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Advancing real-time pH sensing
capabilities to monitor coastal
acidification as measured in a
productive and dynamic estuary
(Rıá de Arousa, NW Spain)

Anton Velo* and Xose Antonio Padin

Oceanography department, Instituto de Investigacións Mariñas, IIM – CSIC, Vigo, Spain
Ocean acidification has critical impacts on marine ecosystems, but presents

knowledge gaps on the ecological impacts requiring large-scale monitoring of

physicochemical conditions to predict biological responses to ocean pH

projections. The threat is especially significant in coastal regions like

upwelling areas which are more sensitive and appear to respond more

rapidly to anthropogenic perturbations. These ecosystems, such as the

northwest coast of the Iberian Peninsula are characterized by complex

physical and biogeochemical interactions, supporting enormous biological

productivity and productive fisheries. The distribution of pH in upwelling

systems has high variability on short temporal and spatial scales preventing a

complete picture of acidification, which exhibit long-term pH rates markedly

different from the measured in open waters. This motivation to significantly

expand the coverage of pHmonitoring in coastal areas has driven us to develop

an autonomous pH monitoring instrument (from now on SURCOM) based on

the Honeywell Durafet® pH electrode. A relevant feature is that SURCOM

transmits near real-time pH and temperature measurements every 10.5 min

through SIGFOX®, a low-power, low-bandwidth network for data transmission.

This very careful design allows us to achieve a very low power consumption for

the complete system resulting in 3 years of full autonomy with no other need

than external cleaning and calibration. In this paper we describe the setup and

the data set obtained by a SURCOM instrument over 240 days in a highly

productive and dynamic coastal ecosystem, the Rıá de Arousa embayment,

providing valuable information on the performance of these low-cost and

highly stable sensors, with potential for improving the pH variability description

in nearshore systems and for reinforcing the monitoring-modeling of

coastal acidification.
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Introduction

The continued absorption by the oceans of the atmospheric

carbon dioxide produced by human activities, causes a reduction

in the pH of the oceans known as ocean acidification (IPCC,

2021). The average surface ocean pH has thus decreased by

approximately 0.11 from a preindustrial mean value of 8.17,

corresponding to a 30% increase in H+ concentration. This pH

declination, estimated around 0.02 per decade in open-ocean

waters (Doney et al., 2009; Bates et al., 2014; Rıós et al., 2015) has

critical impacts on marine ecosystems (Doney et al., 2012;

Branch et al., 2013), especially in marine calcifiers such as

corals and mollusks (Orr et al., 2005; Kroeker et al., 2013;

Gattuso et al., 2014). By the end of this century, the pH of the

ocean surface water is projected to drop by further 0.1-0.4 (Feely

et al., 2004; Orr et al., 2005; Doney et al., 2009; Gattuso et al.,

2015). In this hypothetical scenario, the concentration of

carbonate ions will excess 50% compared to pre-industrial

conditions (Feely et al., 2004; Orr et al., 2005; Doney et al.,

2009; Gattuso et al., 2015) resulting in corrosive conditions for

calcareous structures such as shells or skeletons (Kroeker et al.,

2013; Bednarsěk et al., 2014; Albright, 2018; Eyre et al., 2018;

Harvey et al., 2018). For this reason, ocean acidification is a

headline climate indicator according to the World

Meteorological Organization and a target for the United

Nations (UN) Sustainable Development Goals (SDG) on the

conservation and sustainable use of marine resources.

Growing concern in the international community about

ocean acidification has stimulated the collection of discrete

measurements in high-quality time series (Dore et al., 2009;

Hofmann et al., 2011; Ishii et al., 2011; Andersson and

Mackenzie, 2012; McElhany and Busch, 2013; Takeshita et al.,

2015; Wahl et al., 2015; Padin et al., 2020) and the establishment

of sensor based ones, such as ESTOC (González-Dávila et al.,

2010), GIFT (Flecha et al., 2015) and Balearic Sea (Flecha et al.,

2022) along Iberian Peninsula. However, knowledge gaps on the

ecological impacts of ocean acidification require more intensive

large-scale monitoring of the physico-chemical conditions of

marine ecosystems to predict biological responses to future

changes. The success of these observation networks must be

based on a multidisciplinary approach (physics, chemistry,

biology, etc.), on the development of technologies that allow

public access to information, and on integration with other

observational networks focusing on similar measurements or

related issues. For this purpose, the Global Ocean Acidification

Observing Network (GOA-ON) (Newton et al., 2015; Tilbrook

et al., 2019) was created with the aim of improving the

understanding of ocean acidification conditions globally, using

commercially available sensors and low-cost technologies, with a

particular focus on monitoring shelf and coastal seas.

Ocean acidification in coastal waters is affected by an intricate

set of local processes that cause extremely complicated and variable

pH patterns (Borges et al., 2010; Provoost et al., 2010; Johnson
Frontiers in Marine Science 02
et al., 2013; Baumann et al., 2015; Carstensen and Duarte, 2019).

Among nearshore waters, the coastal upwelling areas are more

sensitive and appear to respond faster to anthropogenic

perturbations (Feely et al., 2008; Gruber et al., 2012; Hauri et al.,

2013; Lachkar, 2014; Padin et al., 2020). These ecosystems

characterized by complex physical and biogeochemical

interactions support an enormous biological productivity (Pauly

and Christensen, 1995; Hauri et al., 2009). The large physico-

chemical variability of upwelling systems and the lack of regular

sampling in these waters prevents a complete picture of the

acidification of these ecosystems.

Along the Iberian upwelling system, accurate discrete

measurements of marine inorganic carbon system and

ancillary parameters were gathered in the ARIOS dataset

(Acidification in the Rıás and the Iberian Continental Shelf;

1976-2018) by Padin et al. (2020) and Pérez et al. (2020).

However, this dataset is not designed to identify relative

spatial patterns and short-term variation, so there are several

gaps in knowledge about the impact of ocean acidification and

ecosystem responses. Discrete sampling from oceanographic

cruises do not allow identifying relative spatial patterns and

short-term variation or the synthesis of near real time products

for coastal managers. Addressing these identified gaps requires

the use of sensor technologies in a nested observational network

that can collect concurrent data covering an entire area to

document changes in pH and other key biogeochemical

parameters as well as biological impacts in the study area.

