
Physical and biogeochemical variability in the Gulf of La Spezia (Eastern Ligurian Sea, 

Italy): insights from new high-resolution coastal observatory  

Tiziana Ciuffardi1, Silvia Becagli2, Giancarlo Raiteri1, Andrea Bordone1, Erica Gabrielli1,3, 

Marcello G. Magaldi4, Andrea Peirano1, Fabio Piccolin1, Petrika Gjanci5, Chiara Petrioli5,7, 

Daniele Spaccini5, Marinella Abbate1, Ivo Rossetti1, Paolo Varrella6, Chiara Lombardi1* 

 

1 Marine Environment Research Centre S. Teresa ENEA, Lerici (SP), 19032, Italy 

2 Department of Chemistry ‘U. Schiff’, University of Florence, Sesto Fiorentino (FI), 50019, Italy 
3 Department of Earth and Environmental Sciences, University of Milano Bicocca, Milano, 20126, Italy 
4 Institute of Marine Sciences, CNR, Lerici (SP), 19032, Italy  
5 

W•SENSE S.r.l., Rome, 00198, Italy 
6 

Cooperativa Mitilicoltori Associati, Lerici (SP), 19032, Italy 
7 

Computer Engineering Department, University of Rome La Sapienza 
Corresponding author: Chiara Lombardi (chiara.lombardi@enea.it) 

Abstract 

Coastal marine shallow sites, characterised by biological richness and diversity, experience 

fluctuations in seawater physical and chemical variables. However, given the complexity of coastal 

processes and dynamics, exacerbated by the climate change effects, it is becoming hard to predict the 

fate of marine systems. 

High-resolution observatories enable big data acquisition through continuous monitoring, improve 

the real-time detection of oceanic changes, especially at local scale, and provide essential data for 

marine system predictions and early warning capabilities for maritime activities. However, 

comprehensive long-term, high-resolution datasets in coastal areas are still limited. 

Smart Bay Santa Teresa underwater observatory, a new high-resolution system located in the 

Eastern Ligurian Sea, provided physical and biogeochemical data continuously from 2021 to 2024. 

Physical data confirmed a warming trend of 0.045 °C per year in the study area, consistent with global 

climate change patterns, and increased frequency and intensity of Marine Heatwaves, especially in 

2022-2023. Biogeochemical data revealed an enriched carbonate environment, despite the short-term 

perturbations, and a shift of biogenic and thermal control of the carbonate system through seasons 

favoring biogenic carbonate development (i.e. mussels’ reefs). Interestingly, the balance between CO2 

stock and release, derived from biogenic calcification, revealed that the area as an active carbon sink, 

especially in winter and spring.  

The ecological value and biodiversity of the coastal marine ecosystems coexisting with highly 

anthropogenic areas make the site ideal to monitor the interacting effects of global warming, local 

hydrodynamics, and seasonal biogeochemical processes through integrated monitoring approaches. 
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Highlights 

1. A warming trend of 0.045 °C per year in the area with long-term temperature records. 

2. Increased frequency and intensity of Marine Heatwaves (MHWs) (2022-2023) 

3. Altered local hydrodynamic regime due to the dam.  

4. Enriched carbonate environment promoting biological calcification 

5. An active carbon sink especially in winter and spring months. 

 

1. Introduction 

Marine coastal shallow sites are extremely rich, but complex systems. They are characterised by 

biological richness and diversity, fluctuations in seawater physical and chemical variables (e.g. 

temperature, conductibility, dissolved oxygen, nutrients, light and carbonate environment) (Wolfe et 

al., 2020), and shallow depths (i.e., shore habitat, rocky shores, or seagrass beds (Hurd et al., 2011)).  

To improve the understanding of coastal marine systems and their strength or vulnerability to 

climate change, Ocean Big Data gathering represents a priority. High-resolution coastal observatories 

with high frequency data acquisition are powerful tools for validating satellite data and models, 

providing real-time data necessary for making predictions on seawater changes, and thus providing 

early warnings for maritime activities. Nowadays, ocean observatories have expanded far beyond 

their traditional scientific research functions and now serve as critical connections between ocean 

science and society, addressing the demand to understand the connections between ocean processes, 

their changes and thus planning sustainable developmental strategies for its resources (Sustainable 

Development Goal (SDG) 14 in UNFCCC Agenda 2030 (2015); Ruhl et al., 2011), according to Blue 

Growth objectives. 

Recognized the strategic importance of long-term ocean observation, the European Community 

has been funding the creation of several Research Infrastructures under the frameworks either of the 

European Strategy Forum on Research Infrastructures Roadmap (e.g., EMSO, EMBRC, ICOS, 

eLTER, see ESFRI, 2021 as a reference) or of the Horizon Infrastructural (INFRA) calls (e.g. 

JERICO). Besides addressing specific scientific questions, these infrastructures provide the base line 

to address Europe’s policy demands for sustainable use of the seas, ecosystem-based management and 

establishment of environmental status indicators, as expressed by the EU’s Marine Strategy 

Framework Directive (MSFD) and the Nature Restoration Law.  



Among ocean data, physical-biogeochemical observations are becoming increasingly urgent given 

the need for quantifying the current characteristics and trends of physical and biogeochemical states, 

even though long term, high-resolution and comprehensive data are still very rare. Relevant at global, 

regional and local scales (Fennel et al., 2019), such data provide estimates of the carbon cycle, 

acidification, primary production, and oxygen and nutrient availability affecting local ecosystems. 

However, long term, high-resolution and comprehensive data are still very rare especially in some 

areas of the Mediterranean Sea.  

Under this framework, this study presents a new high-resolution underwater coastal observatory 

from the Eastern Ligurian Sea (Mediterranean Sea) by analysing three years of physical-

biogeochemical data driven by climate change. 

The Mediterranean Sea is a semi-enclosed basin with orography, physical, biogeochemical and 

ecosystem characteristics extremely variable (Pinardi et al., 2015; Siokou-Frangou et al., 2010). 

Furthermore, the ongoing direct and indirect anthropogenic impacts are affecting such characteristics 

and the way they interact at different scales (Micheli et al., 2013; Giorgi, 2006). Physical data have 

been extensively described for the basin as well as the tendencies and projections by combining data 

and models (Darmaraki et al., 2019; Marullo et al., 2023), but biogeochemical data from in situ 

observations are very limited, tendencies are almost absent and generally related to single variables 

(as chlorophyll (Chl-a)). Satellite data for the period 1998–2009 revealed significant positive Chl-a 

trends in most of the western Mediterranean and negative trends in the northern Adriatic Sea (Colella 

et al., 2016) highlighting different regional and local dynamics. In the Mediterranean basin, the 

carbonate system is unique due to the intrinsic seawater characteristics: warm waters and high Total 

Alkalinity (TA > 2500 μmol kg
−1

) associated with a permanent and rapid thermohaline circulation 

loop with a residence time of nearly 100 years (Millot et al., 2005). On average, the TA in the 

Mediterranean Sea is 10% higher than that of the global ocean (Palmieri et al., 2015) thus giving a 

key role to the Mediterranean Sea in carbon sequestration. 

