contours show 20 and 50-m isobaths. (Top left) Map and bathymetry (200-m isobath) of
the North Atlantic Ocean with the location of the Mace Head atmospheric station (yellow diamond); the black frame represents the zoom on the study area. Note
that the color map (–6000 to 2000 m) is different from the main map.

of 500 ml of seawater through glass-fiber filters (Whatman GF/F)
under 0.2 bar vacuum. After storage in plastic tubes at −20◦C,
Chl a was extracted using the EPA method (1997) with a 90%
acetone solution for a few hours at 4◦C. Chl a concentrations
were determined using a Turner AU10 fluorometer. Nitrate,
nitrite, dissolved silicate (DSi), and soluble reactive phosphate
(SRP) concentrations were determined following the method
of Aminot and Kérouel (2007) using an AA3 auto-analyzer
(AXEFLOW) with accuracies of 0.05 µmol L−1 for nitrate and
DSi and 0.01 µmol L−1 for SRP and nitrite concentrations.

For carbonate system parameters, TA and DIC measurements
were performed from July 2008 to December 2017 at SOMLIT-
Brest, from May 2009 to December 2017 at SOMLIT-offshore,
and from July 2010 to December 2017 at SOMLIT-pier.
Water samples were immediately poisoned with 50 µl of
saturated HgCl2. TA and DIC were determined at the SNAPO
(Service National d’Analyse des Paramètres Océaniques) using
potentiometric analysis following the method of Edmond (1970)
and DOE (1994) with accuracies of 2.5 µmol kg−1 for both
parameters (see Marrec et al., 2013 for details). A total of 412,
162, and 189 measurements of each parameter were obtained
from samples from SOMLIT-Brest, SOMLIT-pier, and SOMLIT-
offshore, respectively.

Dissolved inorganic carbon data for 2018–2020 were excluded
since unexplained noise appeared among replicates, potentially
linked to an extended period of conservations of the samples

prior to analysis. Consequently, the SOMLIT-Brest dataset was
completed with 72 weekly measurements of pHin situ performed
from July 2019 to December 2020. The SOMLIT-pier and
SOMLIT-offshore datasets were completed from January 2018
to December 2019 with 48 bi-monthly measurements of TA
combined with 72 bi-monthly measurements of pHin situ from
January 2018 to December 2020. For these specific periods,
TA and pH were collected in 500-ml borosilicate glass bottles
and poisoned with 50 µl of saturated HgCl2. TA at SOMLIT-
offshore was determined from approximately 51 g of weighed
sample at 25◦C using a potentiometric titration with 0.1 M
HCl using a Titrino 847 plus Metrohm. The balance point
was determined by the Gran method (Gran, 1952) according
to the method of Haraldsson et al. (1997). The accuracy of
this method is ± 2.1 µmol kg−1 (Millero, 2007) and was
verified by Certified Reference Material (CRM 131) provided by
A. Dickson (Scripps Institute of Oceanography, University of
South California, San Diego, United States). pH was determined
with an accuracy of 0.002 by spectrophotometry (Perin-Elmer
Lambda 11) at a controlled temperature of 25◦C with the
method of Clayton and Byrne (1993) and corrected by Chierici
et al. (1999), using the sulfonephthaleindiprotic indicator meta-
CresolPurple (mCP).

The combination of SST, SSS, DIC, TA, DSi, and SRP was used
as input parameters for the CO2 chemical speciation model in
the CO2sys program (Matlab version by van Heuven et al., 2011,
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based on calculation of Lewis and Wallace, 1998) to calculate the
carbonate system before 2018. For calculation after 2018, SST,
SSS, pH, and TA were used as input parameters. K1 and K2
constants were defined based on the last calculations of Waters
et al. (2014) on the total pH scale, and the KSO4 dissociation
constant was based on Dickson (1990) and Uppstrom (1974). The
calculated uncertainties were estimated at 0.6% for pH, 0.5% for
DIC, and 14% for aragonite (Millero et al., 2007; McLaughlin
et al., 2015). The average of pCO2 uncertainties was close to
the uncertainties estimated in Gac et al. (2020), with 18 µatm
based on TA/DIC and 11 µatm based on TA/pH. In 2017, three
carbonate parameters (pH, DIC, and TA) were collected at the
same time at SOMLIT-offshore. Computed pCO2(DIC/TA) and
pCO2(TA/pH) showed a robust relationship (1:1 slope, r2 = 0.90;
n = 14; p < < 0.001, RMSE = 8). Similarly, pHin situ and
pH(TA/DIC) showed robust consistency (1:1 slope; r2 = 0.89,
n = 14; p < < 0.001, RMSE = 0.008) during that period, which
would indicate that the time-series trends (Section “Analysis of
Trends”) were not affected by the change in variables.

Seasonal Measurements in Adjacent
Rivers
Four seasonal cruises were performed in the Brest rivers (Aulne
and Elorn) in February 2009 (winter), May 2009 (spring), July
2009 (summer), and November 2010 (winter). Surface seawater
was sampled using a 10-L Niskin bottle, and SST, SSS, nutrient
concentration, TA, and DIC were measured using the methods
outlined above and detailed in Bozec et al. (2011). The Roscoff
rivers (Penzé and Morlaix river) were sampled from the R/V
Neomysis and R/V Aurelia on a monthly basis from February
2011 to November 2011 in the Penzé, completed with seven
monthly cruises in the Penzé and Morlaix rivers from January
2019 to July 2019, and from two cruises in January and February
2020, using the same analytical methods. Six stations were
sampled along the salinity gradient in the Morlaix and Penzé
rivers, and seven stations were sampled in the Aulne and Elorn
rivers (Figure 1). The upper stations in the Roscoff estuary
presented salinity values below 5, and down to 0 in the Brest
rivers. A total of 55 and 230 measurements of each parameter
were obtained from Brest and Roscoff rivers, respectively.

Air–Sea CO2 Exchanges
Atmospheric pCO2 (pCO2

air) was calculated from the
atmospheric molar fraction of CO2 (xCO2) recorded at the
Mace Head site (53◦33′N 9◦00′W, southern Ireland) of the
RAMCES network (Observatory Network for Greenhouse
gasses) and from the water vapor pressure (pH2O) using the
equations of Weiss and Price (1980). Atmospheric pressure and
wind data were obtained from the Guipavas meteorological
station (48◦26′36′N, 4◦24′42′′W, Météo France) and fitted to
the dataset using the monthly averages. Air–sea CO2 fluxes
(FCO2, in mmol C m−2 day−1, Equation 1) were determined
from the difference of pCO2 between surface seawater and
air (δpCO2 = pCO2 − pCO2

air), SST, SSS, wind speed, and
atmospheric pressure.

FCO2 = k× α× δpCO2 (1)

Where k represents the gas transfer velocity (m s−1) and α

represents the solubility coefficient of CO2 (mol atm−1 m−3)
calculated as in Weiss (1970). The exchange coefficient k
(Equation 2) was calculated from the wind speeds with the
updated algorithm of Wanninkhof (2014) appropriate for both
regional and global flux estimates:

k = 0.251× u2
10 ×

(
Sc

660

)−0.5
(2)

Where u10 represents the wind speed at 10 m height (m s−1) and
Sc denotes the Schmidt number at in situ SST.

Computation of the Thermal vs.
Non-thermal Drivers of the pCO2 Signal
The variability of sea surface pCO2 induced by thermal and
non-thermal processes was estimated using the equations of
Takahashi et al. (1993, 2002), based on the well-constrained
temperature dependence of pCO2 (4.23% ◦C−1) (Takahashi et al.,
1993; Millero, 1995). The thermal (pCO2

therm) and non-thermal
(pCO2

non−therm) influence on pCO2 was determined as:

pCOtherm
2 = pCO2,mean × e0.0423×(Tobs−Tmean) (3a)

pCOnon−therm
2 = pCO2,obs × e0.0423×(Tmean−Tobs) (3b)

with annual mean values calculated from January 2008 to
December 2017 at SOMLIT-Brest (Tmean = 13.3 ± 2.9◦C,
n = 493; pCO2,mean = 400 ± 56 µatm, n = 412), SOMLIT-pier
(Tmean = 13.0 ± 2.45 ◦C, n = 245; pCO2,mean = 390 ± 68 µatm,
n = 162), and SOMLIT-offshore (Tmean = 12.9 ± 2.2◦C, n = 245;
pCO2,mean = 412± 39 µatm, n = 189).

Determination of Processes Controlling
DIC/pCO2 Based on a 1-D Mass Budget
Model
The influence of temperature, air–sea exchange, mixing, and
biological activity on carbonate parameters was investigated
based on the calculations developed in Xue et al. (2016) and
adapted to our data as described in detail below. The calculations
were based on the difference of SST, SSS, TA, DIC, pCO2, SRP, and
DSi at time n and time n+ 1 during 8 annual cycles from January
2010 to December 2017 with a time increment at all sites based on
monthly averages. The total pCO2 and DIC changes from time n
and n+ 1 were induced by the combination of different processes
explained in Equations 6, 7, and 8 and developed in the following
subsections.

4pCO2 = (pCO2)n+1−(pCO2)n (4)

4pCO2 = 4pCOtherm
2 +4pCOgas

2 +4pCOmix
2 +4pCObio

2

+4pCOnon
2 (5)

4DIC = 4DICgas
+4DICmix

+4DICbio (6)
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Temperature Changes
The variability induced by thermal processes was estimated using
the coefficient proposed by Takahashi et al. (1993) and verified by
Millero (1995).

4pCOthem
2 = (pCO2)n × e0.0423×(SST(n+1)−SSTn)

−(pCO2)n (7)

Air–Sea Exchange
The effect of air–sea CO2 (gas) exchange was first estimated
on DIC, and subsequently on pCO2 from DIC, TA, SSS, SST,
SRP, and DSi using the CO2SYS program (Section “Weekly and
Bimonthly Measurements of the Long-term Time-Series”):

4DICgas
= −FCO2 × (t(n+1)−tn)/(ρ× d) (8a)

(DIC)
gas
(n+1) = (DIC)n +4DICgas (8b)

4pCOgas
2 = f

(
(DIC)

gas
(n+1), TAn, SSSn, SSTn, (SRP)n,

(DSi)n

)
pCO2(CO2SYS)

− (pCO2)n (8c)

where FCO2 is the air–sea CO2 flux (see Section “Air-sea
CO2 exchanges”), t(n+1) – tn is the number of days between
two measurements, ρ is the seawater density (kg m−3) calculated
from the TEOS-10 calculations (McDougall et al., 2012), and
d is the depth fixed at 10 m for comparable computations at
the three stations.