In this paper, we present the development and performance

of a prototyped instrument (SURCOM) based on the usage of a

commercial ion sensitive field effect electrode (ISFET) sensor

and a communications network in an inner area of the Rıá de

Arousa. This initiative is a first step of a next implementation of

a network of autonomous pH sensors for incorporating this

coastal upwelling region of great socio-economic importance

due to production of shellfish and fish in the GOA-ON network.
Material and methods

Description of monitoring area

The coastline of Galicia in the Northwestern region of the

Iberian Peninsula (Figure 1) represents the northern limit of the

Canary/Iberian Current Upwelling System and is one of the

world’s major upwelling zones in terms of biological

productivity (Pauly and Christensen, 1995; Varela et al., 2015;

Lovecchio et al., 2022). The northerly component of shelf wind

stress, which dominates between May and October (Pardo et al.,

2011), induces the rise to surface of the cool and nutrient-rich

subsurface waters close to the coast (Arıśtegui et al., 2009;

Álvarez-Salgado et al., 2010). These nutrient pulses stimulate

phytoplankton growth, making this coastal upwelling ecosystem

highly productive, especially in the four large coastal
frontiersin.org
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embayments on the south Galician coast (Pérez-Camacho, 1995;

Fernández-Reiriz et al., 1996; Babarro et al., 2000). These

embayments, collectively known as the Rıás Baixas, have the

highest mussel growth rates worldwide (Pérez-Camacho, 1995)

and an annual mussel production in Galicia of approximately

250,000 t, representing around 12% of the worldwide production

(FAO, 2018).

The Rıá de Arousa is the largest embayment of the Rıás

Baixas, covering an area of 245 km2 and containing 2404 floating

mussel rafts. The inner area of the Rıá de Arousa, with a

maximum depth of 10 m, is highly dynamic due to the

combined effect of the tide, which has a semidiurnal tidal

regime with a tidal range of 2 m in neap tides and 4 m in

spring tides (Fanjul et al., 1997), the continental inputs from the

nearby Ulla River with a maximum discharge in February and

the changes in the residual estuarine circulation induced by the

shelf wind forcing (Álvarez-Salgado, 2000).

The spot selected for the mooring is a floating platform in

the inner area of the Rıá de Arousa (Figure 1; 42°37.54’N; 8°

47.03’W), near the island of Cortegada, within the boundaries of

the Atlantic Islands of Galicia National Park. The spot is part of

the Xunta de Galicia oceanographic observation stations

network and RAIA network (www.marnaraia.org) maintained

by a collaboration among Meteogalicia and CETMAR (www.

cetmar.org). Meteorological and oceanographic parameters such

as wind speed, temperature, salinity and the current velocity are

logged every 10 minutes and are publicly accessible through the

Meteogalicia website (www.meteogalicia.gal).
Frontiers in Marine Science 03
Autonomous instrument for pH
monitoring in surface waters

A commercial pH sensor (Honeywell Durafet III) using

ISFET technology (Bris and Birot, 1997; Bausells et al., 1999;

Bergveld, 2003) was selected for the development of a prototype

instrument called SURCOM. The Durafet III, produced actually

by Honeywell, offers advantages like robustness, small size, high

reproducibility, high long-term stability and reproducibility in

ocean and in a variety of nearshores habitat types (Kroeker et al.,

2011; Yu et al., 2011; Bresnahan et al., 2014; Martz et al., 2015b;

Martz et al., 2015a; Johnson et al., 2016).

The structure of the developed prototype followed an ideal of

low-cost and easy assembling, thus enabling scalability of

production with common resources, and consists of a PVC

pipe, 9 cm in diameter and 100 cm long, on which a segment of

about 30 cm is cut tomake the perforated element that will protect

the Honeywell Durafet III pH sensor (Figure 2). The pH sensor

was attached to the bottom of the main pipe, ensuring that the

inside of the pipe remains watertight. A bag containing about

200 g of Drierite™ (Anhydrous Calcium Sulfate) desiccant is also

placed inside the pipe to keep the moisture low. The electronics

and the antenna are installed in the upper part of the pipe, which

has a larger diameter. The internal thermistor of the Durafet

sensor is located in a middle position inside the body, in contact

with the KCl gel of internal reference, so, it’s relevant to keep the

sensor body in direct contact with water to achieve rapid

temperature adaptation.
FIGURE 1

Geographical location of the SURCOM sensor deployment, CTD instruments and meteorological station (black star), at the Cortegada floating
platform (42°37.54’N; 8°47.03’W), in the inner basin of Rıá de Arousa.
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An SAMD21 Cortex®-M0+ 32-bit low power ARM®

ATMEL processor is the processing core (MCU) of the

electronic system following Figure 2, fitted with a low power

ATA8520 ATMEL ultra-narrow band Sigfox transceiver, which

allow us to achieve a very low power consumption for the

assembly. Electronic system is completed by a microSD card

slot and a MCP3424 low-noise, high accuracy, delta-sigma 18

bits analog-to-digital converter from Microchip Technologies.

This module is used to discretize the voltage range of the pH

signal from the Honeywell Durafet III sensor and its internal

thermistor. In addition, a digital secondary temperature sensor is

installed to complement the thermistor signal of the Honeywell

Durafet III sensor to detect drifts in temperature measurements.

By using single integrated components in the signal processing,

we minimize the electronic noise. Furthermore, this processor

integrates real-time clock (RTC), WatchDog Timer (WDT),

Power-on reset (POR) and brown-out detection (BOD),

needed and helpful for ensuring the continuous operational

state, while having enough performance (48 MHz 32-bit

ARM® Cortex®-M0+) and integrates a 32 KHz ultra-low-

power internal oscillator for providing ultra-low power sleep

modes among measurements.

The use of the SIGFOX network for coastal coverage allows

reduced energy consumption and costs for connected devices.