Located in the northwestern part of the Mediterranean, the Ligurian Sea represents a key basin 

with a geological history closely connected with the evolution of the Western Mediterranean Sea 

(Migon et al., 2020). Physical observations, as current measurements and temperature-salinity (T/S) 

profiles, started in 1960’s- ‘70s in the Ligurian Sea, mainly on the western part including the Gulf of 

Genova, and they consisted of regular monitoring campaigns from ship stations. Recently, survey 

stations have been implemented with buoys and profiling floats in both shallow to deep stations, as 

the DYFAMED station and the BOUSSOLE or W1M3A buoys (Migon et al., 2020). Data collected 

during the last 40 years in the Ligurian Sea have shown an increase in both temperature and salinity 

(the latter starting at the end of ‘80s), in both shallow and deep stations (Prieur et al., 2020). The 

origin of this trend could be explained by the waters entering the Ligurian Sea along western Corsica, 

confirming historical ship observations (Goffart et al., 1995; Gostan, 1968; CNRS 1973, 1975) and 
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recent profiling floats and gliders (Bosse et al, 2015). From the biogeochemical point of view, 

observations in the Ligurian Sea started in 1998 with surveys up to 2016 and were successively 

integrated with permanent observatories with autonomous sensors for surface and deep 

measurements. Despite the extended knowledge on the Western Ligurian Sea, revealing a marked 

seasonality of the carbonate system characterizing (Coppola et al. 2020, Migon et al. 2020), the 

biogeochemistry of the Eastern Ligurian Sea is still poorly known.  

To fill this knowledge gap, in 2021 we established Smart Bay Santa Teresa underwater 

observatory, a new in situ coastal high-resolution system located in the eastern Ligurian Sea.  Physical 

and biogeochemical data were collected from 2021 and 2024 with the aims to: (1) describe physical 

and carbonate environments, (2) detect effects of physical and biological components on the 

carbonate environment, and (3) identify changes in marine heatwave patterns.  

High-resolution Smart Bay Santa Teresa dataset enables analysis of real-time changes at local scales, 

highlighting the complex dynamics and relevance of coastal sites where seawater, atmosphere, and 

biological systems mutually interact. Data are discussed with the perspective of the observatory 

empowerment (i.e., more stations and more variables measured) aiming at providing continuous, 

long-term datasets understanding the link between biogeochemical patterns and ecological responses 

and thus predicting the fate of coastal ecosystems under climate change. 

 

2. Material and methods  

2.1. The study area  

The study area is located in the Gulf of La Spezia from 43.95 °N, 9.64 °E to 44.15 °N, 10.05 °E, 

with depth from 8 to 25 m (Fig. 1). The area is located between the Magra River mouth and the 

Cinque Terre National Park. 

The continental shelf of the Ligurian Sea has a limited extension along all the Liguria region until 

the Gulf of La Spezia. Its eastern deeper part is characterised by the Levante Canyon, almost parallel 

to the coast and hosting valuable and vulnerable ecosystems, such as the deep-living cold-water corals 

found from 500 m of depth (Fanelli et al, 2017). The canyon area was studied with  a deep submarine 

multidisciplinary observatory positioned at 608 m depth whose data showed  the presence of two main 

water masses:  the surface water of Atlantic origin (Atlantic Water, AW; upper 150 m), well separated 

from the underlying intermediate water, and the Levantine Intermediate Water (LIW) that occupies 

the layer between 200 m and 500–700 m depth (Ciuffardi et al., 2023). Historical hydrographic 

monitoring carried out by ENEA since the ‘80s (in situ stations and periodic campaigns) and 

observations on current dynamics done by Gasparini et al. (2009), allowed to characterise physical 

conditions of the area. The 40-year daily climatology of the nearest grid point of the area (Merchant et 



al., 2019; Saha et al., 2018) shows a mean surface seawater temperature of 18.5 ± 4.3 °C, ranging 

from 13.0 °C to 25.4 °C. 

The coastal area is affected by deep circulation dynamics, characterised by an East-West cyclonic 

flux. In particular, the Eastern Ligurian Sea receives waters flowing towards North from both sides of 

Corsica Island: warm waters coming from the Tyrrhenian Sea through Corsica channel and cold 

waters rising from the Western Mediterranean current. These two circular fluxes merge and originate 

a current with intermediate properties at the North of Corsica Island. Seasonal variations characterise 

Eastern Ligurian circulation: a single large-scale cyclonic circulation occurring in winter is 

transformed into complex circulation patterns in summer. However, a vast variety of oceanographic 

dynamics are still unsolved in this area, as recent water property evolution across the Corsica 

Channel, in the Liguro-Provencal Current and the Western Corsica Current or the water mass 

modifications due to climate change and their relationship with the deep-water formation in the Gulf 

of Lion (Aracri, 2019). The circulation in the Gulf of La Spezia is the result of the combined effects of 

interior dynamic and large-scale flow, also considering the dam of the port of La Spezia with a length 

of 2.2 km, that separates the Gulf from the open sea. An inflow/outflow along the open boundary off 

the dam is described for the surface layer, with a prevalence of the outflow, mainly concentrated 

along the western opening (Gasparini et. al., 2009).  

In the Gulf, dominant winds are from North and North-East, whereas Scirocco (South-East) is 

responsible for the strongest sea-storms (Bordone, 2019). 

The area's biological and economic relevance (e.g. mollusc farming, fishing, aquaculture) makes it 

an ideal site for coastal monitoring and protection (Peirano et al., 2011; Cocito and Sgorbini, 2014; 

2012; Ragazzola et al., 2021): marine coastal ecosystems of the Gulf of La Spezia and surrounding 

Marine Protected Areas (Cinque Terre National Park, Natural Regional Park of Porto Venere and 

Natural Regional Park of Magra-Vara – Montemarcello) are very diverse such as coralligenous 

habitats, Posidonia meadows, bioconstructional shallow calcifying ecosystems. Furthermore, the Gulf 

is characterized by a strong dual use, as natural environments coexist with highly impacted areas such 

as a military and a commercial harbour and marinas. The Gulf hosts Navy bases and several maritime 

activities of national economic relevance, as naval trade, shipbuilding, cruise terminals, also 

supporting the need for a long-term monitoring.  



 

Fig. 1. The study area with Santa Teresa Bay (STB) (depth: 1 m), Mussel inner station (MUS) 

(depth: 5 m), Mussel Aquaculture Buoy (MAB) (depth: 5 m) and Tino Island (TI) (depth: 1, 5 and 16 

m) stations shown as blue circles. Qualitative surface circulation scheme of the Gulf (arrows) as 

described by Gasparini et al., 2009. 

 

2.1.1. Smart Bay S. Teresa observatory: in situ measurements and stations 

Smart Bay Santa Teresa (SBST) is a cooperation platform established between research institutes 

(ENEA, CNR and INGV), local administration (Municipality of Lerici) and local stakeholders 

(Scuola di Mare and Cooperativa Mitilicoltori Associati) to develop a natural laboratory combining 

research, technology, sustainable tourism and shellfish farming. Among SBST’s aims, there is the 

creation of an autonomous intelligent observatory as a model for big data production in coastal areas 

by using advanced technologies, working on data validation via analytical methods, and ultimately 

correcting the acquired data by Artificial Intelligence (AI) (Ma et al., 2022; Durin et al., 2023; Ferri et 

al., 2024). Based on innovative technology, SBST observatory included four stations equipped with 

multiparameter probes and/or sensors and gathering high-resolution data: 1. Santa Teresa Bay (STB) 

(depth: 1 m) leisure marina inside the dam; 2. Mussel Aquaculture station (MUS) (depth: 5 m) inside 

the harbour; 3. Mussel Aquaculture Buoy (MAB) (depth: 5 m) outside the harbour; 4. Tino Island (TI) 

(depths: 5 m and 16 m) in the Regional Park and outside the Gulf.  