Mixing
Mixing was attributed to the horizontal mixing (or lateral
advection) induced by river inputs and Atlantic Ocean waters,
while other processes such as evaporation and precipitation were
neglected. The effect of mixing on TA and DIC was estimated
based on the relationship between DIC and SSS, and between
TA and SSS from the seasonal sampling in Brest and Roscoff
rivers and coastal stations (Figure 2). These seasonal samplings
were performed during typical years in terms of freshwater inputs
and then SSS variability (Figure 3). The following equations were
used to compute 1DICmix and 1TAmix and then (DIC)mix

(n+1) and
(TA)mix

(n+1), the predicted DIC and TA values at time n + 1 due to
the mixing:

4DICmix
= SlopeDIC/SSS × (SSS(n+1)−SSSn) (9a)

(DIC)mix
(n+1) = (DIC)n +4DICmix (9b)

4TAmix
= SlopeTA/SSS × (SSS(n+1)−SSSn) (9c)

(TA)mix
(n+1) = (TA)n +4TAmix (9d)

SlopeDIC/SSS was estimated from the linear regression
(r2 = 0.99, n = 585 for Brest rivers and r2 = 0.96, n = 683 for

Roscoff rivers) between DIC and SSS (Figure 2A, 46.8 µmol kg−1

uSSS−1 for Brest rivers and 41.3 µmol kg−1 uSSS−1 for Roscoff
rivers). SlopeTA/SSS was estimated from the linear regression
(r2 = 0.98, n = 660 for Brest rivers and r2 = 0.98, n = 660 for
Roscoff rivers) between DIC and SSS (Figure 2B, 55.3 µmol
kg−1 uSSS−1 for Brest rivers and 49.5 µmol kg−1 uSSS−1 for
Roscoff rivers).

Based on these values, the effect of mixing on pCO2 was
computed using the following equation:

4pCOmix
2 = f

(
(DIC)mix

(n+1), TAmix
(n+1), SSS(n+1), SSTn,

(SRP)n, (DSi)n

)
pCO2(CO2SYS)

−(pCO2)n (9e)

The mixing term at SOMLIT-offshore was considered
negligible because sampling always occurred at high tide
slack when the influence of rivers did not modify SSS
throughout the year.

Biological Processes
The remainder of DIC changes were assigned to biological
processes, such as the effect of photosynthesis, respiration,
degradation of organic matter, or calcification/dissolution
of CaCO3.

4DICbio
= 4DIC−(4DICgas

−4DICmix) (10a)

(DIC)bio
(n+1) = (DIC)n +4DICbio (10b)

4pCObio
2 = f

(
(DIC)bio

(n+1), TAn, SSSn, SSTn, (SRP)n,

(DSi)n

)
pCO2(CO2SYS)

− (pCO2)n (10c)

Non-linear Term
4pCOnon

2 is a non-linear term calculated from the difference
between 1pCO2 and the sum of pCO2 due to each process
detailed above, considering that pCO2 responses to SST or DIC
changes were not linear [see Xue et al. (2016) for more details].

Net Ecosystem Production (NEP)
Net ecosystem production represents the difference between
gross primary production (GPP) and ecosystem respiration (R).
Positive NEP values indicate that the ecosystem is predominantly
autotrophic; i.e., the production of organic matter is larger
than its consumption. Negative NEP values indicate that
the ecosystem is heterotrophic, with higher organic matter
remineralization than production. NEP calculations are derived
from the biological effect on 1DIC following the equation:

NEP = −4DICbio
× ρ× d/(t(n+1)−tn) (11)
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FIGURE 2 | Linear regressions between (A) dissolved inorganic carbon concentration (DIC, µmol kg-1) and sea surface salinity (SSS), and (B) total alkalinity (TA,
µmol kg-1) vs. SSS based on the data collected at Penze/Morlaix rivers (blue circles) in 2010–2011 and 2019–2020 and Roscoff stations (SOMLIT-pier and
SOMLIT-offshore, blue asterisks) from 2008 to 2019 and Elorn and Aulne rivers (orange circles) in 2009–2010 and SOMLIT-Brest (orange asterisks) from 2008 to
2019.

FIGURE 3 | Monthly mean climatology for (A) sea surface temperature (SST, ◦C), (B) sea surface salinity (SSS), (C) river flow (m3 s−1), (D) nitrate (µmol L−1), (E) Chl
a (µg L−1), and (F) oxygen saturation (DO%, %) at SOMLIT-Brest (orange), SOMLIT-pier (light blue), and SOMLIT-offshore (dark blue), from January 2010 to
December 2017, and the associated time series of weekly/bimonthly data from January 2008 to January 2020. (C) Brest river flow is shown in orange and Roscoff
river flow is shown in blue. The black line represents the atmospheric temperature (◦C). The monthly mean climatologies were computed based on complete years
acquired from January 2010 to December 2017. Salinity values down to 32.5 and 31.7 (out of the figure range and indicated by black asterisks) were observed in
February 2014 and February 2016, respectively. In February 2014, river flow values up to 130 m3 s−1 were observed in the Aulne river (indicated by a black asterisk).
Chl a concentrations of 5.9, 6.3, and 5.2 µg L−1 were observed in May 2010, April 2015, and May 2018 (indicated by a black asterisk), respectively. Blue
double-arrows below the SSS plot represent the period of sampling in the Roscoff rivers, and the orange double-arrow represents the period of sampling of the
Brest rivers.
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Analysis of Trends
Climatologies were computed based on monthly means over the
entire period of study. Data were detrended for seasonality by
subtracting the respective monthly mean climatology computed
for the study period to the time series (hereafter “monthly
means”). The resulting residuals were analyzed using linear
regressions to compute anomaly trends, called “monthly anomaly
trend.” This approach follows methods from Niu (2013) applied
on seawater parameters by Tréguer et al. (2014) and Bates
et al. (2014) to allow for comparisons of trends observed at
different time-series stations. All analyses were performed with
Matlab 2020a.

Deconvolution of pHin situ and pCO2
The relative contributions of various drivers on carbonate
system trends at Brest and Roscoff were identified based on the
deconvolution of pHin situ and pCO2 time series following the
methods described in García-Ibáñez et al. (2016) and applied by
Kapsenberg et al. (2017) on coastal time series. Equations 12 and
13 represent the changes in pH and pCO2 linked to SST, SSS, TA,
and DIC over time (t).

dpHin−situ
dt

=
∂pHin−situ

∂SST
dSST

dt
+

∂pHin−situ
∂SSS

dSSS
dt

+
∂pHin−situ

∂TA
dTA

dt
+

∂pHin−situ
∂DIC

dDIC
dt

(12)

dpCO2
dt

=
∂pCO2
∂SST

dSST
dt
+

∂pCO2
∂SSS

dSSS
dt

+
∂pCO2
∂TA

dTA
dt
+

∂pCO2
∂DIC

dDIC
dt

(13)

Here, ∂pHin− situ
∂variable

dvariable
dt and ∂pCO2

∂variable
dvariable

dt represent the slope
contribution of a changing “variable” to the estimated change
in pHin−situ or pCO2, respectively. The contribution of each
“variable” corresponding to SST, SSS, TA, and DIC. The
sensitivity of pHin−situ and pCO2 to “variable” ( ∂pHin −situ

∂variable and
∂pCO2

∂variable ) was estimated by calculating pHin−situ and pCO2
using true values of the “variable” and holding the other three
variables constant (mean values of the 2008–2017 time series) and
regressing to the “variable.” Sensitivities ( ∂pHin −situ

∂variable and ∂pCO2
∂variable )

were then multiplied by the monthly anomaly trend of the
“variable.”

Hydroclimatic Indices
The impact of two main large-scale hydroclimatic indices, the
NAO and AMV, on environmental parameters recorded in the
study area was investigated to evaluate the climatic context of
our observations.

The NAO was calculated by and retrieved from the National
Weather Service (NOAA4). NAO is defined as the distribution
of atmospheric mass between the Arctic and the subtropical
Atlantic and swings from positive (NAO+) to negative (NAO−),

4https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml

producing large changes in surface air temperatures, storm-
track position, and precipitation over the North Atlantic and
western Europe. Seasonal variations of NAO are controlled by
non-linear processes: wave-mean flux intensities and air–sea
interactions (Peng et al., 2003). In this study, we compared
the winter period to the measured parameters (December–
January–February, called here wNAO), when the amplitude
was the highest.

The AMV, also known as the Atlantic Multidecadal Oscillation
(AMO), was calculated by and retrieved from the Physical Science
Laboratory (NOAA5). The AMV describes the pattern of SST in
the North Atlantic (Kerr, 2000; Enfield et al., 2001), which can
either represent decades of warm or cool anomalies at the basin
scale, relative to the global mean.

RESULTS

Hydrographical Properties
Sea surface temperature seasonality at the three sampling
sites was characterized by a limited amplitude between winter
minimum and summer maximum values (Figure 3A), a typical
feature for temperate oceanic regions. The seasonal SST signal
was more pronounced in Brest (7.8◦C) than in Roscoff (6–6.6◦C),
with mean minimum values of 9.5◦C in Brest and 9.8◦C in
Roscoff in winter, and mean maximum values in summer of
17.1◦C, 16.4◦C, and 15.8◦C, in SOMLIT-Brest, SOMLIT-pier,
and SOMLIT-offshore, respectively. SST increased from February
in Brest, one month earlier than in Roscoff. A similar pattern
was observed for SST lowering in late summer, with an earlier
decrease observed in Brest than in Roscoff. Mean temperatures at
SOMLIT-pier were slightly lower during winter than at SOMLIT-
offshore and slightly higher during summer.

The seasonal variability of SSS was much more pronounced
in Brest than in Roscoff (Figure 3B), highlighting the stronger
influence of freshwater inputs in the Bay of Brest than in the
coastal sWEC. The lowest SSS values (down to 33.1) were
observed in winter in Brest, while in Roscoff, SSS reached
minimum values (<35.1) in spring. The highest SSS values were
observed in summer at both sites, with mean values of 34.9
in Brest and 35.2 in Roscoff. Salinity at SOMLIT-pier was 0.1
lower than at SOMLIT-offshore along the year because of the
proximity of the SOMLIT-pier station to the coast. The impact of
riverine freshwater inputs on SSS was evident for Aulne and Elorn
river flows (Figure 3C). During the winters of 2013/2014 and
2015/2016, Aulne and Elorn river flows were particularly high,
with values > 80 m3 s−1 and > 20 m3 s−1, when the lowest SSS
values were recorded at the Brest site. In Roscoff, the two major
rivers flowing into the area were characterized by much lower
flows (<15 m3 s−1), with limited effects on SSS.