SIGFOX network is a worldwide cellular connectivity network

focused on the Internet of things (IoT), a low-capacity, low-
Frontiers in Marine Science 04
power network with worldwide coverage (in antenna proximity)

using public radio frequencies (Mekki et al., 2019). These public

radio frequencies (ISM Bands) have a regulation on the

allowable usage (duty cycles). In Europe ETSI regulation

allows sending messages during 1% of time per hour (36

seconds) which translates in a total of 140 uplinks of 12-byte

packets of information per day, i.e., a message every 10.5

minutes. The communication is bi-directional, allowing the

device to receive packets of up to 8 bytes from the network

and thus offering the possibility to remotely modify the

configuration of the device (sampling frequency, resolution,

storage and sampling frequency in microSD). The small

payload and low protocol overhead is key for maintaining a

very low power consumption and allowing about 3 years of full

autonomy without replacing batteries in a contained

instrument size.

The MCP3424 Series Analog-to-Digital Converters (ADC)

used for voltage measurement and analog to digital conversion

fulfills our requirements while helping to contain consumption.

The devices include an input channel selection multiplexer

(MUX) which account for the 4 channels, a programmable

gain amplifier (PGA) with a good linear response, an on-board

voltage reference, and an internal oscillator. It offers 18-bit

conversions with high accuracy and low noise, and makes self-

calibration of internal offset and gain per conversion which

prevents errors from temperature or power supply variations.
FIGURE 2

Image, layout and dimensions of the SURCOM instrument, case design and location of main components. The upper panel shows the
schematic diagram of operation, including involved components and data flow direction.
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The power supply for the instrument is provided by a

removable battery module of 6 D-type alkaline batteries. Two

of these batteries are connected in series to obtain +3V, which

are raised to 3.3V by means of a step-up regulator and then used

to feed all the electronic components. The other 4 D-type

batteries are connected in series in a -3V – Ground – +3V

scheme, and then also raised to -3.3V – Ground – +3.3V to

power the SURCOM sensor system. The different devices

connected to MCU are powered by programmable pins, which

enables them to be disconnected by deep sleep routines during

sleep periods, thus minimizing power consumption for sleep

periods of ~10.3 minutes.

The firmware developed and embedded in the MCU

performs the acquisition of 11 raw readings of voltage values

from the pH sensor with a frequency of 0.3 s-1 and 18-bit

discretization through the analog-to-digital converter module.

The median value of these measurements is stored on the

internal microSD card. Median voltage values of pH and

temperature of external probe are also packed for uplink to

the Sigfox network. As the payload of a Sigfox message size is

limited to 12 bytes, measurement values are bit-encoded

according to precision and packed into bitfields to minimize

the payload and allow for the inclusion of further sensors.
Prototype setup

The Arduino MKR 1200 was chosen for our prototype as it

comes with our choice of hardware for MCU and

communications, the SAMD21 ATMEL MCU and the

ATA8520 ATMEL Sigfox communications device. As the

MKR Series is designed for professional applications, it’s easy

to avoid the extra Arduino components of the MKR1200

allowing a raw usage of MCU and communications device as

it could be done in an own designed board. A custom-built

breadboard with MKR shield form factor was then built for

integrating the remaining electronic devices, such as the ADC

converter and microSD slot.

Uplink radio messages are received by the SIGFOX radio

network, which provides a backend that serves as a gateway for

Internet communications. Upon reception of a message, a

callback API is then used for transmitting that message to our

own managed servers, which do the processing of the message,

computing pH and temperature values and storing them in a

time-series database system. Preliminary quality control (QC)

checks and calibrations are also performed at this step. This

information is then presented through an open-source panel

(Grafana Labs), which can configure different access

permissions, display options and alerts

Days before deployment, the equipment is activated and

sealed in our laboratory and kept in a seawater tank. The

commissioning of the system consists solely in removing the

cover that keeps the pH sensor wet and verifying the data
Frontiers in Marine Science 05
reception. The upper part of the equipment must be kept

exposed to the air, above the surface water layer to allow data

transmission, the lower part must be permanently submerged to

avoid the presence of air bubbles in the sensor that could cause

anomalies in measurements. The pH measurements of the probe

are, so, taken at a depth of about 0.7-0.9 meter.

The SURCOM was deployed on the floating platform

described above (Figure 1) from July 8, 2020 to March 6, 2021.

The pH sensor was located at about 0.8-meter depth from the

surface and was wrapped with a copper wire mesh at its submerged

end to prevent the development of biofouling (Figure 2). Biomass

accumulation on the surface of the equipment was routinely

removed with a monthly maintenance and cleaning of the

complete mooring by CETMAR.
Discrete carbon system measurements

Discrete duplicate samples of pH, total alkalinity (AT) and

salinity were collected in a 2L Niskin bottle in the proximity of

the SURCOM and at its same depth before and after the

maintenance and biofouling minimization operations.

Discrete pH was quantified spectrophotometrically at 25 °C

by using m-cresol purple indicator dye scale following Clayton

and Byrne (1993). The pH values were reported on the total pH

scale (pHT) at 0 dbar of pressure and both at 25 °C and in-situ

temperature, following the same procedures of GLODAPv2

(Lauvset et al., 2021). The precision of the spectrophotometric

measurements was ±0.003.

The seawater AT was measured following Pérez and Fraga

(1987a) and Pérez et al., (2000b) with an analytical error of 2

mmol·kg-1 and a precision of 0.1%. Certified reference material

(CRM) was used to ensure accuracy.

The salinity was determined with an Autosal 8400A

inductive salinometer calibrated with normal IAPSO water,

whose estimated analytical error was 0.003, using the equation

of practical salinity given by UNESCO (1981). The correlation

between salinity and AT was very high (N=14; AT = 59.67±1.43 *

S + 208.84±37.90; r2 =0.99) (Figure 3, inner panel)

Duplicated sample measurements of pH were averaged prior

conversion at the in-situ temperature measured by the

thermistor of the SURCOM. CO2SYS (Lewis and Wallace,

1998) for MATLAB (Sharp et al., 2021) and python

(Humphreys et al., 2022) were used for carbon calculations,

with pH and AT as inputs. The conversion was conducted with

the carbonate dissociation constants of Lueker et al. (2000) for

waters with salinity higher than 20 and Waters et al. (2014) for

the salinity range between 0 and 20, the equilibrium constant for

hydrogen fluoride and hydrogen sulfate followed Perez and

Fraga (1987b) and Dickson (1990), respectively, and the

borate-to-salinity ratio formulated by Uppström (1974).