The SBST stations were positioned along an anthropic gradient, from the harbour to the external side 

of the Regional Natural Park of Porto Venere (Fig. 1). In particular: 

- STB (44.0819°N, 9.8817°E). The station was located inside Santa Teresa Bay, a small bay on the 

east side of the harbour, inside the dam. The bay, approximately 80 m long and 80 m wide, is a 

natural bay hosting a sailing school and the mussel farm. Despite the vicinity of the harbour, the 



bay maintains its natural character, hosting calcifying marine ecosystems (mussels, algae, 

bryozoans, corals, gorgonians) and native plants on land. It is part of a Nature 2000 site. The 

underwater station (see Tab. 1) was positioned at 1 m of depth on a floating pontoon (max sea-

bottom depth = 8 m) where each single measurement instrument was connected to an underwater 

acoustic node (WNodes, WSense s.r.l., Italy) acquiring and transmitting data every 30 minutes.  

- MUS (44.0791°N, 9.8744°E). The station was positioned at the eastern corner inside of the dam in 

proximity to the mussel aquaculture field. This station was located at 5 m of depth and was 

composed of a single measurement instrument, a current meter, connected to an underwater 

acoustic node (WNode) acquiring and transmitting data every 30 minutes. 

- MAB (44.0771°N, 9.8808°E). The station was positioned at the eastern corner outside of the dam 

in proximity to the mussel aquaculture field.  The monitoring station was positioned on a buoy at a 

depth of 5 meters (in an area with a maximum seabed depth of 11 meters). It utilized two WNodes, 

each connected to different measuring instruments, to acquire and transmit data every 30 minutes. 

- TI (44.0198°N, 9.8502°E). The station was positioned in the Regional Park of Porto Venere outside 

the Gulf, located on the southwest side of Tino Island. This station was located on a buoy at 16 m 

of depth. The instrument positioning was primarily driven by logistic constraints since the buoy 

had a jumper at 11 m of depth, thus making it too risky the positioning of any scientific 

instruments above it. This station was the least anthropogenically impacted for the area. The sea 

bottom (max depth: 25 m) is muddy but the islands offer rocky walls that host a remarkable 

biodiversity and the animal forests characterizing the coralligenous habitat with species of high 

ecological value for the Mediterranean Sea, such as Paramuricea clavata, Eunicella sp. 

Lophogorgia sarmentosa, Pentapora fascialis, Cladocora caespitosa (Bramanti et al., 2016; 

Lombardi et al., 2020) here starting at 15 m of depth due to the peculiar environmental conditions. 

This station provides data that support the annual ecological monitoring of the Regional Park, and 

its calcifying marine ecosystems are part of the Eastern Ligurian Site of the eLTER Network). 

 

Physical high-resolution data (temperature (t), practical salinity (SP), dissolved oxygen (DO), 

current, fluorescence, turbidity, Chl-a) have been acquired from October 2021 to August 2023 via in 

situ sensors. Real-time data transmission was based on Internet of Underwater Things (IoUT-WSense) 

wireless network technology, acquiring and transmitting data every 30 minutes at STB, MUS, and 

MAB stations.  

Biogeochemical data were measured analytically (total alkalinity (TA), total scale pH (pHT)) and 

calculated (partial pressure of carbon dioxide (pCO2), carbon dioxide (CO2), dissolved inorganic 

carbon (DIC), calcite and aragonite saturation states (ΩCa, ΩAr)), with a weekly sampling frequency at 

STB, and monthly at MAB and TI. High-precision data profiles (measured by means of a 

Conductance-Temperature-Depth probe, CTD) were also collected as detailed in Table 1.  



Hydrodynamic conditions were recorded from 18th of October 2021 to 26th of June 2023 by 

single-point current meters located at 5 m of depth outside and inside the dam of La Spezia port 

(MAB and MUS stations in Fig. 1, Tab. 1). 

In addition, a meteorological station, located at an altitude of 49.5 m in the same area and operated 

by ENEA, collects solar radiation, atmospheric pressure, air temperature, wind direction and speed, 

and relative humidity every 10 minutes (Bordone, 2019). 

 

Table 1. Environmental parameters acquired in each station (STB, MUS, MAB and TI) at different 

time intervals (minute, hour, week, month) by means of in situ measurements - with probes and 

sensors - and analytical methods.   Stations connected with underwater communication technology 

(WNodes, WSense, Italy); * pHT: pH total scale. ** carbonate environment derived (Jiang et al., 

2014); *** dissolved oxygen analytically measured via Winkler titration method (Bryan et al., 1976; 

Winkler,1888). Physical variables: t, O2, p (pressure), SP, C (conductivity), Chl-a (chlorophyll-a), 

fluorescence, turbidity, current speed and direction. Chemical variables: pHT, TA, pCO2, DIC, Ca, 

and Ar. Nutrients: NO3
  (nitrates), NO2

 - (nitrites), Si(OH)4
- (silicates), PO4

3- (phosphates) 

Station  STB Coordinates 44.081871°N 9.881686°E  

Parameters Instruments/ Sensor/Software Measurement 

depth 

Data Fre-

quency 

t, C Conductivity Sensor 4319, AANDER-

AA, Norway 

 

 

 

 

 

 

 

1 m 

30 min 

DO Optode 4531, AANDERAA, Norway  

 

 

 

weekly 

t, C, p, DO, SP SBE19plus, SeaBird Electronics Inc., 

USA 

*pHT, t Seven-Go, Mettler Toledo, USA 

TA HI 901C, Hanna Instruments, Italy 

**pCO2, CO2, DIC, Ca, and 

Ar 

CO2SYS-Excel 

NO3
 -, NO2

 -, Si(OH)4
-, PO4

3- Braan+Luebbe, Germany 

***DO 794 Basic Titrino Metrohm, Italy 

 

Station MUS Coordinates 44.079140°N 9.874360°E 

current speed and direction Z-Pulse 4420, AANDERAA; Norway 5 m 30 min 

 

Station MAB Coordinates 44.077130°N 9.880829°E 

  DO Optode 4531, AANDERAA, Norway  

 

 

 

 

5 m 

 

30 min current speed and direction Z-Pulse 4420, AANDERAA; Norway 

t, C, p, DO, SP SBE19plus, SeaBird Electronics Inc., 

USA 

 

 

 

 

monthly 

*pHT, t Seven-Go, Mettler Toledo, USA 

TA HI 901C, Hanna Instruments, Italy 

**pCO2, CO2, DIC, Ca, and 

Ar 

CO2SYS-Excel 

NO3
 -, NO2

 -, Si(OH)4
-, PO4

3- Braan+Luebbe, Germany 

***DO 794 Basic Titrino Metrohm, Italy 

 

Station TI Coordinates 44.019788°N 9.850245°E 

t OnSet HOBO WaterTemp Pro V2 5 m  



t, C, SP, p, O2 and pHT 

 

SeapHOx, SeaBird Electronics Inc., 

USA 

16 m 60 min 

t, C, p, DO, SP SBE19plus, SeaBird Electronics Inc., 

USA 

 

 

 

 

1 m, 16 m 

 

 

 

 

monthly 

*pHT, t Seven-Go, Mettler Toledo, USA 

TA HI 901C, Hanna Instruments, Italy 

**pCO2, CO2, DIC, Ca, and 

Ar 

CO2SYS-Excel 

NO3
 -, NO2

 -, Si(OH)4
-, PO4

3- Braan+Luebbe, Germany 

***DO 794 Basic Titrino Metrohm, Italy 

 

 