Biogeochemical Seasonality
The higher influence of riverine freshwater inputs in Brest than
in Roscoff led to higher maximum winter values of nitrate
concentration. Winter nitrate concentrations in Brest reached

5https://psl.noaa.gov/data/timeseries/AMO/
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values higher than 20 µmol L−1, two times higher than in
Roscoff (Figure 3D). Nitrate concentrations started to decrease
from February in Brest, 1 month earlier than in Roscoff.
Most of the winter nitrate stock was consumed from April in
Brest, characterized by a sharp decrease. From April to August,
nitrate concentrations remained below 3 µmol L−1 and were
depleted in summer in the Bay of Brest. Slightly higher nitrate
concentrations were observed at SOMLIT-pier than at SOMLIT-
offshore during winter. In Roscoff, the winter stock of nitrate
decreased more slowly than in Brest, and surface waters were
never nitrate depleted during summer at SOMLIT-offshore.
Undetectable nitrate concentration were recorded at SOMLIT-
pier in some years.

Brest and Roscoff were characterized by a different seasonality
in terms of phytoplankton production, as represented by
Chl a concentrations (Figure 3E). Spring phytoplankton
blooms occurred in April in Brest, with mean Chl a
concentration > 1.5 µg L−1. In Roscoff, Chl a concentrations
started to increase in spring and reached their highest values
(∼1.5 µg L−1) from May to July. In fall and winter, Chl a
concentrations remained < 0.4 µg L−1. Chl a concentrations at
SOMLIT-pier and SOMLIT-offshore followed a similar dynamic
with similar values. Important interannual variability in terms
of bloom timing and intensity was observed at both sites. In
2010, an intense spring phytoplankton bloom (Chl a up to 6 µg
L−1) was observed in early spring in Brest, but not in Roscoff,
where Chl a concentrations remained abnormally high (>2 µg
L−1) all summer in that year. On the contrary, intense spring
blooms were observed at both Brest and Roscoff in 2015, with
values > 2.0 µg L−1 during most of the productive period.

Surface waters were oversaturated in O2 from March to
August–September at all study sites (Figure 3F), while O2
undersaturation down to 95% was observed in fall. Winter values
were close to atmospheric equilibrium. The highest DO% values
(up to 120%) were recorded at SOMLIT-pier. The spring increase
of DO% was observed from March in Brest and at SOMLIT-
pier, while at SOMLIT-offshore, DO% increased 1 month after
with lower maximum DO% values. The end of summer decrease
in DO% occurred in August in Brest and at SOMLIT-offshore.
At SOMLIT-pier, DO% values > 100% were recorded up to
September. Chl a concentrations and DO% followed similar
trends for SOMILT-Brest and SOMLIT-offshore. The overall
seasonal variability in terms of Chl a concentrations was similar
at SOMLIT-offshore and SOMLIT-pier, but the signal in terms
of DO% was different, with higher DO% and longer DO%
values > 100% at SOMLIT-pier than at SOMLIT-offshore.

Seasonality of the Carbonate System
Total alkalinity did not exhibit marked seasonality at the Roscoff
stations, remaining constant all year at around 2335 µmol kg−1

(Figure 4A). At SOMLIT-Brest, TA was < 2300 µmol kg−1

during the winter and was in a similar range to the Roscoff
values during the summer. The lowest TA values in Brest were
observed during the winters of 2013/2014 and 2015/2016, periods
characterized by high riverine freshwater input and low SSS.
As shown on Figure 2B, the rivers flowing in the vicinity

of the study sites were characterized by low TA end-member
values (400–600 µmol kg−1). The lower TA values observed
in Brest than in Roscoff were related to the stronger influence
of riverine freshwater inputs, which was confirmed by the
SSS-normalization of TA (Figure 4E).

Dissolved inorganic carbon concentrations showed a clear
seasonality at the three stations (Figure 4B) with maximum
values observed in fall in Brest (>2100 µmol kg−1) and in winter
in Roscoff (>2150 µmol kg−1). In Brest, minimum DIC values
down to 2050 µmol kg−1 were observed during spring, while
DIC reached minimum values during summer in Roscoff. DIC
values at SOMLIT-offshore and SOMLIT-pier were in a similar
range during winter. From early spring to the end of summer,
lower DIC concentrations were recorded at SOMLIT-pier than
at SOMLIT-offshore. As for TA, the rivers in the study area
were characterized by low DIC values (Figure 2A). The stronger
influence of riverine inputs in Brest than in Roscoff might be
the cause of low winter DIC values observed in Brest, which
were confirmed when the effect of SSS on DIC was accounted
for (Figure 4F).

The seasonal variability of pH was more pronounced at
SOMLIT-pier and SOMLIT-Brest, with amplitudes > 0.15, than
at SOMLIT-offshore, where the pH amplitude was < 0.10
(Figure 4C). Maximum pH values were observed during the
spring (>8.10), while values < 8.00 were recorded during winter.
Like for Chl a concentrations, pH values reached their maximum
spring values 1 month earlier in Brest than in Roscoff. Maximum
pH values were attained in April in Brest and in May in Roscoff.
After reaching their spring maxima, pH values decreased during
the summer down to their minimum fall values for each site.
pH25◦C was < 0.2 units (Figure 4D) compared to the pHin situ.
pH25◦C followed a different seasonality close to that of SST, with
values > 7.9 during summer and close to 7.8 during winter.

�Cal and �Arag were always > 1 and followed a pronounced
seasonal variability with higher values during spring and summer
than during fall and winter (Figure 4G). In spring, the maximum
values of �Cal at SOMLIT-Brest and SOMLIT-pier were > 4,
and∼3.8 in SOMLIT-offshore. Maximum �Arag values observed
in SOMLIT-Brest and SOMLIT-pier were > 2.5 and ∼2.5 in
SOMLIT-offshore. The �Cal and �Arag were∼3.2 and∼2 during
the winter for each station.

Seasonality of pCO2 and FCO2
The seasonal pCO2 signal in the near-shore stations SOMLIT-
Brest and SOMLIT-pier were characterized by a similar mean
amplitude of ∼170 µatm (Figure 4H). Seasonality was less
pronounced at SOMLIT-offshore, where, on an annual scale, the
mean pCO2 signal varied from 350 to 480 µatm. Maximum
pCO2 values were observed during fall, in October in Brest and
in November in Roscoff. During winter, surface water pCO2
decreased down to the atmospheric equilibrium, from January in
Brest and in March–April in Roscoff. pCO2 values were minimal
in April in Brest (∼310 µatm), in May at SOMLIT-offshore
(∼360 µatm), and in June at SOMLIT-pier (∼310 µatm). Sea
surface pCO2 remained below the atmospheric equilibrium for
6 months at SOMLIT-pier (up to August), 5 months in Brest (up
to June), and only 4 months at SOMLIT-offshore (up to July). On
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FIGURE 4 | Monthly mean climatology for (A) total alkalinity (TA, µmol kg−1), (B) dissolved inorganic carbon (DIC, µmol kg−1), (C) pHin situ, (D) pH25◦C, (E) SSS
normalized TA (nTA, µmol kg−1), (F) SSS normalized DIC (nDIC, µmol kg−1), (G) �Arag and �Cal , (H) pCO2 (µatm), (I) pCO2

therm (µatm), (J) pCO2
non−therm (µatm),

and (K) FCO2 (mmol C m-2 day−1) at SOMLIT-Brest (orange), SOMLIT-pier (light blue), and SOMLIT-offshore (dark blue), from January 2010 to December 2017, and
the associated time series of weekly/bimonthly data from January 2008 to January 2020. The black line represents atmospheric pCO2 (µatm). TA values down to
2194 and 2181 µmol kg−1 (out of figure range and indicated by black asterisks) were observed in January 2014 and February 2016, respectively. FCO2 values of
18.9, –20.82, and 17.3 mmol C m-2 day−1 were recorded in November 2009, March 2010, and November 2012 (indicated by a black asterisk), respectively. nTA
and nDIC computations were based on Friis et al. (2003) and the SSS vs. TA/DIC relationships from Figure 2.
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a seasonal scale, pCO2 and pH exhibited clear opposite trends at
each site, in terms of both timing and intensity.

The influence of the SST on pCO2 variability is represented
by the pCO2

therm signal (Figure 4I). Minimum pCO2
therm

values were observed during winter when low SST favored
CO2 solubility in surface waters. Lower pCO2

therm values were
observed in the nearshore stations at SOMLIT-Brest and at
SOMLIT-pier, than at SOMLIT-offshore. The seasonality of the
pCO2

therm signal was similar between sites in terms of timing,
with pCO2

therm values below the atmospheric equilibrium from
January to April, and above the atmospheric equilibrium from
May to November.

The influence of non-thermodynamic processes on pCO2
variability is represented by the pCO2

non−therm signal (Figure 4J).
pCO2

non−therm values were high and above atmospheric pCO2
during fall and winter, with higher values at SOMLIT-Brest and
SOMLIT-pier than at SOMLIT-offshore. The seasonal variability
was similar at SOMLIT-Brest and SOMLIT-pier, with a higher
amplitude (∼200 µatm) than at SOMLIT-offshore (<100 µatm).
The seasonality of pCO2

non−therm followed an opposite dynamic
to DO% and Chl a, with low values observed during the
biologically productive period (spring and summer) when DO%
and Chl a were high. The overall features of pCO2

therm and
pCO2

non−term seasonality indicated that non-thermal processes
counteracted the effect of thermal processes on surface water
pCO2 during winter and summer.

The seasonal dynamic of FCO2 at the three sites was
characterized by a net sink of atmospheric CO2 in spring and
a net source of CO2 to the atmosphere in fall (Figure 4J).
FCO2 varied between −20 mmol C m−2 day−1 and +18 mmol
C m−2 day−1 during the year. SOMLIT-Brest acted as a sink
of atmospheric CO2 from February, while in Roscoff, negative
FCO2 values were observed 1 month later. The average seasonal
amplitudes were similar at SOMLIT-Brest and SOMLIT-pier, but
lower at SOMLIT-offshore due to less pronounced atmospheric
CO2 sinks during spring. SOMLIT-offshore acted as a sink of
atmospheric CO2 for 4 months (March–June), SOMLIT-Brest
was an atmospheric CO2 sink for 5 months (February–June), and
at SOMLIT-pier surface waters were a sink of CO2 for 6 months
(March–August). Annually, all sites were weak sources of CO2
to the atmosphere except for 2010 and 2015 at SOMLIT-Brest
(Table 1) (see Section “Comparison Between Ecosystems of the
Processes Controlling the Carbonate System” for details).