The in-situ degree of aragonite saturation was also estimated

to track the acidification in the inner surface waters of the Rıá de
frontiersin.org
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Arousa as this is one of the more soluble forms of calcium

carbonate (CaCO3) and is widely used by marine calcifiers to

build their skeletons and shells. Calculation was done with the

CO2SYS toolbox using the in-situ measurements of pH, AT

estimations from in-situ salinity measurements and the same set

of constants indicated above.
Laboratory validation

Before deployment, sensor sensitivity verification was

performed in the laboratory for 11 days of May in 2020, using

two tanks of seawater equilibrated with two different CO2

concentrations, namely 358 ± 2 ppm and 1600 ± 1 ppm that

were measured with a non-dispersive infrared gas analyzer with

a ±1 ppm resolution (Biogeosciences LiCOR model 850).

Equilibration between the water and CO2 gas mixture was

accomplished by bubbling air directly into the water through a

diffuser. The low CO2 tank had a temperature of 15.25 ± 0.21°C

while the water in the high CO2 tank was heated to a fixed

temperature with an electrical resistance showing a value of

18.07 ± 0.04°C. Two SURCOM instruments recorded the pH

and temperature of both tanks every minute (N=16893) showing

practically constant values of 8.004 ± 0.003 and 7.517 ± 0.007

during these 11 days, with a high sensitivity to the minimal

temperature changes observed. Figure 4 shows a 12-hour period

extracted during the validation of the sensors, where it can be

highlighted the high sensitivity of the SURCOM instrument to
Frontiers in Marine Science frontiersin.org06
changes in CO2 concentration and temperature as well as the low

noise of the ISFET sensor and the electronics assembly of

the SURCOM.
Acquisition and preliminary
quality control

The instrument took a total of 32182 measurements during

the deployment with a period of 10.5 minutes, which were

transmitted in real-time through SIGFOX network and

collected on our servers. The quality of data transmission,

based on a link quality indicator (LQI), was rated as good

(29%), fair (70%) or poor (1%). The dataset for this study is

accessible through Velo et al. (2022). The original data were

quality controlled and values flagged as bad based on

two criteria:

a) pHmeasurements during reconditioning of the SURCOM

after sensor cleaning and instrument maintenance were rejected

(typically about 30 minutes);

b) identification of apparently unexplained pH values was

discarded if measurements exceeded ±2 standard deviations

from the median value for a time interval corresponding to

the tidal period (12.25 hours). Following this first quality control

process to ensure reliable results, 720 measurements were

flagged as unusable data points, representing 2.25% of the

entire SURCOM record (Figures 5, 6). The erroneous

measurements were removed from the final dataset before
FIGURE 3

Spectrophotometric pH values from discrete samples versus calibrated pH values taken from SURCOM sensor and AT versus salinity values
(inner panel) measured in discrete samples taken during the SURCOM sensor mooring. Linear regression equations, the number of samples (N)
and the coefficient of determination (r2) of both x-y plots are included.
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comparison with the spectrophotometric pH measurements of

the discrete samples, in order to estimate the uncertainty and

drift corrections for pH measurements.
Calibration

The voltage (V) readings acquired directly from the pH

sensor (VSURCOM,raw) were converted to pH (pHSURCOM,raw)

using the Nernst equations and corrections described in

Bresnahan et al. (2014) that relate pH to voltage and

temperature. The initial reference voltage for calibration (E025)

according Bresnahan et al. (2014), was computed as a single,

constant value for the entire study by relating it to the discrete

sample values of pH. The selected SURCOM pH measurements

were the closest in time to the collection of the 14 discrete

samples. Spectrophotometric pH values (pHDISCRETE) and raw

pH from the SURCOM instrument (pHSURCOM,raw) exhibited
Frontiers in Marine Science 07
remarkable consistency in waters with salinities above 25,

reproducing the known minimum drift over time in oceanic

conditions (Martz et al., 2010; Bresnahan et al., 2014; Takeshita

et al., 2014; Martz et al., 2015a). However, the sensor response in

waters with salinities below 25 presented increasing anomalies

affected by salinity reduction (Figure 5A). Therefore, a

correction for the raw pH data was implemented as an inverse

exponential function in relation to salinity, that allows us to

maintain a quasi-constant offset in oceanic conditions and

improve the pH accuracy in low salinity waters (Eq. 1;

Figures 5B, C).

pHSURCOM,calibrated − pHSURCOM,raw =   − 0:4342� e−0:1492�S

The pH corrections added to the SURCOM pH values

throughout the study period were in the range from 0 to 0.45,

being lower than 0.025 for 82% of the measurements (Figure 5B).

The discrete samples and SURCOM calibrated (pHSURCOM,

calibrarted) measurements showed a linear relationship with a

coefficient of determination (r2) of 0.99 (Figure 3) and pH
A B

DC

FIGURE 4

Laboratory validation of SURCOMs under controlled conditions, a 12h period is shown. (A) shows the xCO2 (ppm) on low CO2 tank, with (B)
showing the temperature and pH from the SURCOM during that period. (C) shows the xCO2 (ppm) on high CO2 tank, with panel (D) showing
the temperature and pH from the SURCOM during that period. As it can be seen pH measurements are constrained under ±0.001,
demonstrating the high sensitivity and low noise of the system.
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difference of ±0.029 (std). The value of 0.029 is considered the

uncertainty of the SURCOM instrument.
Results

The seasonal variability of pH values presented maximum

values during July and the first days of March, when the absolute

maximum pH of 8.41 was measured. In contrast, minimum pH

values of 6.60 were measured during January and February

(Figure 6A). This seasonal variability of pH values closely

followed salinity changes, as can be seen in the matrix of

correlation plots (Figure 7). This direct relationship was more

pronounced when fresh water with salinity of 0.1 and minimum

pH values filled the surface of the inner Rıá de Arousa (Figure 6B).