2.1.2. Underwater communication via Internet of Underwater Things 

The stations STB, MUS and MAB were connected to the underwater communication network via an 

innovative adaptive underwater wireless network provided by Wsense. In particular, the WSense 

system in Smart Bay S. Teresa Observatory consisted of underwater nodes (WNodes) able to create a 

wireless mesh network communicating acoustically to collect data from sensors and then route them 

up to a WGateway, a device acting as a bridge between the underwater and terrestrial domain. The 

collected data are then forwarded to the Internet through a 3G/4G mobile connection and stored in the 

WCloud, a dedicated web-space created by WSense for the observatory system that allows real time 

visualisation for the users (i.e., researchers). Through the WGateway it is possible not only to receive 

data but also to send commands to the WNodes to change sampling frequency, configurations, etc. in 

real-time. The WGateway, located in the mussel farm building, was equipped with an underwater 

cable (30 m) ending with an acoustic modem deployed at 3 m of depth on the sea bottom to operate 

the underwater network. To guarantee the data communication with the most distant nodes (i.e., MAB 

and MUS stations), two nodes were positioned at 5 m of depth under the floating barriers in Santa 

Teresa Bay (Fig. 1) acting as network relays. Communication is bidirectional (to/from sensors) which 

allows to reconfigure the application logic of the sensor nodes upon need. The adaptive protocols, 

designed and implemented dynamically, change the route for data delivery as well as the data link 

layer parameters in presence of harsh channel conditions, in this way being able to reliably deliver 

both data and control information in noisy shallow water underwater communication environment.  

2.2. Biogeochemical and physical analytical measurements 

2.2.1. Carbonate environment 

 The marine CO2 system involves a series of interconnected equilibria constituting the dominant 

buffering system in the ocean that somewhat resists anthropogenically induced acidification due to the 

increased concentration of atmospheric CO2. Figure 1S, in Supplementary Material, reports a 

simplified scheme of reactions and processes determining the concentration of the species related to 

the carbon cycle in sea water. The inorganic carbon system can be described by four interlinked 



parameters: TA, DIC, pH, and pCO2. By directly measuring two of these four parameters, utilizing 

equilibrium constants specific to the nature of the aquatic system of study, as well as supplying data 

on temperature, salinity, pressure and specific inorganic seawater constituents, it is possible to 

calculate the remaining two parameters and also the saturation states (Ω), for both aragonite (Ωar) and 

calcite (Ωcal) (Zeebe, 2012). 

For total alkalinity (TA) measurements, three replicated samples were collected using the Go-Flo 

bottle and stored into acid-washed 0.250 L borosilicate glass bottles. Samples were poisoned with 50 

L of a 70 g/L HgCl2 and analysed within a week. Measurements of TA were performed by 

potentiometric acid titration with open cell following the methods described by Dickson et al., 2007 

by using an automatic titrator equipped with a pH glass electrode/reference electrode cell (Tab. 1). An 

accurately measured 160 g of seawater was titrated at constant temperature of 25.0 ± 0.5 °C in open 

cell with a standardised solution of hydrochloric acid (HCl 0.1 N) with salinity adjusted to 38 with 

NaCl in order to be similar to the samples one. The sample was acidified to a pH of about 3.5 with a 

single accurately measured aliquot of titrant, then stirred for 10 min to allow for the liberation of the 

CO2 that had evolved. The titration continued by adding 0.1 mL of titrant and reading the mV until a 

pH of about 3.0 was reached. TA was computed from the titrant volume and potential difference 

measurements using a non-linear least-squares approach (Gran method) proposed by Dickson et al., 

2007. The reproducibility of the three measurements on the same sample was ± 2 mol/kg Routine 

analyses of Certified Reference Materials (batch # 165, provided by A. G. Dickson, Scripps 

Institution of Oceanography) ensured the accuracy of the measurements (better than ± 4 mol/kg). 

The pHT was determined by electrometric measurements with standard T31 Dickson TRIS Buffer 

Solution in Synthetic Seawater (Dickson et al., 2007; Paulsen and Dickson, 2020) by using Mettler 

Toledo pH meter equipped whit glass electrode. The Nernstian answer of glass electrode was verified 

before the measurements on samples by buffered solution. The pHT at sea water temperature was 

calculated by DelValls and Dickson (1988) equation. The estimated uncertainty in pHT measurements 

is ±0.01 pH.  By considering the maximum uncertainty in pH and TA the overall uncertainty in the 

derived pCO2 is ± 15 atm.  

Seawater carbonate system parameters were derived from TA and pH values. Calculations were made 

with the software program CO2SYS-Excel (https://github.com/jamesorr/CO2SYS-

Excel/blob/master/CO2Sys.xls). Specifically, as recommended for the Mediterranean Sea by Álvarez 

et al. (2014), the carbonic acid dissociation constants K1 and K2 from Mehrbach et al., 1973 as refitted 

by Dickson and Millero, 1987 and the dissociation constant for HSO4
−

 from Dickson, 1990 were 

used. Uppström, 1974 was used to calculate the ratio of total boron to salinity and Dickson and Riley, 

1979 to calculate the hydrogen fluoride constant KF. 



To distinguish the effects of temperature and biological processes on pCO2 in surface seawater, 

thermic (T) and non-thermic (i.e., biogenic, B) pCO2 have been calculated by following the approach 

described by Takahashi et al., 2002. 

Thermic pCO2 and non-thermic pCO2 are calculated by the following equations: 

 

𝑇ℎ𝑒𝑟𝑚𝑖𝑐 pCO2 = T = pCO2𝑚𝑒𝑎𝑛exp [0.0423(T𝑜𝑏𝑠 − T𝑚𝑒𝑎𝑛)] 

𝑁𝑜𝑛­𝑇ℎ𝑒𝑟𝑚𝑖𝑐 pCO2 = B = pCO2𝑜𝑏𝑠exp [0.0423(T𝑚𝑒𝑎𝑛 − T𝑜𝑏𝑠)] 

 

Where pCO2 mean is the mean pCO2 retrieved by CO2SYS over the study period, pCO2 obs is the 

retrieved pCO2 at each point of pHT and TA measurements, Tobs is the measured temperature, Tmean is 

the mean temperature measured in the periods. The value of 0.0423 was empirically derived by 

Takahashi et al., (2002). 

The effect of temperature changes on the mean annual pCO2 value: 

(ΔpCO2)
𝑡𝑒𝑚𝑝

= (𝑇ℎ𝑒𝑟𝑚𝑖𝑐 pCO2)
𝑚𝑎𝑥

− (𝑇ℎ𝑒𝑟𝑚𝑖𝑐 pCO2)
𝑚𝑖𝑛

 

The effect of biology on the surface-water pCO2 is: 

(ΔpCO2)
𝑏𝑖𝑜

= (𝑁𝑜𝑛­𝑇ℎ𝑒𝑟𝑚𝑖𝑐 pCO2)
𝑚𝑎𝑥

− (𝑁𝑜𝑛­𝑇ℎ𝑒𝑟𝑚𝑖𝑐 pCO2)
𝑚𝑖𝑛

 

The ratio   T/B=∆pCO2temp/∆pCO2bio is then calculated to study the dominant process affecting pCO2 

in superficial sea water. 

 

2.2.2. Inorganic nutrients 

Samples for inorganic nutrients (NO3
 -, NO2

 -, Si(OH)4
-, PO4

3-) were collected at 1 m of depth with a 

2L Go-Flo bottle and stored in 20 mL polyethylene bottles. Since it was not possible to carry out the 

analyses immediately, samples were frozen just after the sampling and kept frozen (-20 °C) until the 

analysis. All nutrient samples were analysed by using a standard colorimetric method on a segmented 

flow analyser (Tab. 1), according to the classical methods described in Grasshoff and coauthors 

(1983). Measurements were performed at maximum 1 year after the sampling. The reproducibility of 

the measurements of standard solutions was always from 5% to 10%. 