Trends Over the 2008–2017 Period
Trends were studied over the 2008–2017 period during which
time the DIC/TA and ancillary datasets were robust enough
to separate the main drivers of pCO2 and pH. From the
first day of sampling to December 2017, SST increased
significantly (p-values < 0.001) with observed positive trends
of +0.08 ± 0.01◦C year−1 at SOMLIT-Brest, +0.06 ± 0.02◦C
year−1 at SOMLIT-pier, and+0.07± 0.01◦C year−1 at SOMLIT-
offshore (Figures 5A, 6). SST increased at a similar rate
as the atmospheric temperature (+0.07 ± 0.04◦C year−1,
p-value < 0.05). No significant trends were observed for SSS
(Figures 5B, 6) or for river flow (data not shown).

Significant reductions in nitrate concentration were recorded
at all sites with rates of −0.19 ± 0.04, −0.21 ± 0.03, and
−0.32 ± 0.06 µmol L−1 year−1 at SOMLIT-pier, SOMLIT-
offshore, and SOMLIT-Brest, respectively (Figures 5C, 6).
Monthly Chl a anomalies remained stable over these 10 years
(Figures 5D, 6). DO% significantly (p-values < 0.01) increased
(0.18± 0.05 % year−1) at SOMLIT-offshore, but not at SOMLIT-
pier and SOMLIT-Brest (Figure 6).

Monthly TA and DIC anomalies were characterized by
significant positive trends (p-values < 0.001). TA increased
by 0.49 ± 0.20 and 1.64 ± 0.32 µmol kg−1 year−1 at
SOMLIT-offshore and at SOMLIT-pier, respectively, and by
2.21± 0.39 µmol kg−1 year−1 at SOMLIT-Brest (Figures 5E, 6).
DIC increased by 1.93± 0.28 and 2.61± 0.62 µmol kg−1 year−1

at SOMLIT-offshore and at SOMLIT-pier, respectively, and by
2.98 ± 0.39 µmol kg−1 year−1 at SOMLIT-Brest (Figures 5F,
6). Positive TA and DIC trends were associated with significant
increases (p-values < 0.001) of seawater pCO2 ranging from
+2.95 ± 1.04 to +3.52 ± 0.7 µatm year−1 (Figures 5G, 6),
higher than the rise of atmospheric pCO2 (+2.27 ± 0.08 µatm
year−1). The highest pCO2 positive trend was observed in
Brest. pCO2

therm increased at all stations with values similar
at SOMLIT-Brest and at SOMLIT-offshore (1.21 µatm year−1)
and 0.96 ± 0.26 µatm year−1 at SOMLIT-pier. Reduction
of surface seawater pH was observed at all three sites with
significant pH decrease of 0.0029 ± 0.0005, 0.0028 ± 0.0010,
and 0.0027± 0.0004 year−1 (p-values < 0.001) at SOMLIT-Brest,
SOMLIT-Pier, and SOMLIT-offshore (Figures 5H, 6).

DISCUSSION

Comparison Between Ecosystems of the
Processes Controlling the Carbonate
System
The seasonal patterns of pCO2 and air–sea CO2 fluxes in
the WEC have been extensively investigated (Borges and
Frankignoulle, 2003; Padin et al., 2007; Dumousseaud et al., 2010;
Litt et al., 2010; Kitidis et al., 2012; Marrec et al., 2013, 2014)
but never based on large carbonate system datasets such as in
the present study, with almost a decade of discrete DIC/TA
data at three contrasted coastal sites. The seasonal pCO2 signal
has conventionally been divided into “thermal” (pCO2

therm)
and “non-thermal” (pCO2

non−therm) signals to disentangle
thermal from biological (OM production/remineralization)
processes impacting the pCO2 seasonal dynamics in the WEC
(Marrec et al., 2013, 2014, Gac et al., 2020) or in the Bay
of Brest (Bozec et al., 2011). However, in such nearshore
ecosystems, the carbonate system can be affected by various
other processes, such as estuarine inputs, mixing, air–sea CO2
fluxes, calcification/dissolution of CaCO3, or pelagic/benthic
coupling (Salt et al., 2016; Chen and Hu, 2019; Figure 7).
The unprecedented TA/DIC dataset collected in this study
over a relatively long period, and concomitantly at three
different sites, allowed further evaluation of the drivers of spatial
and interannual variability of the carbonate system. A simple
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TABLE 1 | Seasonal and annual means ± standard error (SE) of FCO2 and NEP (in mol C m−2 year−1) at SOMLIT-Brest, SOMLIT-pier, and SOMLIT-offshore from 2009 to 2017.

Season 2009 2010 2011 2012 2013 2014 2015 2016 2017 2010–2017

Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

FCO2 (mol m−2 year−1) SOMLIT-Brest Winter 0.53 ± 0.25 0.02 ± 0.20 0.78 ± 0.51 0.37 ± 0.27 0.78 ± 0.42 0.90 ± 0.59 0.62 ± 0.55 0.28 ± 0.00 0.62 ± 0.55 0.57 ± 0.14

Spring −0.67 ± 0.11 −2.08 ± 0.38 −0.79 ± 0.06 −1.37 ± 0.66 −1.23 ± 0.00−0.62 ± 0.30−0.79 ± 0.34−0.44 ± 0.00 −0.41 ± 0.36 −0.99 ± 0.16

Summer 0.30 ± 0.35 −0.25 ± 0.33 −0.06 ± 0.14 0.18 ± 0.32 −0.05 ± 0.38−0.13 ± 0.39−0.57 ± 0.81−0.24 ± 0.27 0.49 ± 0.43 −0.08 ± 0.14

Fall 2.23 ± 0.95 1.28 ± 0.34 1.46 ± 0.35 1.56 ± 0.53 1.03 ± 0.20 0.85 ± 0.24 0.48 ± 0.16 0.60 ± 0.12 1.25 ± 0.13 1.06 ± 0.11

Annual 0.60 ± 0.39−0.26 ± 0.39 0.35 ± 0.29 0.19 ± 0.37 0.40 ± 0.26 0.25 ± 0.26−0.13 ± 0.29 0.11 ± 0.15 0.49 ± 0.25 0.18 ± 0.10

SOMLIT-pier Winter - - 1.13 ± 0.23 0.44 ± 0.30 0.85 ± 0.53 0.87 ± 0.26 1.93 ± 0.00 0.44 ± 0.00 0.62 ± 0.17 0.79 ± 0.12

Spring - - −0.97 ± 0.28 −1.10 ± 0.50 −1.21 ± 0.54−0.63 ± 0.32−0.78 ± 0.14−0.87 ± 0.05 −0.85 ± 0.52 −0.96 ± 0.12

Summer - −0.67 ± 0.47 −0.43 ± 0.26 −0.71 ± 0.58 −0.57 ± 0.39−0.76 ± 0.21−0.77 ± 0.70−0.30 ± 0.27 −0.20 ± 0.07 −0.55 ± 0.13

Fall - 1.28 ± 0.83 1.46 ± 0.73 1.56 ± 0.84 1.03 ± 0.41 0.85 ± 0.57 0.48 ± 0.55 0.60 ± 0.15 1.25 ± 0.06 1.06 ± 0.19

Annual - - 0.42 ± 0.40 0.05 ± 0.40 0.04 ± 0.35 0.14 ± 0.30 0.04 ± 0.37−0.08 ± 0.18 0.18 ± 0.26 0.11 ± 0.12

SOMLIT-offshore Winter - 0.05 ± 0.02 0.55 ± 0.10 0.39 ± 0.19 0.93 ± 0.65 0.97 ± 0.34 1.44 ± 0.00 0.78 ± 0.00 0.49 ± 0.21 0.63 ± 0.12

Spring - −0.67 ± 0.07 −0.22 ± 0.11 −0.46 ± 0.31 −0.68 ± 0.33−0.24 ± 0.13−0.27 ± 0.04 0.04 ± 0.17 −0.12 ± 0.31 −0.33 ± 0.08

Summer 0.32 ± 0.16 0.08 ± 0.37 0.10 ± 0.15 0.73 ± 0.29 0.18 ± 0.13 0.01 ± 0.25−0.15 ± 0.56 0.05 ± 0.15 0.34 ± 0.28 0.17 ± 0.10

Fall 1.43 ± 0.39 1.04 ± 0.58 1.59 ± 0.46 0.93 ± 0.48 1.49 ± 0.72 0.86 ± 0.32 1.35 ± 0.43 1.00 ± 0.60 1.06 ± 0.15 1.18 ± 0.16

Annual - 0.12 ± 0.23 0.50 ± 0.23 0.35 ± 0.21 0.48 ± 0.33 0.40 ± 0.20 0.50 ± 0.30 0.44 ± 0.20 0.38 ± 0.16 0.39 ± 0.08

NEP (mol m−2 year−1) SOMLIT-Brest Winter −0.51 ± 1.68 1.84 ± 1.91 −0.71 ± 1.34 0.07 ± 1.20 −1.17 ± 0.32−0.75 ± 1.85 0.70 ± 0.34−2.86 ± 0.00 −1.40 ± 1.02 −0.33 ± 0.46

Spring 4.39 ± 0.70 4.20 ± 0.39 3.91 ± 1.66 3.44 ± 1.11 5.64 ± 0.00 4.17 ± 0.05 4.06 ± 2.42 5.31 ± 0.00 4.19 ± 1.96 4.14 ± 0.44

Summer−1.65 ± 0.88 −1.02 ± 1.07 −0.75 ± 1.32 −1.56 ± 1.89 0.00 ± 2.24−0.81 ± 0.09−1.45 ± 1.11−1.70 ± 0.21 −2.83 ± 2.36 −1.27 ± 0.48

Fall −4.50 ± 0.49 −3.98 ± 0.17 −3.09 ± 0.78 −3.47 ± 0.26 −3.54 ± 0.94−3.76 ± 1.09−− 3.57 ± 3.89−2.40 ± 0.09 −2.68 ± 1.13 −3.30 ± 0.38

Annual −0.57 ± 0.00 0.26 ± 1.18−0.16 ± 1.06 −0.38 ± 0.99 −0.81 ± 0.93−0.29 ± 1.09 0.21 ± 1.05−1.23 ± 0.78−0.68 ± 0.92−0.35 ± 0.34