Other salinity oscillations of lower intensity observed throughout

the study period also revealed the direct relationship with pH

changes (Figure 7A). Surface water temperature, with a

maximum of 22.3°C in August and a minimum of 9.9°C in

January exhibited also a direct correlation with pH variability but

less evident than that shown by salinity variability (Figure 7A).
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On the opposite, the meridional component of wind speed

generally presented a negative relationship with pH oscillations

with the exception of summer, when northerly winds were

related to the decrease in temperature and, in a less evident

relation, to the decrease in pH (Figure 7B). The southerly winds

that prevailed during the winter period caused the presence of

warm waters of low salinity and minimum pH values in the

interior of the estuary (Figure 7C). This period was characterized

by very abrupt changes in salinity and pH, and to a lesser extent

also in temperature, following the alternation between the

meridional component of the wind. Thus, a brief event of

northerly winds in period dominated by southerly winds

(January 15th - February 25th) caused an increase of 20 in

salinity and 0.5 in pH (Figure 6).

The variation in tidal height between spring and neap tides

also directly impacted the variability of pH but not the mean

pH values at a time scale that exceeded tidal periodicity. The

effect of tide on pH was analyzed from the tidal pH range

estimated as the pH difference between the 5th and 95th

percentile observed during a tidal period (12.25 hours)

throughout the study period (Figure 6A). The tidal amplitude
A B

C

FIGURE 5

(A) Differences in pH between discrete samples and raw SURCOM values (as converted from volts) fitted to an exponential equation for the
estimation of the pH offset as a function of salinity, including determination coefficient (r2) and number of samples (N). (B) Percentage of pH
adjustments values added as offset for calibrating raw SURCOM pH. (C) pH calibration offset added to SURCOM raw values (black dots)
throughout the study period including the differences between discrete samples and raw SURCOM pH values (dark circles) and the differences
between discrete samples and calibrated SURCOM pH values (red circles).
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of pH, with a mean value ( ± standard deviation) of 0.22( ±

0.16), reproduced the oscillation between spring and neap tides

every 13.6 days corresponding to half the length of the lunar

cycle. The maximum tidal range pH value of 0.92 was observed

on February 12th during spring tides and low salinity periods,

while the minimum variability of 0.10 was observed on January

20th during neap tides in high salinity waters. It should be

noted that the mean value of 90% of the pH range amplitude

was 6 times higher than the accuracy of the SURCOM

instrument ( ± 0.029). In addition, 86% of the tidal periods

monitored by the SURCOM showed a 90% pH amplitude that

was at least three times higher than the estimated accuracy.

SURCOM performance was also analyzed on a short time

scale (Figure 8) from 2 hour average bins of pH and other

supplementary parameters during two periods: summer

(Figures 8A, C, E); August 13th - September 3rd) and winter

(Figures 8B, D, F); February 6th - March 6th. The variability of

mean pH values directly followed tidal height, which ranged from

1 to 3.5 m over 12.25-hour periods, showing the amplification
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(minorization) described during spring (boreal) tides. Salinity

values that also paralleled tidal height showed a stronger

correlation with pH measurements throughout the study period

(Figure 7A). Summer pH values showed a weak correlation with

temperature while winter pH changes did follow temperature

oscillations (Figures 7B, C). The meridional component of wind V

(Figures 8E, F) was inversely linked to salinity, temperature and

pH variations during winter (Figure 7C; Figures 8B, F). However,

the meridional wind component during the summer exhibited

only a clear direct control on surface temperature as observed in

the cooling of the surface waters between August 28th and

September 3rd under northerly winds (Figure 7B) or in the

warming found during a southerly wind event during the

second half of August (Figure 6).

Based on the pH variability measured by the SURCOM,

salinity associated with tidal wave displacement or river

discharge is the main factor controlling pH values in the

interior of the Rıá de Arousa. According to Figure 3B, salinity

changes also controlled the variability of AT. The linear
FIGURE 6

Time series of measurements with a frequency of 10.5 minutes gathered from July 8, 2020 to March 6, 2021 at the mooring station. (A) raw
voltages from SURCOM (blue dots), raw SURCOM pH (red dots), calibrated SURCOM pH (black dots) and pH values of discrete samples used for
calibration (yellow stars). (B) pH calibrated values from SURCOM (black dots) and outliers (white dots) after pH quality control. The daily mean
calibrated pH values (cyan line), the tidal height (gray line) and the pH range between the 5th and 95th percentile during each tidal cycle (orange
line) are also plotted. (C) Temperature measured by the SURCOM sensor (black dots) and salinity (gray dots) obtained with a CTD instrument at
a depth of 1 meter in same mooring line. The daily mean temperature (red line) and salinity (blue line) are also shown. (D) Meridional
component of wind speed V.
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relationship between these variables showed a very high

coefficient of determination of 0.99 that points to a behavior

of AT as a quasi-conservative variable explained by the mixing

between freshwater from the Ulla River and seawater. Thus, the

range of estimated AT goes from 215 mmol·kg-1 when freshwater

flooded the interior of the estuary to 2300 mmol·kg-1 for waters of

maximum salinity of 35.1. Knowing the strong direct

relationship between salinity and AT, the maximum tidal
Frontiers in Marine Science 10
ranges of pH observed during spring tides were related to the

amplification of AT variability while the decrease in AT during

winter events of minimum salinity extremes were linked to the

more acidic waters of the interior of the Rıá de Arousa.

The saturation state of aragonite (WAr) is commonly used to

track ocean acidification and connect seawater chemistry with

biological activity, specifically the solubility of biogenic calcium

carbonate (CaCO3) structures. This parameter was calculated
FIGURE 7

Correlation plot matrices between pH, temperature (T), salinity (S), tide height (hTIDE) and the meridional component of the wind speed (V)
during full period of the study (A), summer (B) and winter (C) with p-value<0.01. Color in scatter plots represent frequency of occurrences
(heatscatter) following the colorbar on the top-right, with f being the frequency from 0 to 1 for the highest bar in the histogram. The correlation
coefficient value is presented in each box, with red color for non-significative ones.
A B

D

E F

C

FIGURE 8

2-hourly mean bins during summer 2020 (left panels: (A, C, E) and winter 2021 (right panels: (B, D, F) of pH and temperature (TSURCOM upper
panels: A,B), salinity (S) and tide height (hTIDE) (center panels: (C, D) and wind vectors (V bottom plots: (E, F).
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from the pH data measured by the SURCOM and the estimated

AT, to determine the corrosivity of the inner surface waters of the

Rıá de Arousa. Corrosive waters for CaCO3 structures have

values of saturation state of aragonite less than one unit (WAr<1).