    2.2.3. Winkler method 

Discrete samples were periodically collected to calibrate the high precision dissolved oxygen (DO) 

data profiles recorded by the CTD sensor. The in-situ samples are needed to fulfil quality assurance 

standards and correct any potential bias and drift in the SBE 43 oxygen sensor, following Janzen et al. 

(2007) and Uchida et al. (2010). The calibration procedure is based on the Winkler titration method 

(Grasshoff et al. (1983), Langdon, 2010). It is based on the reaction of O2 with manganese (II) ions in 

alkaline solution and subsequent oxidation of iodide to iodine after acidification. Iodine is back 



titrated with standardized thiosulphate in acid solution. The endpoint is then detected at the ENEA 

Laboratory using automated methods by means of a Metrohm Titrino 794.  

2.3. Satellite Sea Surface Temperature (SST) and Marine Heatwaves (MHW) 

SST data were downloaded from the Copernicus Marine Environment Monitoring Service 

catalogue (CMEMS, COPERNICUS). The database corresponds to 

SST_MED_SST_L4_REP_OBSERVATIONS_010_021 (Merchant et al., 2019; Saha et al., 2018), 

which has a resolution of 0.05 °C and covers the period from 25 August 1981 to 21 October 2024. We 

selected the period 1982 - 2023, as data discussed in the present paper extend to August 2023. These 

data were obtained by combining Pathfinder V5.3 (PFV53) AVHRR data with a bias-corrected 

version of the CMEMS NRT L4 data up to 2017 to provide a full time series of consistent daily gap-

free maps (L4) at the original PFV53 resolution (0.0417° x 0.0417°). The data provide a stable and 

consistent long-term SST time series over the Mediterranean Sea developed for climate applications 

and were interpolated through an Optimal Interpolation algorithm on the original Pathfinder grid (at 

0.0417° x 0.0417° spatial resolution). They were representative of night SST values (00:00 UTC) 

(coordinates of the points: 44.0688°N 9.9007°E/ 44.0688°N 9.8507°E / 44.0187°N, 9.8507°E selected 

as the nearest grid point to STB, MAB and TI respectively). Results were shown to be comparable 

and hence main analyses are only shown for TI station, as being in correspondence with the carbonate 

reef site and closest to the respective CMEMS grid point (i.e., more comparable to its climatology).  

Following Hobday et al. (2016), the 90th percentile of the SST anomaly was calculated to define 

the MHW threshold, referring to the 40-year daily climatology. A MHW has been assumed when the 

anomaly showed values above the threshold for at least five consecutive days. A frequency function 

was computed for defining the representative area:  

𝑓𝑠𝑖𝑡𝑒(𝑥, 𝑦) =

∑
|𝑐(𝑥𝑠𝑖𝑡𝑒 , 𝑦𝑠𝑖𝑡𝑒 , 𝑡) − 𝑐(𝑥, 𝑦, 𝑡)|

𝑆𝑆𝑇(𝑥𝑠𝑖𝑡𝑒 , 𝑦𝑠𝑖𝑡𝑒 , 𝑡)
𝑇
𝑡=1

𝑇
 

where x and y are the coordinates of the point, xsite and ysite are the coordinates of the TI station, t is 

the time, SST is the surface seawater temperature and T is the sum of all times. The equation 

compares the temperature of the TI station with the temperatures of the closest grid point of the 

SST_MED_SST_L4_REP_OBSERVATIONS_010_021 dataset. Anomalies computations have been 

performed dividing the time-series by seasons (considering quarterly slots for each season i.e., 

January, February and March for winter). SST climatology as well as the occurrences of MHW for 

winter and summer were computed on SST data. Then, starting from the anomaly’s computations on 

the 40-year daily climatology, MHW have been computed for the measuring stations. 

http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_csw&view=details&product_id=SST_MED_SST_L4_REP_OBSERVATIONS_010_021


3. Results 

3.1 Temperature records and Marine Heatwaves 

The 40-year satellite SST record close to the carbonate reef site revealed an increase in temperature of 

0.045 ± 0.003 °C y−1 (Fig. 2). 

 

Fig. 2. The 40-year satellite SST record in black vs the climatological year in green: the increase in 

temperature is 0.045 °C y−1 as shown by the pink line. SST have been extracted from CMEMS at 

coordinates 44.0187°N, 9.8507°E (i.e. the nearest grid point to station TI). 

 

Air and seawater temperatures displayed similar seasonal variations over the course of the year.  

In general, there is a good agreement between long-term seawater temperature measurements at three 

stations and satellite SST data from CMEMS (Fig. 3). SST records were higher than SBST records 

only in July-August 2022. Mean daily air temperature (± standard deviation [S.D.]) in 2021-2023 was 

16.2 ± 6.4 °C, ranging from 3.1 °C at the beginning of February 2023, up to 29.3 °C at the end of July 

2023. For the same period, mean (± S.D.), maximum, and minimum values for seawater temperatures 

collected at the carbonate reef site (i.e., TI station) were 19.0 ± 5.0 °C, 28.4 °C and 11.5 °C, 

respectively. Maximum seawater temperature was recorded at the end of July 2023 (2 days later the 

warmest recorded air temperature), while the minimum was recorded on mid-February 2023 (9 days 

later than the coldest recorded air temperature). 

 



 

Fig. 3. Temperature time series. Trends of CMEMS SST (black solid line) and seawater 

temperatures (dashed and grey lines) measured at the STB, MAB and TI sites from 01 January 2021 

to 31 August 2023. Red and blue lines show the 90th/95th/99th percentiles of the summer and winter 

SST anomalies respectively, referring to the 40-year daily climatology. The 90th percentile of the SST 

anomalies has been calculated to define the MHW threshold in the present paper, according to 

Hobday et al. (2016). 

 

Focusing on the TI station (Fig. 4), a total of 7 MHWs (Hobday et al., 2016) occurred between 2021-

2023 predominantly distributed in summer and with no events in 2021. The length of the summer 

MHWs spanned from 5 to 20 days, while the longest in winter was less than 15 days. Anomalous 

temperatures occurred when the values were above the daily climatology by 1.6 °C and 0.9 °C in 

summer and winter, respectively. Climatological values for the summer temperatures ranged between 

21.8 °C and 25.2 °C, with a mean of 24.1 °C. For winter temperatures, the range was between 12.2 °C 

and 13.9 °C, with a mean of 12.9 °C. Between June 2021 and September 2023, a total of five MHWs 

occurred (green circles, Fig. 4). Regarding winter 2023, two MHWs occurred from the 1st to the 17th 

of January and from the 23rd to the 27th of March. Whereas in summer 2022, four MHWs occurred, 

from the 1st to the 15th of July, from the 23rd to the 27th of July, from the 30th of August to the 4th of 

September and from the 6th to the 19th of September 2022, respectively. For the monitoring period, the 

longest MHW (21days) occurred in July 2023, with a maximum temperature anomaly of +3.6 ◦C in 

relation to daily climatology, and the shortest (5 days) occurred in March 2023 with a maximum 

temperature anomaly of +1.7 ◦C with respect to daily climatology. 