SOMLIT-pier Winter - - 0.38 ± 1.37 0.35 ± 1.10 −0.88 ± 2.22−1.72 ± 0.36 - −2.54 ± 0.00 −0.21 ± 1.08 −0.56 ± 0.43

Spring - - 3.59 ± 1.86 3.88 ± 1.27 3.05 ± 1.90 4.73 ± 1.05 0.59 ± 2.75 1.57 ± 1.54 3.49 ± 1.67 3.33 ± 0.56

Summer - −1.02 ± 1.64 −1.76 ± 2.72 −0.91 ± 1.39 −0.16 ± 1.04−0.13 ± 2.09 1.13 ± 1.38−0.98 ± 2.06 −0.79 ± 1.45 −0.58 ± 0.55

Fall - −4.42 ± 1.68 −2.70 ± 0.53 −3.91 ± 1.18 −2.32 ± 1.24−3.80 ± 0.76−3.72 ± 1.75−2.21 ± 0.94 −2.32 ± 1.89 −3.17 ± 0.43

Annual - - −0.12 ± 1.06 −0.15 ± 0.99 −0.08 ± 0.93−0.23 ± 1.09−0.82 ± 1.05−0.99 ± 0.78 0.04 ± 0.92−0.39 ± 0.34

SOMLIT-offshore Winter - 0.07 ± 0.02 −0.14 ± 0.10 0.00 ± 0.19 −1.09 ± 0.65−1.51 ± 0.34 - −1.21 ± 0.00 −0.37 ± 0.21 −0.58 ± 0.12

Spring - 2.14 ± 0.07 1.93 ± 0.11 1.96 ± 0.31 1.41 ± 0.33 2.21 ± 0.13 0.55 ± 0.04 1.85 ± 0.17 1.82 ± 0.31 1.78 ± 0.08

Summer 0.05 ± 0.16 −0.71 ± 0.37−1.12 ± 0.15 −1.06 ± 0.29 −0.12 ± 0.13−0.91 ± 0.25 0.41 ± 0.56−1.02 ± 0.15 −1.12 ± 0.28 −0.71 ± 0.10

Fall −2.84 ± 0.39 −2.49 ± 0.58 −2.24 ± 0.46 −2.75 ± 0.48 −2.21 ± 0.72−1.78 ± 0.32−2.45 ± 0.43−2.29 ± 0.60 −0.29 ± 0.15 −2.11 ± 0.16

Annual - −0.25 ± 0.60−0.39 ± 0.59−0.26 ± 0.57 −0.50 ± 0.53−0.50 ± 0.61−0.63 ± 0.84−0.62 ± 0.58 0.04 ± 0.65−0.38 ± 0.21

Annual means are represented in bold, negative means are in italic.
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FIGURE 5 | Trends of monthly anomalies of (A) SST (◦C year−1), (B) SSS (year−1), (C) nitrate (µmol L−1 year−1), (D) Chl a (µg L−1 year−1), (E) TA (µmol kg−1

year−1), (F) DIC (µmol kg−1 year−1), (G) pCO2 (µatm year−1), and (H) pHin situ (year−1) at SOMLIT-Brest (orange), SOMLIT-pier (light blue), and SOMLIT-offshore
(dark blue) for January 2008 to December 2017 (see Section “Weekly and Bimonthly Measurements of the Long-term Time-Series” for details on starting dates of
sampling). The black lines (A,G) represent the monthly anomaly of atmospheric temperature (◦C year−1) and pCO2

atm (µatm year−1). The asterisks represent the
p-values: ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05, and no asterisk indicates non-significant trends.

comparison of the DIC/TA relationship at the three sites over
the 2010–2017 period revealed a high heterogeneity of the
carbonate system between nearshore and offshore waters within

a limited geographical region (Figure 7). These background
concentrations condition the control on FCO2 (Humphreys et al.,
2018) and the response or buffering of the ecosystem to various
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FIGURE 6 | Heatmap of the trends of monthly anomalies of the parameters collected at the three SOMLIT stations for the January 2008 to December 2017 period
(see Section “Weekly and Bimonthly Measurements of the Long-term Time-Series” for details on sampling dates). Red represents a positive trend, blue denotes a
negative trend, and white indicates no trend, with the maximum and minimum attributed based on the maximum and the minimum of the trends of each parameter.
The color bar values of pH25◦C, nTA, nDIC, pCO2

therm, and pCO2
non−therm were attributed by the color bar of pHin situ, TA, DIC, and pCO2, respectively. Asterisks

represent p-values: ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05, and missing asterisk indicates non-significant trends.

biogeochemical processes (Middelburg et al., 2020). Figure 7 also
shows the influence of the dominant drivers and stoichiometry
on DIC and TA, indicating complex interactions in these coastal
ecosystems. A straightforward SSS-normalization of DIC and TA
(Figures 4, 7) revealed a stronger impact of mixing on DIC and
TA in the Bay of Brest than in WEC ecosystems. We adapted the
study of Xue et al. (2016) (Section “Determination of Processes
Controlling DIC/pCO2 Based on a 1-D Mass Budget Model”)
to construct a 1-D DIC/pCO2 model to quantify the physical
(mixing, air–sea exchange) and biological (NEP) drivers of the
carbonate system. This model is well suited for considering
freshwater inputs in addition to thermal and non-thermal drivers.
Factors driving monthly DIC and pCO2 variability at the three
study sites are represented in Figure 8. While the conclusions
derived from the 1-D model are in general agreement with those
derived from the simple pCO2

therm/pCO2
non−therm separation,

they also illustrate how various processes enhance or cancel each
other out. Note that the impact of each factor is represented by
monthly 1DIC and 1pCO2.

Over a full annual cycle, mixing processes had a relatively
larger contribution in the Bay of Brest compared to SOMLIT-
pier and SOMLIT-offshore. Riverine inputs were characteristic
of non-limestone watersheds, with low DIC and low TA end-
members, as also observed in coastal and shelf waters around

Ireland (McGrath et al., 2016) and in Liverpool Bay (Hydes
and Hartman, 2012). These riverine inputs induced decreases
of DIC and pCO2 in fall and winter with maxima of 19 µmol
kg−1 and 5 µatm, respectively, at SOMLIT-Brest. As mentioned
in Sections “Hydrographical Properties” and “Seasonality of the
Carbonate System,” the winters of 2013/2014 and 2015/2016
were characterized by large freshwater input responsible for large
drawdowns of TA in the bay. Computation based on our model
estimated that the contribution of the mixing term on DIC was
three to four times higher in November 2013 compared to the
annual average, highlighting the strong interannual variability
driven by freshwater inputs. It is worth noting that for the
same period, the mixing term on DIC at SOMLIT-pier was
also four times stronger, reaching −14 µmol kg−1 compared to
the standard mean of −3 µmol kg−1 observed over the period
(data not shown). Mixing effects were still substantial in the
Bay of Brest during early spring, with increased DIC/TA due
to the larger contribution of Atlantic surface waters with higher
DIC/TA and reduced riverine inputs. Similar observations were
made at SOMLIT-pier and SOMLIT-offshore with increasing
SSS during spring.

During spring, biological processes controlled the DIC/pCO2
signal at all three sites as previously observed (Marrec, 2014;
Salt et al., 2016; Gac et al., 2020). This period was characterized
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FIGURE 7 | DIC (µmol kg−1) vs. TA (µmol kg−1) and nDIC (µmol kg−1) vs.
nTA (µmol kg−1) at (A,B) SOMLIT-Brest, (C,D) SOMLIT-pier, and (E,F)
SOMLIT-offshore with the (F) dominant annual processes affecting the
carbonate system and their stoichiometric influence on nDIC and nTA.

by DO% > 100%, high Chl a (Figure 3E), and DIC/TA ratios
following the OM production stoichiometric ratio (Figure 7).
We estimated mean DIC uptakes of 30–45 µmol kg−1 in
nearshore ecosystems and 15–20 µmol kg−1 offshore with
concomitant uptake of pCO2 of 60–80 and 36 µatm, respectively.
This biological uptake was counterbalanced by mixing in the
Bay of Brest, but more significantly by air-to-sea fluxes for
DIC/pCO2 and thermodynamic effect for pCO2 at all three sites.
In March 2010 and 2015, exceptional phytoplankton blooms
were responsible for an extra DIC uptake 20% to 25% higher
than mean annual uptake rates. The competing importance of
biological vs. thermodynamics on pCO2 continued during early
summer with both signals representing 40% of the variability,
while air-to-sea fluxes closed the budget (Figure 8). Starting in
July, OM remineralization overtook OM production processes,
as revealed by the increase of DIC and pCO2

non−therm at all three
sites, while DO% decreased. At the same time, thermodynamic
effects (for pCO2) and sea-to-air fluxes (for DIC and pCO2)
tended to compensate the release of inorganic carbon due to OM

remineralization, representing 20% to 30% of the pCO2 signal,
respectively (Figure 8).

An enhanced contribution of mixing occurred in early fall in
the bay of Brest as mentioned above. Freshwater inputs with low
DIC, combined with sea-to-air CO2 fluxes and cooling of surface
seawater, all acted to decrease pCO2 in the same proportion
as the pCO2 and DIC releases by OM remineralization
processes. Similar observations for the fall period were made
in the Roscoff ecosystems and continued in early winter, with
January marking the transition to another annual cycle. Full
characterization and quantification of processes controlling the
carbonate system in highly dynamic and contrasted coastal
ecosystems relies on long-term time series (Borges et al.,
2008; Bauer et al., 2013; Fennel et al., 2019). Without taking
into consideration the inherent interannual variability at each
site, such characterization can be incomplete (Borges et al.,
2008). Extreme values recorded in this study, together with the
long duration, strengthen our understanding of the physical
and biogeochemical processes driving the carbonate system at
these coastal sites.