This parameter was calculated from daily means of pH

measurements from the SURCOM sensor and estimates of AT.

A maximumWAr of 2.64±0.21 was obtained in August, while

a minimum WAr of 0.01 calculated in February (Figure 9).

Waters with salinity values lower than 20 or waters with a

temperature lower than 13 °C were undersaturated in carbonate

and calcium ions (WAr<1). The presence of these waters

occupied the interior of the estuary during most of the winter

days, covering the entire February. In summer, the surface

waters with values above the salinity and temperature

thresholds were supersaturated with respect to calcium and

carbonate ion concentration (WAr>1).
Discussion

During the last decades, biogeochemical changes and

significant trends in the variability of marine resources in the

coastal waters of the Galician upwelling system were reported

and linked to changes in the long-term variability of the coastal

upwelling and climate change (Álvarez-Salgado et al., 2008; Bode

et al., 2009; Pérez et al., 2010; Pardo et al., 2011). Among these

findings, acidification of Galician coastal waters was also
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reported from the ARIOS dataset (Pérez et al., 2020), which

collects discrete pH measurements from oceanographic cruises

conducted from 1976 to 2018. These data have shown that

acidification is being particularly intense in the most inner

waters, doubling the interannual decrease in pH observed in

the ocean. Despite the socioeconomic importance of the Rıá de

Arousa which is mainly based on the production of calcareous

shelled mollusks (mussels, clams and cockles) only 16% of the

discrete measurements of the ARIOS dataset were made in this

estuary. This poor coverage of pH data in the Rıá de Arousa

makes it difficult to understand the significant role of the intense

CaCO3 shell production in the variability of pH and AT of the

inner waters of the Ria de Arousa together with the effect of

other local factors (river discharge, estuarine circulation, coastal

upwelling, ecosystem metabolism…). For these reasons, the Rıá

de Arousa was selected as a mooring site to validate the

performance of the analytical and operational capabilities of

SURCOM following the recommendations to use autonomous

devices to monitor acidification in coastal environments

(Newton et al., 2015; Tilbrook et al., 2019).
SURCOM pH sensor performance

The consistency of the uncertainties during these 240 days of

deployment, confirmed the known high stability and sensitivity

of the instrument sensor (Martz et al., 2015b; Johnson et al.,
FIGURE 9

Daily averages of salinity versus temperature with colors indicating aragonite saturation status and the percentage of days with aragonite
unsaturated water for each month (purple bar).
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2016) and the adequacy of the cleaning and calibration protocol.

The differences between the SURCOM pH calibrated values and

14 discrete pH samples measured in the laboratory revealed a

standard deviation of ±0.029 which was interpreted as the

precision of the instrument and is within the range found in

similar coastal studies using Durafet sensors in dynamic

environmental conditions (McLaughlin et al., 2017; Gonski

et al., 2018). This uncertainty, in addition to the limitations

inherent to the pH sensor, which was extraordinarily robust and

accurate in laboratory tests (Figure 4), is also result of the

inaccuracy associated with the spectrophotometric

measurements (Carter et al., 2013), estimated at 0.003 based

on replicate measurements, but also to the water sampling and

especially the impact of the environmental dynamics on the

measurements (biofouling, changes in salinity and temperature,

etc.). In this sense, the anomalies between discrete samples and

the SURCOM calibrated pH values were higher towards the end

of the study period (Figure 5), coinciding with the abrupt

changes in salinity and the high pH variability throughout the

tidal cycle (Figure 6). The calibration used as a function of

salinity significantly corrected the worsening sensor response in

that low salinity events, which probably lacks enough

conditioning time (Bresnahan et al., 2014) in an environment

of such rapid changing in haline characteristics. These

circumstances prevented the analysis of a possible drift over

time on the sensor response, that is described as minimal in

oceanic conditions (Martz et al., 2010; Martz et al., 2015a;

Bresnahan et al., 2014; Takeshita et al., 2014), as was observed

during summer and autumn were salinity values were higher

than 20. Detection and evaluation of the SURCOM instrument

drift within an estuary with this thermohaline variability would

require a longer monitoring period, presumably covering at least

one complete seasonal cycle, thus allowing to evaluate the

evolution of the sensor when revisiting periods with similar

thermohaline conditions.

A better analysis of the sources of uncertainty could be

approached by deploying an observational mesh of

SURCOM sensors over a more long period, that would

allow to improve the correction of the impact of the large

spatial and temporal variability of these environments, and

also to apply di fferent qual i ty control techniques

(McLaughlin et al., 2017). In any case, the precision of the

SURCOM instrument was comparable to the performance of

commerc ia l pH sensors found in s imi la r coas ta l

implementations (Hoppe et al., 2012; Wootton and Pfister,

2012; McLaughlin et al., 2017; Gonski et al., 2018; Miller and

Kelley, 2021). Moreover, this uncertainty of ±0.029 is in the

range of magnitude to 0.02, an acidification measurement

criterion that distinguishes “weather” quality datasets

(Newton et al., 2015) proving the potential suitability of

this sensor for studies at this level of quality (Gonski et al.,

2018) once we gain increased expertise in the equipment and

protocols (McLaughlin et al., 2017).
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The deployment of the SURCOM described in this work was

the first mooring in Galician coastal waters in which high

frequency pH measurements were made for months. The

resulting data set revealed particular characteristics of pH

variability in surface waters that had not been previously

described. The minimum and maximum pH values of 6.60

and 8.41, respectively, exceeded the pH range between 7.06

and 8.41 from discrete samples taken in the surface seawater

collected by the ARIOS database from 1976 to 2018 (Pérez et al.,

2020). The SURCOM pH measurements showed two periods of

maximum values in July and in March.

These high pH values were observed despite the entrance of

cold water with low pH values (Borges and Frankignoulle, 2002;

Gago et al., 2003) in Rıá de Arousa driven by northerly winds.