 

Fig. 4. MHW from 01 January 2021 to 31 August 2023. Red points show the single-day anomalies 

above the threshold. Green points indicate summer MHWs, when the value was above 1.6 °C with 

respect to the daily climatology for five consecutive days. Blue points indicate winter MHWs, when 

temperatures were above 0.9 °C with respect to the daily climatology for five consecutive days 

(Hobday et al., 2016). 

 

3.2 Hydrodynamic records and current 

Hydrodynamic data are recorded inside and outside the dam of la Spezia (Fig. 1, Tab. 2). 

 

Table 2. data acquisition (DAQ) efficiency of both the current meters, their mean depths in the 

considered period (with their associated standard deviation) and the bottom depths (in brackets); the 

transmission efficiency of the single node (whose nominal sampling rate is equal to 1 datum every 30 

minutes) takes into account both the unavoidable acoustic transmission problems (which occasionally 

lead to around 5% loss of the communicated data) and the suspension periods due to maintenance of 

the nodes themselves (e.g. battery change, firmware updates, etc.). 

 

Station Measured quantities 
DAQ 

period 
Mean depth [m] Data # 

DAQ 

efficiency 

MAB 
Depth &current 

(module and direction) 

18/10/2021 
to 

26/06/2023 

4.7 ± 0.6 
(11) 

15689 53 % 

MUS 
5.2 ± 0.4 

(10) 
18448 62 % 

 
 



The modules and directions of currents were measured outside and inside the dam during the entire 

acquisition period (Fig. 5); all current data have been corrected for the effect of magnetic declination. 

Measures were mainly contained within a value less equal than 0.1 m s-1 (in 96.0% and 99.7% of 

cases for current measures outside and inside the dam, respectively) 

Regarding current directions, measures outside the dam appeared homogeneously distributed across 

the four quadrants, indicating a lack of evident preferential mean direction within this module during 

the considered period. Stronger current values were recorded outside the dam, showing a less 

homogeneous distribution and a dense concentration of measurements within the 3rd-4th quadrants, 

with peak values (> 0.20 m s-1) aligned within the 240°-345° N sector. As far as the currents inside the 

dam, their alignment showed a preferential direction along the W-E direction, reasonably due to the 

presence of the dam; higher values appeared to be contained in the sector 60°-180° N, but with values 

rarely greater than 0.20 m s-1. The sensitivity of the measurement system was highlighted by the 

current data acquired during an extreme meteorological event that occurred in the Gulf of La Spezia 

on August 18th 2022 and shown by green circles (Fig. 5). 

 

 
 

Fig. 5. Polar plots of currents measured outside (MAB, left) and inside (MUS, right) the dam. Green 

circles highlight data recorded during an ‘extreme’ meteorological event occurred in the Gulf of La 

Spezia. 

 

Current intensity gets halved from outside to inside as an evident effect attributable to the dam (Fig. 6 

panel a). These results are highlighted in the relative frequency histograms associated to the modules 

of the currents and in the distributions of the modules for both nodes (Fig. 6 panel b), showing the 

damping effect of the dam on water circulation. 

 



 
 

 
Fig. 6. Distribution of the current magnitude outside (N4-MAB) and inside (N6-MUS) the dam (a). 

Box plot of the current magnitude outside (N4-MAB) and inside (N6-MUS) the dam (b). 

 

To highlight any preferential directions of the currents, the data acquired in the seawater were 

related to the wind measurements recorded by the meteorological station through wind-rose diagrams 

(Fig. 7).  

Regarding the current measurements outside the dam (MAB), almost 40% of the values were 

distributed along the N-NE-E directions (1st quadrant), whereas the remaining values were 

homogeneously distributed along other directions (with a prevalence within the 3rd quadrant). This can 

be explained by the distribution of the winds which, in approximately 50% of the measurements, blew 

from S-SW. The relationship between the distribution of currents outside the dam and the winds 

(measured at the weather station) from a qualitative point of view, seems to be significant. The current 

measurements inside the dam (MUS), were distributed along the NE-E and SW-W axes in above 50% 

of the cases, thus confirming the influence of the dam in directing the sea current. 

 

 



 

Fig. 7. (a) Distributions of current magnitude and direction outside the dam, (b) inside the dam, and 

(c) wind at the meteorological station. Directions follow standard conventions for ocean currents and 

wind. 

 

3.4 Carbonate environment 

The analysis of the whole seawater carbonate system (measured and derived) within the stations (Tab. 

3) confirmed the mean TA (range: 2559- 2585 µmol/kg) of the Tyrrhenian Sea. The highest values 

were recorded at MAB station (depth: 5 m).  DIC values ranged from 2238 to 2269 µmol/kg, with the 

lowest mean value at station TI (depth: 1 m) whereas pH ranged from 8.078 and 8.176 units, with the 

lowest value at station TI (depth: 16 m) and, interestingly, same values at stations STB and MAB 

(depth: 1m) and MAB (5m) with TI (depth: 1 m). Interestingly, MAB stations showed the highest 

pCO2 and CO2 values at 1 m and the lowest values at 5 m of depth. Saturation states of calcite and 

aragonite (ΩCa and ΩAr) showed the highest values at MAB (depth: 5m) and TI (depth: 1 m) stations, 

with 5.5 for ΩCa and 3.6 for ΩAr respectively, whereas the mean lowest values were recorded at MAB 

(depth: 1m) and TI (depth: 16 m) with 5.0 for ΩCa and 3.3 for ΩAr, the latter showing the same low 

values also at station STB.  

Table 3. Mean and standard deviation (± S.D.) of measured and derived (*) parameters of the 

carbonate system (TA, DIC, pHT, pCO2, CO2, Ω Ca, Ω Ar) at the investigated stations (STB, MAB, TI). 



Mean and standard deviation (± S.D.) of measured salinity, temperature and seawater (SW) density. 

For each station are reported: depth of sampling and number of data (N). 

 STB 

Depth: 1 m 

N= 170 

MAB  

Depth: 1 m 

N= 9 

MAB  

Depth: 5 m 

N= 17 

TI  

Depth: 1 m 

N= 30 

TI 1 

Depth: 16 m 

N= 20 

Salinity 38.8 ± 1.7 37.6 ± 0.4 37.8 ± 0.4 37.4 ± 1.3 38.1 ± 0.1 

Temperature (°C) 18.9 ± 5.1 18.5 ± 5.1 19.0 ± 4.0 20.2 ± 5.3 18.2 ± 3.0 

SW Density (kg/m3) 1026.3 ± 1.3 1027.0 ± 1.3 1027.1 ± 0.9 1026.4± 1.2 1027.7± 0.8 

TA (µmol/kg) 2559 ± 44 2565 ± 35 2585± 24 2568 ± 42 2564 ± 31 

DIC (µmol/kg) * 2265 ± 59 2269 ± 79 2261 ± 47 2238 ± 86 2261 ± 57 

pHT 8.176 ± 0.088 8.176 ± 0.112 8.104 ± 0.059 8.104 ± 0.081 8.078 ± 0.068 

pCO2 (µatm) * 425.7 ±112 443.9 ±163 380.3 ±63 384.3 ±99 407.8 ±86 

ΩCa * 5.1 ±0.7 5.0 ±0.8 5.5 ±0.6 5.5 ±0.8 5.0 ±0.7 

ΩAr * 3.3 ±0.5 3.3 ±0.5 3.6 ±0.4 3.6 ± 0.6 3.3 ±0.5 

 STB 

Depth: 1 m 

N= 170 

MAB  

Depth: 1 m 

N= 9 

MAB  

Depth: 5 m 

N= 17 

TI  

Depth: 1 m 

N= 30 

TI 1 

Depth: 16 m 

N= 20 

Salinity 38.8 ± 1.7 37.6 ± 0.4 37.8 ± 0.4 37.4 ± 1.3 38.1 ± 0.1 

Temperature (°C) 18.9 ± 5.1 18.5 ± 5.1 19.0 ± 4.0 20.2 ± 5.3 18.2 ± 3.0 

SW Density 

(kg/m3) 