As mentioned in Section “Study Area,” the water column
was well-mixed throughout the year at the three coastal stations
with an average depth of 10 m for SOMLIT-pier and SOMLIT-
Brest and 60 m for SOMLIT-offshore. For the latter, the
relatively deep water column and the limited amount of light
reaching the seafloor might limit the contribution of the benthic
compartment to the pelagic signal observed at the surface.
Conversely, in the two shallow nearshore ecosystems, the benthic
compartment may exert a strong control on the carbonate
signal with high OM production/remineralization and/or CaCO3
dissolution/precipitation characteristic of benthic communities
in various coastal environments (Hammond et al., 1999; Cai
et al., 2000; Forja et al., 2004; Martin et al., 2007; Waldbusser
and Salisbury, 2014; Oliveira et al., 2018). These two nearshore
stations were characterized by different benthic communities
with maerl (coralline red algae) beds in the bay of Brest (e.g.,
Martin et al., 2007; Longphuirt et al., 2007; Lejart and Hily,
2011) and seagrass and macroalgae beds at SOMLIT-pier (Ouisse
et al., 2011; Bordeyne et al., 2017). The latter sustained large
production/remineralization of OM (Migné et al., 2005; Golléty
et al., 2008) with a limited impact of calcification processes,
whereas Martin et al. (2006, 2007) showed that intense benthic
calcification occurred in the bay of Brest during spring and
summer, with dissolution the rest of the year, which exert a
control on the carbonate system. Our model did not take into
account the impact of the CaCO3 precipitation/dissolution. Salt
et al. (2016) estimated that 10% of DIC/TA signals during
spring and fall were due to CaCO3 precipitation and dissolution,
respectively. During summer, OM production is sufficiently high
to mask the effect of calcification, while during winter, sustained
freshwater input with low DIC/TA tend to mask dissolution
of CaCO3 (Salt et al., 2016). Our model potentially resulted
in a minor overestimation of DIC uptake by OM production
in spring and an underestimation of the contribution of OM
degradation during fall. However, the 1-D model remained
robust for identifying the main drivers throughout the year.
At SOMLIT-pier, the production/dissolution of CaCO3 was
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likely negligible, with biological signals on DIC/pCO2 most
likely due to the combined effect of benthic and pelagic OM
production/remineralization (Gac et al., 2020), both of which are
included in the model.

Seasonal and annual NEP (Table 1 and Figure 9) estimates
were computed based on modeled DIC budgets with FCO2
correction, providing reliable estimates of the metabolic rates
of ecosystems (Borges et al., 2008; Staeher et al., 2012). In the
nearshore ecosystems, both benthic and pelagic compartments
contributed to NEP estimates, while pelagic processes can
reasonably be considered as the major NEP drivers at the
SOMLIT-offshore station. Over the study period, the amplitude
of NEP per surface area was two times higher in nearshore
shallow waters (10 mol C m−2 year−1) than in offshore
deeper waters (5 mol C m−2 year−1) (Figure 9) as previously
observed in estuarine plumes (Borges et al., 2008) or tidal
wetlands (Herrmann et al., 2015; Najiar et al., 2018) vs. shelf
waters. From summer to winter, all of the study sites were
characterized by negative NEP values; i.e., the ecosystems were
heterotrophic. During early spring, positive NEP values indicate
that all ecosystems were autotrophic. NEP mirrored monthly
FCO2 (Figure 9), except during the transition from spring to
summer in nearshore ecosystems when OM remineralization
in the benthic compartment could overturn the system to
heterotrophic, while pCO2 values of the water column were
still below CO2 atmospheric equilibrium (Salt et al., 2016). This
transition occurred 1 month earlier in the Bay of Brest than at
SOMLIT-Pier. At SOMLIT-offshore, the seasonal trophic state
of the ecosystem correlated with the direction of the fluxes.
Table 1 shows that all three ecosystems were very close to trophic
and atmospheric equilibrium on an annual scale, which led to
interannual variability in terms of ecosystem trophic status and
sink/source of CO2 from year to year.

On an annual scale, SOMLIT-Brest waters could either be
weakly heterotrophic or autotrophic depending on the year. The
close relationship found between NEP and FCO2 (Figure 9D)
suggested that amid the numerous drivers of the carbonate
system described above, NEP, and more particularly spring NEP,
controlled the direction of FCO2. The massive blooms recorded
in spring 2010 and 2015, characterized by high Chl a values
(Figure 3), were sufficient to turn the ecosystem into an annual
sink of atmospheric CO2 (−0.26 and −0.13 mol C m−2 year−1,
respectively) compared to the average value of +0.18 ± 0.10 mol
C m−2 year−1 over the 2010–2017 period. The latter estimate
was similar to recent estimations for the 2008–2015 period of
+0.14 ± 0.2 mol C m−2 year−1 (Salt et al., 2016). Similar
interannual variability in carbonate system dynamics and FCO2
directions was observed in the South Atlantic Bight (SAB) by
Reimer et al. (2017a) and amplified by continental and riverine
inputs in the Gulf of Maine (Vandemark et al., 2011) or off the
coast of Georgia, United States (Xue et al., 2016).

More pronounced and constant heterotrophic features were
observed at SOMLIT-pier and SOMLIT-offshore with mean
negative (or close to zero) NEP values with an average value
of −0.39 mol C m−2 year−1 from 2010 to 2017. As suggested
by the significant correlation (r2 = 0.66, p-value << 0.05,
n = 36 at SOMLIT-Brest; r2 = 0.57, p-value << 0.05, n = 29 at

SOMLIT-pier; and r2 = 0.73 p-value << 0.05, n = 33 at SOMLIT-
offshore, based on the seasonal means of Table 1) between
NEP and FCO2, SOMLIT-pier and SOMLIT-offshore were weak
sources of CO2 to the atmosphere of +0.11 ± 0.12 mol m−2

year−1 and of +0.40 ± 0.08 mol m−2 year−1 over the 8-year
period, respectively. These FCO2 estimations confirmed the near-
shore/offshore gradient observed for the 2015–2019 period with
values of+0.37 mol C m−2 year−1 and+0.65 mol C m−2 year−1

based on HF data (Gac et al., 2020) and were within the range of
larger scale estimations for the sWEC of+0.53 mol C m−2 year−1

(Marrec, 2014).

Deconvolution of Carbonate System
Trends During the 2008–2017 Period
Long-term time series of carbonate parameters in coastal
ecosystems remain scarce but are essential to assess their
evolution under climate change. Time-series based on at least
two parameters of the carbonate system are essential to fully
understand the processes driving the observed trends. In this
study, the DIC/TA dataset revealed a significant increase in DIC
concomitant with a somewhat unexpected increase of TA at
the two nearshore stations and relatively stable TA at SOMLIT-
offshore during the study period (Figure 5). Recent observations
based on similar DIC/TA datasets also revealed an increase in TA
for the 2007–2015 period, albeit in very different ecosystems at
the coastal Point B site in the Mediterranean Sea (Kapsenberg
et al., 2017) and in the North Atlantic Subpolar Gyre (Leseurre
et al., 2020). In our study, similarly, to the observations made at
point B and contrary to the North Atlantic Subpolar Gyre, the
increase in TA was concomitant with a significant increase in
pCO2 of 3.52 ± 0.47, 2.95 ± 1.04, and 3.11 ± 0.49 µatm year−1

and decrease in pH of−0.0029± 0.0005,−0.0028± 0.0010, and
−0.0027 ± 0.0004 year−1 at SOMLIT-Brest, SOMLIT-pier, and
SOMLIT-offshore, respectively (Figure 5).

The deconvolution model (Section “Analysis of Trends”)
made it possible to approximate the effect of increasing
atmospheric temperature, as well as the increase in DIC exerted
by the forcing of atmospheric CO2, on pCO2/pH trends. The
observed variations in DIC/TA were associated with sea surface
warming of 0.08 ± 0.01◦C year−1, 0.06 ± 0.02◦C year−1,
and 0.07 ± 0.01◦C year−1 at SOMLIT-Brest, SOMLIT-pier,
and SOMLIT-offshore, respectively. Based on the theoretical
relationship between SST and pCO2 of 0.0423% ◦C−1 (Takahashi
et al., 1993), these SST increases resulted in a pCO2 increase of
1.21 ± 0.21, 0.96 ± 0.26, and 1.21 ± 0.24 µatm year−1 over
the study period, respectively (Figure 6). These pCO2

therm trends
were consistent with the slopes related to SST obtained from the
deconvolution model for these three stations (Table 2). Similarly,
the differences between the trends of pHin situ and pH25◦C
(Figure 6) were close to the values obtained for the contribution
of SST to pHin situ trends based on the deconvolution model.
These observations confirmed that the deconvolution model
correctly estimated the impact of warming surface waters on
the increase of pCO2 and the decrease of pHin situ observed
during the study period. The contributions of SST to the observed
trends of both pCO2 and pHin situ varied from 26 to 31% at

Frontiers in Marine Science | www.frontiersin.org 16 July 2021 | Volume 8 | Article 688008

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-688008 July 8, 2021 Time: 20:11 # 17

Gac et al. OA in Coastal Ecosystems of NE Atlantic

FIGURE 8 | (Top) Monthly means and (bottom) relative importance (%) of DIC (µmol kg−1) and pCO2 (µatm) changes due to thermodynamics (1xtem, in yellow),
air–sea exchanges (1xgas, in vermillion), mixing (1xmix , in light blue), and biological activity (1xbio, in sea green) at (A,D,G,J) SOMLIT-Brest, (B,E,H,K) SOMLIT-pier,
and (C,F,I,L) SOMLIT-offshore. 1x is the difference of pCO2 or DIC between two consecutive months over the January 2010 to December 2017 period. Positive (or
negative) values denote the increase (or decrease) between two consecutive months (see Section “Determination of Processes Controlling DIC/pCO2 Based on a
1-D Mass Budget Model” for details on calculations).

the Roscoff stations and was 35%–37% at SOMLIT-Brest. These
contributions related to the increase in temperature were similar
to the observations made by Kapsenberg et al. (2017) in the
Mediterranean Sea for pCO2

therm (+1.19 µatm year−1 for surface
waters) with similar trends of SST (+0.07◦C year−1, period 2007–
2015).