The station at Cortegada platform seems to be separated from

the upwelling processes occurring on the shelf and the outer

estuary (Rosón et al., 1999) in spite of the fact that the inner

estuary may also be an extension of the continental shelf during

certain upwelling events (Doval et al., 1997; Nogueira, 1997;

Nogueira, 1998; Álvarez-Salgado, 2000) The maximum pH

values measured in March repeated the annual pH maximum

described in the Rıá de Vigo (Padin et al., 2020; Broullón et al.,

2021) linked to the spring phytoplankton bloom that can

generate important pH variability in shallow coastal waters

(Borges et al., 2010; Hofmann et al., 2011). It should be noted

that this pH maximum was obtained despite not monitoring

most days in March or the period between April and June.

Therefore, pH values throughout the seasonal cycle in these

waters could be even higher attending to the still increasing

trend of pH data at the end of the study period (Figure 6,

Figure 8) and the fact that the spring phytoplankton bloom in

the interior of the estuary extends throughout March (Padin

et al., 2020; Broullón et al., 2021).

In contrast to the highest pH values, the lowest pH values

measured in winter in the Rıá de Arousa did not coincide with

the minimum pH of the seasonal cycle estimated for the surface

inner waters of the Rıá de Vigo. These low pH values estimated

from the ARIOS database (Pérez et al., 2020) were found

between August and November coinciding with the minimum

values of oxygen concentration and salinity higher than 33

(Padin et al., 2020; Broullón et al., 2021). Benthic respiration

(Alonso-Pérez and Castro, 2014) and resuspension of organic

matter from the sediment (Rosón et al., 1999) following the

breakdown of summer stratification of the water column were

identified as possible causes of these low pH values. The pH

decrease events were also found during the summer and autumn

in the Rıá de Arousa under southerly winds, when the piling-up

of shelf waters at the mouth of the estuary increases the

residence time of the inner waters and enhances the impact of

water-sediment fluxes on the pH of the water column (Pérez

et al., 2000a). The absolute pH minimum measured in the

interior of the Rıá de Arousa during February also occurred

during southerly wind events and, therefore, under the blockage
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of the horizontal circulation in the estuary generated by

downwelling events (Barton et al., 2016). Freshwater flooding

of the interior of the Rıá de Arousa produced during the

isolation of this inner area brought the pH to minimum values

significantly below of those observed in the Rıá de Vigo (Barton

et al., 2016). The fluvial discharges from the Ulla River, the

largest of the rivers with direct discharge into the Galician

estuaries (Parada et al., 2012) and the Umia River (Alvarez

et al., 2005) are three-fold the continental inputs of the Vigo

estuary (Otero et al., 2010) and have a drainage basin nine-fold

larger. These fluvial discharges are characterized by the acidity of

their waters, so that the pH of 6.6 measured with a salinity of 0.1

is practically the pH end-member of the river Ulla. In addition,

the influx of dissolved and particulate organic matter from

riverine inputs converts these nearshore areas into systems

dominated by heterotrophic processes and highly CO2

oversaturated (Bakker et al., 1997; Frankignoulle et al., 1998;

Borges and Frankignoulle, 1999; Brasse et al., 1999; Hoppema

et al., 1999; Gago et al., 2003). Another notable difference

between the inner region of both estuaries is the sediment

composition. Muddy sediments that characterize the more

enclosed interior of the Rıá de Vigo have a high organic

carbon burial rate, accounting for 2-8% of the sediment

(Garcıá-Gil et al., 2011). Siliciclastic sandy sediments with low

organic content characterize the open waters of the interior of

the Rı ́a de Arousa. These sandy sediments are efficient

bioreactors for organic carbon remineralization and thus

intense heterotrophic processes would determine the pH of the

water column, especially in periods of intense vertical mixing

such as winter.
Biogeochemical impacts

Extreme changes in salinity in these waters resulted in strong

variations in AT. This variable of the carbonic system, defined as

the excess of proton acceptors over donors, represents the

buffering capacity of seawater to neutralize acids. Thus,

dissolved CO2 inputs are converted into stable bicarbonate

and carbonate molecules to minimize pH changes. The

decrease in AT causes a progressively stronger reduction in pH

as the acidification increases. This effect would explain the

amplification of the tidal pH range during the higher AT

(salinity) variability observed during spring tides and

especially during extreme low salinity events. These ranges in

salinity (0.1-35.1), AT (285 - 2300 μmol·kg-1) and pH (6.6-8.4)

between freshwater from the Ulla River and seawater, establish a

CO2 fugacity range of 3200±244-185±18 matm estimated at 15 °

C using the same carbonic system constants (Lueker et al., 2000;

Waters et al., 2014).

The pH measured by the SURCOM and the estimated AT

also allowed us to evaluate the saturation state of the aragonite.

(WAr). The inner waters of the Rı ́a de Arousa were
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supersaturated with calcium and carbonate ions (WAr>1) in

summer, allowing the precipitation of CaCO3 minerals. In

contrast, undersaturated waters with respect to aragonite

(WAr<1) associated with salinites below 20 or temperatures

lower than 13°C were found occasionally in autumn and

predominantly in winter. Unsaturated waters in aragonite

would cause dissolution of these CaCO3 structures which is

1.6 times more soluble than calcite (Feely et al., 2008) although

slight corrosion was also observed under slightly supersaturated

saturation states (Ries et al., 2016). The dissolution of CaCO3

structures would be exceptionally harmful during an

uninterrupted period of 54 days observed in January and

February when the inner part of the estuary was flooded by

strongly undersaturated aragonite waters with a mean value (±

standard deviation) of 0.2( ± 0.3) for a mean pH value of 7.3( ±

0.4). This damage would be enhanced by the intense vertical

mixing of this season (Gago, 2003) that would carry these

corrosive waters to the shellfish beds, compromising the

survival of infaunal bivalves in the inner part of the Rıá

de Arousa.
Ecosystems impact

Amassive mortality in shellfish during the last days of February

in shellfish beds (i.e., clams and cockles) surrounding the mooring

station was linked to the decreasing salinity abruptly and was

reported by local media. Similar mortality episodes had been

previously reported in the Rıá de Arousa Arousa (Parada and

Molares, 2008; Parada et al., 2012; Aranguren et al., 2014). These

unexpected oscillations are a challenge for species adaptation that

particularly affect sessile organisms, such as bivalves, which due to

their reduced mobility (Berger and Kharazova, 1997; Helmuth and

Hofmann, 2001; Alves de Almeida et al., 2007). These extreme

salinity events are expected to be more frequent in coastal areas

(Levinton et al., 2011; Collins et al., 2020) due to heavy rainfall, as

was also forecasted for the coast of Galicia (Alvarez et al., 2005;

Parada et al., 2012) particularly in winter (Cardoso Pereira et al.,

2020; Lorenzo and Alvarez, 2020).