1026.3 ± 1.3 1027.0 ± 1.3 1027.1 ± 0.9 1026.4± 1.2 1027.7± 0.8 

TA (µmol/kg) 2559 ± 44 2565 ± 35 2585± 24 2568 ± 42 2564 ± 31 

DIC (µmol/kg) * 2265 ± 59 2269 ± 79 2261 ± 47 2238 ± 86 2261 ± 57 

pHT 8.176 ± 0.088 8.176 ± 0.112 8.104 ± 0.059 8.104 ± 0.081 8.078 ± 0.068 

pCO2 (µatm) * 425.7 ±112 443.9 ±163 380.3 ±63 384.3 ±99 407.8 ±86 

ΩCa * 5.1 ±0.7 5.0 ±0.8 5.5 ±0.6 5.5 ±0.8 5.0 ±0.7 

ΩAr * 3.3 ±0.5 3.3 ±0.5 3.6 ±0.4 3.6 ± 0.6 3.3 ±0.5 

 

To understand the relationship between TA and pCO2 and O2 and salinity, temporal pattern occurring 

within the three sites were plotted (Fig. 9). The lowest salinity values (37.4-37.8) occurred at the 

upper seawater layers (Tab. 3), specifically at MAB (depths: 1-5 m) and TI (depth: 1m), whereas the 

highest values were recorded at STB and TI (depth: 16 m), with 38.8 and 38.1 respectively. The 

bigger data set available at STB (N= 170) allowed us to detect weekly changes in the carbonate 

system and in the physical environment (Fig. 8), and thus highlighting events causing a drop in 

salinity (approximately 1 per year, 4 in 2024, Fig. 8) and oxygen seasonal trends.  



 

Fig. 8. Temporal patterns of total alkalinity (TA), carbon dioxide (pCO2), salinity and oxygen (O2) 

concentration in seawater at STB, MAB and TI sites. Empty dots: values acquired at 1 m of depth; 

full dots: values acquired at 5 m and 16 m of depth for MAB and TI, respectively. Period: February 

2021- November 2024. Number of data per site: STB 1m= 170, MAB 1m = 9 MAB 5m=17, TI 1m= 

30 TI 16m=20.  

Oxygen concentration showed the highest peaks between February-mid March with a reduction in 

pCO2 concentration, evident in STB but also in MAB and TI sites, also associated to an increase in 

nutrients availability (Fig. 9). This nutrient availability progressively decreased with the temperature 

increase; this was especially evident in late spring-summer months (Fig. 9), accompanied by a 

decrease in O2 and an increase in pCO2, revealing the effects of biological processes on the whole 

system. 

 

Fig. 9. Temporal patterns of nitrates (NO3
-), phosphates (PO4

3-) and nitrites (NO2
-) concentration in 

seawater sample depth at STB (a), MAB (b) and TI (c). Depth: 1 m. Period: March 2021- June2023. 

 



Figure 8 showed a great variation due to freshwater input, mixing and evaporation/precipitation 

influence, therefore TA and DIC were normalized (nTA and nDIC) to the mean salinity at each site 

using a traditional normalization style. We are aware that the tradition approach (Millero et al., 1998) 

could create artificial variance in distributions (Friis et al., 2003), but we chose the classical 

normalization since we do not have a stable endmember. Analysis of the nDIC vs nTA plot can 

provide useful insights into the dominant biogeochemical processes that drive the carbonate system 

seasonal variation (Borges et al., 2003; Krumins et al., 2013; Sippo et al., 2016; Saderne et al., 2019). 

The slope of the regression between nTA and nDIC follows a stoichiometric relationship that is 

informative of a specific metabolic pathway (Fig. 10). 

Assuming that organic matter has the Redfield Ratio C: N: P, the slopes for the main 

biogeochemical processes that occur in the water column are: aerobic respiration = -0.2, primary 

production = +0.2, calcium carbonate dissolution = +2.0, calcium carbonate precipitation = - 2.0 

(Krumins et al., 2013) as show by the black arrows in Figure 10. In all the three sites a significant 

correlation (p < 0.01) between nTA an nDIC and the slopes ranged from 0.427 to 0.916, indicating a 

combination of biogeochemical processes that affect the carbonate system of the study area. The 

influence of biological activity on the removal of CO2 from superficial sea water system was very 

clear at STB (slope=0.916), in the other two sites the reduction of the slopes reveals the higher 

contribution of respiration processes especially at MAB where the lowest slope (0.427) is found. 

 

 

Fig. 10. Salinity normalized Total alkalinity (nTA) and Dissolved Inorganic Carbon (nDIC) plots for 

the three sites STB (a), MAB (b) and TI (c). Empty dots: values acquired at 1 m of depth; full dots: 

values acquired at 5 m and 16 m of depth for MAB and TI, respectively. For each site, regression line 

equation and correlation coefficient (R) are reported in red on the top of the figures. The black vectors 

are represented following the stoichiometric ratios of the main biogeochemical processes in order to 

visualize the dominant processes driving the CO2 system. 

 

 



      3.3.1 Annual variability at Santa Teresa Bay 

 

Regarding STB site, the bigger data set available (N=170) allowed the investigation of the annual 

variability within the carbonate system. Specifically, four TA vs DIC plots (Fig. 11) were drafted for 

those periods where pCO2 and O2 patterns occurred (Fig. 8).  

From November to January (period=NDJ) and February to April (FMA) the highest slope were 

found (0.966 and 1.00 respectively) in this time period biogenic processes leading to the CO2 removal 

are dominant, in the following periods (May-June-July (MJJ) and especially August-September-

October (ASO) the slope become lower (0.758 and 0.429 respectively) highlighting the increased 

contribution of respiration processes leading to the increasing of pCO2 in sea water as observed in 

Figure 8.    

 

Figure 11. Salinity normalized Total alkalinity (nTA) (µmol/kg) and Dissolved Inorganic Carbon 

(nDIC) (µmol/kg) plots at STB site (depth: 1 m) during four different periods: a) November-

December- January (NDJ), b) February, March April (FMA), c) May-June-July (MJJ), d) August-



September-October (ASO).For each period, regression line equation and correlation coefficients(R) 

are reported in red on the top of the figures. The black vectors are represented following the 

stoichiometric ratios of the main biogeochemical processes in order to visualize the dominant 

processes driving the CO2 system. 

 

Fig. 12. Temporal patterns of Thermic pCO2 /Biogenic pCO2 (T/B) in STB site. 

 

The T/B ratios (i.e., T= thermic, B= biogenic pCO2) through time revealed that in winter and spring 

(from November to April) the biogenic processes were dominant, thus CO2 is removed from seawater 

by calcifying and photosynthetic processes, leading to the minimum of pCO2 in surface seawater. 

Conversely, from May to October, the dominant processes affecting pCO2 were thermic when pCO2 

were the highest in surface seawater (Fig. 12). 

4. Discussion 

Ligurian basin has a valuable role observing climate changes of the Mediterranean water masses 

(Prieur et al., 2020). Given the paucity of information available for the coastal areas of the Ligurian 

Sea, the multidisciplinary and integrated high-resolution Smart Bay S. Teresa observatory of the Gulf 

of La Spezia provides valuable insights: it is a hotspot in revealing interesting patterns and 

variabilities both climate and ecosystem driven. 