The sum of the contributions of SST, SSS, TA, and DIC to
the trends of pCO2 and pHin situ based on the deconvolution
model was similar to the observed trends of these parameters at
the nearshore stations, which further confirmed the robustness

of the method for these stations (Table 2). At SOMLIT-offshore,
the aggregated trends were slightly overestimated but still near
the range of error of the method. The increase in DIC exerted
by the forcing of atmospheric CO2 was partly compensated by
the increase in TA (which has a buffering effect on OA and
is not directly impacted by addition of anthropogenic CO2 to
seawater). Using the pCO2 deconvolution model, we can sum
the contribution of TA and DIC to pCO2 to assess the relative
contribution of 1DIC to 1pCO2 that is unrelated to changes
in DIC due to TA increase (Kapsenberg et al., 2017). The
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FIGURE 9 | Monthly average of FCO2 (blue, mol C m-2 year−1) and NEP (red, mol C m-2 year−1) at (A) SOMLIT-Brest, (B) SOMLIT-pier, and (C) SOMLIT-offshore.
Shaded areas represent the quartiles of the annual means. (D) NEP vs. FCO2 annual means at SOMLIT-Brest (orange), SOMLIT-pier (light blue), and
SOMLIT-offshore (dark blue), from January 2010 to December 2017. The black line represents the 1:1 relationship.

remaining increase of 2.11 and 2.57 µatm pCO2 year−1 due to
increasing DIC at the nearshore stations closely matched the
magnitude of atmospheric pCO2 increase during the observation
period (2.27 µatm year−1 at Mace Head, Ireland). Since surface
waters at the nearshore stations were a weak source of CO2
over annual cycles (Section “Comparison Between Ecosystems
of the Processes Controlling the Carbonate System”), we can
assume that OA in these coastal sites was mainly driven by
this atmospheric CO2 increase. Applying this simple model to
pHin situ, assuming changes in DIC are due to both increasing
TA (a neutralizing effect) and atmospheric CO2 forcing, the
surface OA trend at SOMLIT-Brest can be attributed primarily
to atmospheric CO2 forcing (57%), secondarily to warming
(37%) and finally to changes in SSS (7%). At SOMLIT-pier, OA
can be attributed primarily to atmospheric CO2 forcing (66%),
secondarily to warming (31%) and finally to changes in SSS (3%).
At SOMLIT-offshore, the model was not as robust as for the
other sites, possibly due to limited SSS and/or TA variations.
In addition, the annual emission of CO2 to the atmosphere
was higher than at nearshore sites, which might have induced
a bias in the computation. The OA trend nevertheless seemed
to be primarily driven by atmospheric CO2 forcing (71%) and
secondarily by warming (27%).

While the trends in atmospheric CO2 and temperature were
the main drivers of OA at all three sites, the increase in TA and
DIC, beyond what can be attributed to changes in atmospheric

CO2, were unexpected. Considering the variability associated
with the deconvolution of pCO2 due to DIC increase at the
three sites, the atmospheric CO2 increase should represent 33%–
49% of the total DIC contribution to dpCO2/dt (Table 2). This
leaves 51%–67% of the total DIC contribution to pCO2 trends
unaccounted for. The buffering effect of TA partly compensated
this DIC contribution in the model for the two nearshore
ecosystems. Estimating the additional source of DIC and TA
to the surface waters of these ecosystems would require several
hypotheses. Assuming that the same processes were responsible
for both the increase in DIC and TA, numerous drivers can
modify the buffering capacity of the ecosystem (Middelburg
et al., 2020). For a complete consideration of each process, we
refer to Wolf-Gladrow et al. (2007), and simply consider here
the dominant processes driving the carbonate systems described
in Section “Comparison Between Ecosystems of the Processes
Controlling the Carbonate System” (Figure 7). A decrease in NEP
(i.e., increase in OM remineralization) based on DICbio corrected
from FCO2 (Section “Determination of Processes Controlling
DIC/pCO2 Based on a 1-D Mass Budget Model”) could increase
both DIC and TA, but neither NEP nor DO% showed significant
trends during the study period (Figures 5, 6). An increase in
CaCO3 dissolution in the benthic compartment at both nearshore
sites could also result in simultaneous increase in DIC and TA.
As mentioned in Section “Comparison Between Ecosystems of
the Processes Controlling the Carbonate System,” SOMLIT-Brest
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TABLE 2 | Deconvolution of pHin situ anomalies ( dpHin situ
dt , year−1) and pCO2 anomalies ( dpCO2

dt , µatm year−1) at SOMLIT-Brest, SOMLIT-pier, and SOMLIT-offshore.

pHin situ

Location Variable Sensitivity ± SE Deconvolution ± RMSE Contribution (%) Total trend Trend Figure 6

SOMLIT-Brest SST (◦C) −0.0150 ± < 0.0001 −0.0011 ± 0.0002 37 −0.0030 −0.0029

SSS −0.0126 ± < 0.0001 −0.0002 ± 0.0001 7

TA (µmol kg−1) 0.0021 ± < 0.0001 0.0046 ± 0.0008 −153

DIC (µmol kg−1) −0.0021 ± < 0.0001 −0.0063 ± 0.0008 210

SOMLIT-pier SST (◦C) −0.0150 ± < 0.0001 −0.001 ± 0.0002 31 −0.0032 −0.0028

SSS −0.0126 ± < 0.0001 −0.0001 ± < 0.0001 3

TA (µmol kg−1) 0.0019 ± < 0.0001 0.0031 ± 0.0006 −97

DIC (µmol kg−1) −0.0020 ± < 0.0001 −0.0052 ± 0.0012 163

SOMLIT-offshore SST (◦C) −0.0150 ± < 0.0001 −0.0011 ± 0.0002 27 −0.0041 −0.0027

SSS −0.0125 ± < 0.0001 −0.0001 ± < 0.0001 2

TA (µmol kg−1) 0.0020 ± < 0.0001 0.001 ± 0.0004 −24

DIC (µmol kg−1) −0.0021 ± < 0.0001 −0.0039 ± 0.0006 95

pCO2

Location Variable Sensitivity ± SE Deconvolution ± RMSE Contribution (%) Total trend Trend Figure 6

SOMLIT-Brest SST (◦C) 16.1, ± 0.03 1.21 ± 0.20 35 3.52 3.52

SSS 10.30 ± 0.01 0.19 ± 0.06 5

TA (µmol kg−1) −2.16 ± 0.03 −4.77 ± 0.84 −136

DIC (µmol kg−1) 2.31 ± 0.02 6.88 ± 0.89 196

SOMLIT-pier SST (◦C) 15.67 ± 0.04 1.01 ± 0.25 28 3.68 2.95

SSS 10.13 ± < 0.00 0.09 ± 0.03 3

TA (µmol kg−1) −1.74 ± 0.01 −2.85 ± 0.56 −77

DIC (µmol kg−1) 2.08 ± 0.02 5.42 ± 1.29 147

SOMLIT-offshore SST (◦C) 17.02 ± 0.04 1.26 ± 0.23 26 4.93 3.11

SSS 10.9 ± < 0.00 0.07 ± 0.02 1

TA (µmol kg−1) −2.04 ± 0.01 −1,00 ± 0.42 −20

DIC (µmol kg−1) 2.39 ± 0.01 4.60 ± 0.68 93

Sensitivities of pHin situ and pCO2 with respect to variables ( ∂pHin −situ
∂variable and ∂pCO2

∂variable ), where the variables sea surface temperature (SST), sea surface salinity (SSS), total

alkalinity (TA), and dissolved inorganic carbon (DIC) were multiplied by the anomaly of the variable ( dvariable
dt , Figure 6). SE is the standard error and RMSE the root mean

square error. Trends illustrated in Figure 6 were added to the table for comparison.

and SOMLIT-pier have very different benthic populations with
non-calcifying species dominating at SOMLIT-pier. Given the
simultaneous increase in DIC/TA at both sites, it is unlikely
that CaCO3 dissolution was the additional source of DIC/TA.
Long-term variability in river discharge has been linked to
intensified drought in Europe (Caloiero et al., 2018) and/or to
AMV fluctuations (Tréguer et al., 2014; Sutton et al., 2018).
Variations in river discharge can modify both DIC and TA in
nearshore ecosystems, but SSS did not exhibit any significant
trends during the study period (Figure 5). Increasing TA of
the freshwater end-member could be a conceivable mechanism
causing the unexpected TA and DIC trends. Positive trends in
river TA have been documented in North America and occur
via various processes. Stets et al. (2014) observed TA increases
in North American rivers together with decrease in nitrate
due to modified agricultural practice. Similar modifications in
agricultural practice have been encouraged in Brittany and
confirmed by the decreasing trends in nitrate concentration in
nearshore ecosystems for the past two decades (Figures 3, 10
and Section “Comparison of OA Trends and Climatic Context
Over the 1997–2020 Period” below). Changes in end-member

DIC/TA could be linked to limestone addition used to enhance
agricultural soil pH to counteract acidifying effects of fertilizer
usage and nitrogen-fixing plants (Oh and Raymond, 2006;
Hamilton et al., 2007). However, given the complexity of TA/DIC
control in these agricultural watersheds, this hypothesis cannot
be confirmed and would require further evaluation. Maintaining
time series of at least two carbonate system parameters in
coastal ecosystem is challenging but provides key information
on the potential drivers of OA. Given the complexity of these
ecosystems, combining these time series with additional regular
sampling in adjacent rivers and estuaries might improve our
understanding of interacting anthropogenic drivers.

Comparison of OA Trends and Climatic
Context Over the 1997–2020 Period
In this study, the additional pH data collected (Section “Weekly
and Bimonthly Measurements of the Long-term Time-Series”) at
the three sites allowed us to extend the pH trends until December
2020 and to consider the trends previously established for the
2008–2017 period in a larger climatic context covering the period
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1997–2020 (Figure 10). With additional pHin situ measurements,
we extended the pHin situ trends at SOMLIT-Brest, SOMLIT-
pier, and SOMLIT-offshore from 9.5, 8.5, and 7.5 years to 12.5,
11.5, and 10.5 years, respectively. Trends were established with
missing data in the time series: The trend at SOMLIT-Brest was
established without data in 2018, whereas at the two other sites,
sampling was interrupted for the first time in 20 years due to the
COVID-19 pandemic from March to June 2020. The OA trends
extended until December 2020 remained relatively constant at
−0.0026 ± 0.0004 year−1 at SOMLIT-Brest, whereas OA was
−0.0046 ± 0.0006 and −0.0045 ± 0.0003 year−1 at SOMLIT-
pier and SOMLIT-offshore, respectively. It is worth noticing that
the seasonal amplitudes of pH were > 0.15 at the nearshore
stations and > 0.10 at the SOMLIT-offshore station and that daily
pH variability, linked to the diel biological cycle in the Bay of
Brest (Bozec et al., 2011) and to the tidal cycle in Roscoff (Gac
et al., 2020), was in the same order of magnitude as seasonal
variability. These daily and seasonal amplitudes represented 6
to 10 times the regional OA trend over a decade, respectively.
The superimposition of decadal, seasonal, and daily dynamics in
coastal ecosystems represents a challenge to quantify pH trends
in coastal ecosystems. Keller et al. (2014) estimated time of
emergence (ToE), that is, the point in time when a signal finally
emerges from the background noise of natural variability, around
12 years for pCO2 and pH and between 10 and 30 years for DIC
depending on the study sites. Based on a more recent study by
Turk et al. (2019), we estimated a ToE of 11 to 20 years from
our dataset. Our study period corresponds to the minimal time
period allowing long-term climate trends to emerge from coastal
variability and maintaining such time series will be critical to
confirm these observed trends.