Ocean acidification is another abiotic feature of the marine

environment that is stressful for the marine biological

community due to its capacity to dissolve CaCO3 structures

(Gazeau et al., 2007). In addition to conditioning the synthesis of

calcium carbonate shells and skeletons, ocean acidification also

affects other effects on different physiological processes such as

survival, growth, development, abundance, etc. (Tyrrell et al.,

1999; Gazeau et al., 2013). Most of these studies were based on

experiments for single species in the laboratory, which usually

has a remarkable economic importance for aquaculture such as

mussels (Fernández-Reiriz et al., 2001; Fernández-Reiriz et al.,

2012; Gazeau et al., 2013; Navarro et al., 2013; Clements et al.,

2018; Lassoued et al., 2019; Lassoued et al., 2021; Ramajo

et al., 2021).
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Like salinity, the pH variability presented here will also

increase in a future ocean acidification scenario with more

extreme values and greater short-term changes (Gruber et al.,

2012; Hauri et al., 2013; Waldbusser and Salisbury, 2014). These

abrupt pH variations observed at short scales as a result of river

discharge, ecosystem metabolism and tidal effects should be

included in the analysis of acidification projections in coastal

waters (Jury et al., 2013). The effects of extreme variability events

on biogeochemical conditions with importance in physiological

and metabolic processes, such as salinity or acidification, must

be analyzed integrally to deepen the understanding of the risks to

the coastal ecosystem. In addition to mortality, these

investigations should also focus on sublethal effects and on the

impact on interspecific relationships (Waldbusser and Salisbury,

2014; Seitz et al., 2015; Rosenblatt et al., 2017; Kapsenberg and

Cyronak, 2019). These studies about the extreme variability of

biogeochemical conditions and their ecological impact should be

especially addressed in coastal communities such as the Rıá de

Arousa with a high socioeconomic dependence on aquaculture

and fisheries.
Conclusions

This experience was the first time that pH measurements

were acquired with this time resolution on a mooring in the Rıá

de Arousa. The results revealed patterns of pH variability that

could not have been previously observed with discrete sampling.

The short-scale pH variability reproduced the tidal periodicity,

with maximum values at tidal height peaks. This tidal variability

was especially intense during spring tides and during low salinity

events, when freshwaters with low AT and minimal buffering

capacity to dampen pH changes, flooded the interior of the Rıá

de Arousa. The pH measurements between July and March

showed maximum pH values in summer and the beginning of

the spring bloom during March. Minimum values in winter

associated with minimum salinity values that became zero

during low tide over several days in January and therefore

related to continental fluvial discharges. This extreme

variability of salinity, pH and other parameters of the carbon

system was responsible for the massive mortality of shellfish on

the beaches surrounding the mooring point. This fact that had

already been observed in the inland waters of the Rıá de Arousa

(Parada and Molares, 2008; Parada et al., 2012; Aranguren et al.,

2014) may be more frequent in a future characterized by ocean

acidification (IPCC, 2021) and events of heavy rainfall (Alvarez

et al., 2005; Parada et al., 2012; Cardoso Pereira et al., 2020;

Lorenzo and Alvarez, 2020) according to climate projections.

The results presented here were obtained during the

deployment of the SURCOM instrument in highly productive

and dynamic waters such as the interior of the Rıá de Arousa.
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The stability and accuracy shown during this study confirm that

the Honeywell Durafet pH sensors, based on ISFET technology,

that were installed in the SURCOM instrument, are an

economical and suitable alternative for pH monitoring in

coastal deployments. The comparison between SURCOM pH

values and discrete pH measurements reported an accuracy of

0.029 which is adequate to describe the high variability observed

in the Rıá de Arousa.

The SURCOM instrument designed by the Instituto de

Investigacións Mariñas de Vigo (IIM-CSIC, Spain) has the

capacity to be the basis of an observational network of pH

variability (McLaughlin et al., 2015; Newton et al., 2015;

McLaughlin et al., 2017) to assess acidification and

comprehend climate change in the Galician coast. To this end,

minimizing sources of uncertainty from the SURCOM should be

a short-term goal to improve the description of pH variability

and incorporate this region into the GOA-ON network. The

incorporation of other sensors, such as dissolved oxygen

concentration into upcoming versions of the SURCOM

instrument, or as part of an acidification sensor suite, would

represent a significant improvement, as it would allow a better

assessment of biological processes and its impacts as drivers for

pH oscillations. Recent studies have shown that ecosystem

metabolism can cause significant short-term pH changes in

addition to being a strong seasonal driver (Feely et al., 2018;

Pacella et al., 2018; Lowe et al., 2019; Miller and Kelley, 2021).

The information obtained by pH observation networks coupled

to other biogeochemical sensors is necessary for understanding

the impact of acidification on coastal ecosystems, for the

development of predictive models (Mongin et al., 2016;

Siedlecki et al., 2016; Turi et al., 2016) and for the design of

response strategies to ocean acidification by policy makers. This

objective is especially relevant in a region such as the Rıá de

Arousa where the aquaculture and fishing industry is of great

socio-economic importance.
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NW Spain. Estuar. Coast. Shelf Sci. 91, 232–242. doi: 10.1016/j.ecss.2010.10.038

Gattuso, J.-P., Brewer, P. G., Hoegh-Guldberg, O., Kleypas, J. A., Pörtner, H.-O.,
and Schmidt, D. N. (2014). Cross-chapter box on ocean acidification. IPC 2014
Climate change 2014: Impacts, adaptation, and vulnerability. part a: Global and
sectoral aspects. contribution of working group II to the fifth assessment report of the
intergovernmental panel on climate change. Eds. C. B. Field, V. R. Barros, D. J.
Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir, M. Chatterjee, K. L. Ebi, Y. O.
Estrada, R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, S. MacCracken, P. R.
Mastrandrea and L. L. White (Cambridge, United Kingdom and New York, NY,
USA: Cambridge University Press), 129–131.
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