Previous studies in coastal seas of NW Europe estimated
OA either based on seasonal cruises or on voluntary observing
ship surveys (Clargo et al., 2015; Ostle et al., 2016; Omar et al.,
2019). OA in North Sea surface waters ranged from −0.0022
year−1 (period 2001–2011; Clargo et al., 2015) to −0.0035
year−1 (period 1984–2014; Ostle et al., 2016), with a recent
estimate of −0.0024 year−1 in the northern North Sea (Omar
et al., 2019). The 2008–2017 trends observed in this study
were of the same order of magnitude as those reported in
these surrounding coastal margins. These trends were also close
to values previously reported at several coastal observatories,
such as in the Irminger Sea (−0.0026 ± 0.0006 year−1), in
the Cariaco Basin (−0.0025 ± 0.0004 year−1) (see review of
Bates et al., 2014), or in the Mediterranean Sea at Point B
(−0.0028 ± 0.0003 year−1) (Kapsenberg et al., 2017), although
care must be taken when comparing such diverse ecosystems.
The North Atlantic trends ranged from −0.0013 ± 0.0009
year−1 (period 1995–2013, Kitidis et al., 2017) to−0.0017 year−1

(period 1993–2017, Leseurre et al., 2020). In open ocean regions
of the northern hemisphere, pH trends have been observed
concomitantly with sea surface pCO2 increases close to the
atmospheric CO2 forcing (Kitidis et al., 2017; Wang et al., 2017;
Leseurre et al., 2020). Deviations from these atmospheric trends
have been reported for specific periods or regions and may
reflect local changes in oceanic buffering capacity as discussed
in Section “Deconvolution of Carbonate System Trends During

the 2008–2017 Period” and elsewhere (Lauvset and Gruber, 2014;
Lauvset et al., 2015; Leseurre et al., 2020). These deviations can
be even more significant in coastal margins, as reported in the
Mediterranean Sea (Kapsenberg et al., 2017) or in the SAB, with
decrease in pH reaching 0.004 year−1 based on multidecadal
observations (Reimer et al., 2017b). Our results indicated
similar deviations, but these remained relatively limited over the
long term, especially for such dynamic coastal ecosystems. As
mentioned above, adding 3 years of data increased the trends
at SOMLIT-Pier and SOMLIT-offshore to values similar to those
observed in the SAB (Reimer et al., 2017b). It is worth noting that
independent high-frequency measurement of pCO2 combined
with discrete TA sampling at the adjacent ASTAN cardinal buoy
(Gac et al., 2020) confirmed a higher increase in pCO2 associated
with decrease in pHin situ over the 2017–2020 period. This period
was too short to establish any significant trends, but confirmed
that for carbonate parameters, especially in coastal ecosystems,
values can vary significantly. Decadal-scale observations, which
facilitate the understanding of the changes occurring in these
ecosystems, remain rather limited.

To further evaluate in which climatic context our observations
took place, we relied on concomitant data collected since
1997/2000 at the three sites. Tréguer et al. (2014) reported
a decrease of SST of −0.01◦C year−1 at SOMLIT-Brest and
SOMLIT-pier, and −0.02◦C year−1 at SOMLIT-offshore, for
the 1997–2013 period. Recently, Charria et al. (2020) extended
the 15-year study of Tréguer et al. (2014) to a 20-year period
concomitant with our observation of carbonate parameters.
During the 1998–2018 period, Charria et al. (2020) reported
an increase in SST (+0.008◦C year−1 at SOMLIT-Brest and
+0.003◦C year−1 at SOMLIT-pier). Only a slope break in terms
of slope directions could explain such contrasting values between
these studies. We applied a seasonal-trend decomposition
procedure based on Loess (STL, Cleveland et al., 1990) on the SST
time series over the 1997–2020 period. A slope break in the SST
time-series clearly appeared around 2009–2011. The STL applied
to the SSS time series showed a slope break during the same
period (Figure 10). We therefore established trends for these
parameters for the 1997–2013 period as in Tréguer et al. (2014),
and after the slope break for the 2010–2020 period. We obtained
significant SST trends of −0.02◦C year−1, p-value < 0.05 and
+0.05◦C year−1, p-value < 0.001, as well as significant SSS
trends around +0.02 year−1, p-value < 0.001 and −0.01 year−1,
p-value < 0.001 for the first and second periods at SOMLIT-Brest
and SOMLIT-pier, respectively.

Previous studies have shown a significant connection
between hydro-climatic indices such as AMV/NAO and SST/SSS
variations in the coastal waters of NW Europe (Tréguer et al.,
2014; Sutton et al., 2018). A slope break around 2009/2011
(Figure 10D) clearly appeared when the STL was applied to
the wNAO. The wNAO (+0.08 ± 0.05 year−1, n = 721,
r = 0.48, p < 0.05) increased during 2010–2020 and was related
to warming in European surface waters (Sutton et al., 2018;
Charria et al., 2020; Figure 10), which, on a longer time scale,
was correlated with positive AMV (Sutton et al., 2018). At
the SOMLIT stations, as previously reported by Tréguer et al.
(2014), regressions between SST and wNAO showed significant
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FIGURE 10 | Trends of monthly anomalies of (A) SST (◦C year−1), (B) SSS (year−1), (C) nitrate (µmol L−1 year−1), and (D) pHin situ (year−1) at (orange)
SOMLIT-Brest, (light blue) SOMLIT-pier, and (dark blue) SOMLIT-offshore, and monthly values of (E) NAO and (F) AMV climatic indices. Trends were divided into two
periods separated by the slope break detected around 2009–2011 with the STL (Cleveland et al., 1990) applied to the SST time series over the 1998–2020 period
(see Section “Comparison of OA Trends and Climatic Context Over the 1997–2020 Period” for details). Asterisks represent p-values: ***p-value < 0.001,
**p-value < 0.01, *p-value < 0.05, and no asterisk indicates non-significant trends.

correlations (r = 0.59, p-value < 0.01 at SOMLIT-Brest; r = 0.64,
p-value < 0.001 at SOMLIT-pier; and r = 0.56, p-value < 0.01
at SOMLIT-offshore, Table 3). Several studies have previously
linked the NAO and AMV to pCO2 variability during short study
periods (Breeden and McKinley, 2016; Landschützer et al., 2019).

Recently, a 100-year time series of proxy-reconstructed carbonate
chemistry noted a significant modulation and relationship
between OA and climate modes; both positive and negative
forcing on the state of the carbonate system were observed
(Osborne et al., 2020). Here, the impact of wNAO on SST was
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TABLE 3 | Coefficient of determination (r) of the Pierson correlations between the monthly anomalies of the winter North Atlantic Oscillation (wNAO) and the Atlantic
Multidecadal Variability (AMV), and monthly anomalies of SST (◦C), SSS, pCO2, pCO2

therm, and pCO2
non−therm (all in µatm) from 2008 to 2017 at SOMLIT-Brest,

SOMLIT-pier, and SOMLIT-offshore.

SOMLIT-Brest SOMLIT-pier SOMLIT-offshore

Variable wNAO AMV wNAO AMV wNAO AMV

SST (◦C) 0.59** 0.50*** 0.64*** 0.50*** 0.56** 0.48***

SSS 0.02 0.46*** 0.20 0.28** 0.09 0.22*

pCO2 (µatm) 0.34 0.15 0.00 0.05 0.30 0.19

pCO2
therm (µatm) 0.59** 0.50*** 0.53* 0.56*** 0.56** 0.49***

pCO2
non−term (µatm) −0.12 −0.27** −0.28 −0.23* −0.57** −0.27**

SST (◦C) 0.59** 0.50*** 0.64*** 0.50*** 0.56** 0.48***

SSS 0.02 0.46*** 0.20 0.28** 0.09 0.22∗

pCO2 (µatm) 0.34 0.15 0.00 0.05 0.30 0.19

pCO2
therm (µatm) 0.59** 0.50*** 0.53* 0.56*** 0.56** 0.49***

pCO2
non−term (µatm) −0.12 −0.27** −0.28 −0.23* −0.57** −0.27**

Asterisks represent p-values: ***p-value < 0.001, **p-value < 0.01, *p-value < 0.05, and no asterisk indicates non-significant trends.

apparent on pCO2
therm, with a Pearson correlation r value of

0.56, but was not correlated with pCO2
non−therm at these coastal

stations. Similar significant trends were observed year-round
between the AMV index and SST (r ∼ 0.50) and pCO2

therm (r
∼ 0.55) (Table 3). These observations indicate a certain link
between the AMV index and pCO2

therm. As mentioned in Section
“Deconvolution of Carbonate System Trends During the 2008–
2017 Period,” the increase in SST was responsible for 25%–30% of
the pCO2 increase driving OA in our coastal ecosystems. Since
no significant warming trend was recorded for the 1997–2013
period, which was associated with a different NAO regime, the
pCO2 and pH trends might differ from those observed in this
study. Datasets covering periods over 20–30 years are necessary
to define trends of OA and to make the distinction between local
and global drivers. Different, even opposite, trends have been
observed on limited spatial and temporal scales, which highlights
that necessity to operate and maintain as dense as possible a
network of observation sites to assess the intensity and impact
of OA on the coastal environment.

CONCLUSION AND PERSPECTIVES

Based on data collected from 2008 to 2020 in three coastal
ecosystems located in the North East Atlantic Ocean, this study
provides for the first time a decadal overview of the interannual
dynamics of the carbonate system chemistry in three nearshore
ecosystems. We demonstrated that interannual variability can
reverse the metabolic state and regional air–sea CO2 fluxes of
a given ecosystem, which emphasized the importance of long-
term monitoring. We showed that OA has potentially been
ongoing at all three coastal sites for the past decade, primarily
driven by atmospheric CO2 forcing, secondarily by warming, and
additionally by changes in salinity. This is particularly relevant
since nearshore ecosystems are not included in current global
climate models and host large stocks of calcifying shellfish species
sensitive to OA. Further observations over the 1998–2020 period
revealed that the climatic indices NAO and AMV were linked

to trends of SST, with cooling during 1998–2010 and warming
during 2010–2020, which might have impacted OA trends at our
coastal stations.

Our study period corresponded to the minimal time period
allowing long-term climate trends to emerge from coastal
variability, but demonstrated that different trends can be
observed on limited spatial and temporal scales. Maintaining
time series of at least two carbonate system parameters in coastal
ecosystem is challenging but will provide key information on
the potential drivers of OA and will be critical to confirm the
observed trends over extended time periods.
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