Anthropogenic climate change is causing deep modifications within the natural systems, including 

those from the ocean, with consequences on marine ecosystems and communities (Bindoff et al., 

2022). The increase of approximately 0.7 °C in average global surface temperature on Earth during 

the last century has been confirmed by our data showing an average increase of 0.045 °C per year 

over the 40-year analysis period in agreement with increasing temperature ranges by Darmaraki et al. 



(2019). The clear warming trend in the coastal waters of the Gulf of La Spezia, according to the 

global climate change scenarios caused the increase of extreme warming events, specifically Marine 

Heatwaves (MHWs),  which were documented in the area during 2022-2023 Darmaraki et al., 2019; 

Oliver et al., 2018). The highest incidence was recorded during summer months, with the longest 

MHW (21 days) occurring in July 2023, with a maximum thermal anomaly of +3.6 °C compared with 

daily climatology, highlighting the intensification of these phenomena in recent years (Capotondi et 

al., 2024; Martìnez et al., 2023;  Tejedor et al., 2024). 

High seawater temperatures, particularly during MHW events, are deeply affecting marine 

ecosystems and especially calcifying organisms in the area (Marchini et al., 2019, Ragazzola et al., 

2021). The absence of MHW events in 2021, followed by four events in 2022 and others in 2023, 

suggested an acceleration in the frequency of these phenomena, consistent with what has been 

reported for other areas of the Mediterranean and responsible for mass mortality events affecting 

ecosystems (Garrabou et al., 2022). Thus, high-resolution monitoring, observational networks, 

methodological approaches, forecast models, and artificial intelligence represent key tools 

for detecting anomalies such as MHW and their effects at regional level (Barriopedro et al., 2023). 

The global ocean has been acting as a CO2 sink by absorbing approximately 25% of annual 

atmospheric anthropogenic carbon emissions, thus leading to a decrease of ocean pH (i.e., ocean 

acidification) and an alteration to the ocean carbonate system (Bindoff et al., 2022). Most of the 

studies on the Mediterranean carbonate system have been conducted on samples collected along zonal 

transects at the basin scale (Alvarez et al., 2014) or generally indirectly estimated (Schneider et al., 

2010; Wimart-Rousseau et al., 2021). Our high-resolution monitoring in a coastal area allowed us to 

detect weekly and monthly changes in the carbonate system, thus detecting the influence on the 

environment and ecosystems affected by the ongoing climate change. 

The analysis of the carbonate system in the Gulf of La Spezia revealed a favorable environment for 

calcifying organisms, with saturation values of calcite (ΩCa) and aragonite (ΩAr) always above 3, well 

above the critical threshold for calcium carbonate dissolution. The highest values of ΩCa (5.5) and ΩAr 

(3.6) were recorded at Mussel Aquaculture Buoy (MAB) (depth: 5m) outside the harbour and at Tino 

Island (TI) (depths: 1m) in the Regional Park, respectively, indicating that seawater biogeochemical 

conditions promoting calcification processes. Such sites host mollusk farming but also corraligenous 

habitats with significant in size (i.e., square meters) bioconstructional calcifying ecosystems (Cocito 

and Sgorbini, 2014; 2012; Nannini et al., 2015; Ragazzola et al., 2021). 

Hydrodynamic data showed a clear mitigating effect of the dam on water circulation in the stations 

within the Gulf of La Spezia. The reduction of the scalar mean current module, from the external to 

the internal side of the dam, by a factor of about 2 proved the effectiveness of this structure in 

modifying the local hydrodynamic regime. The directional distribution of currents, with 

approximately 40% of values distributed along the N-NE-E directions outside the dam, and 

prevalence along the NE-E and SW-W axes inside, confirmed the structural influence of the dam in 

https://www.frontiersin.org/articles/10.3389/fmars.2021.741486/full?fbclid=IwAR3MvfJspaD96HV6IaC-aBmWUcQHgLTCfzwxbgTCHibTNiI9AKJyapYUMaA#B82
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channeling marine currents. The observed correlation between the distribution of external currents and 

the predominant S-SW winds (Bordone, 2019) suggests an important role of local atmospheric 

forcings on the surface circulation of waters.  

Mediterranean evaporation is responsible for higher values of Total Alkalinity (TA) and Salinity 

(S) compared to those of the Atlantic water entering the Mediterranean Sea (Jiang et al., 2014) and the 

relationship between these two variables is determined by inputs from rivers and the Black Sea, which 

are high in TA (Copin-Montegut and Avril, 1993;Schneider et al, 2007). Long-term data series from 

the western Ligurian Sea revealed a marked seasonality of the carbonate system: TA ranged from 

2500 μmol/kg to 2600 μmol/kg, mimicking SP and showing the lowest values on coastal site (Coppola 

et al., 2020).  

The mean TA values recorded for the area were in the range of those of the west Mediterranean 

and Tyrrhenian Sea (Alvarez et al., 2014; Fajar et al., 2015) but lower than those measured in the 

Adriatic Sea (Urbini et al., 2020). Within the studied system, the carbonate environment was not 

significantly altered by low salinity events (<34) that occurred at all stations at 1 m depth at the end of 

2022, demonstrating a stability of the system despite the freshwater inputs (i.e., rain and riverine 

inputs). Also, the relationship between TA and DIC highlighted the balance between CaCO₃ 

formation processes and CO₂ release, emphasizing the water's ability to capture atmospheric CO₂ and 

precipitate CaCO₃. Calcification processes were dominant over photosynthetic activities across sites, 

with TA vs DIC slopes ranging from 0.472 for STB to 0.321 for MAB, suggesting a primary role of 

calcifying organisms in regulating the local carbon cycle (Van Cappellen, 2003). 

The high-resolution monitoring conducted at Santa Teresa Bay (STB) revealed distinct temporal 

patterns in biogeochemical processes. During winter - early spring (November-April), we observed a 

reduction in pCO₂ and an increase in O₂, accompanied by an increase in CaCO₃ formation (nTA vs 

nDIC ratio ≈ 1), suggesting skeleton/shell building activity by calcifying organisms was the driver 

(Cohen and McConnaughey, 2003). Whereas, the following periods, May-July and August-October, 

were characterized by minimum O₂ and nutrients and maximum pCO2, suggesting a progressive 

prevalence of respiration processes over photosynthetic activities (slope =0.758 and slope=0.429, 

respectively). 

The thermic pCO₂/biogenic pCO₂ proved that biogenic processes during winter and spring 

(November-April) drove the atmospheric CO2 removal from seawater through calcification and 

photosynthesis processes. During this period, pCO2 concentration in seawater was generally lower 

than that in the atmosphere (Urbini et al., 2020), thus favoring the CO2 fluxes from the atmosphere to 

the sea. Conversely, from May to October the thermic processes (i.e., non-biologically regulated) 

were dominant, thus pCO₂ concentrations were higher within surface waters that those in the 

atmosphere, favoring CO2 fluxes from the sea to the atmosphere. 

 



In addition, the increasing frequency of MHW in summer in the area is exacerbating this process, 

further reducing the mitigating effect of the ocean. Although the overall results suggest that coastal 

ecosystems in the Gulf of La Spezia are already experiencing the effects of climate change (Marchini 

et al., 2019; Ragazzola et al., 2021), the richness of the carbonate system and biochemical fluxes 

suggested a still favorable environment for calcifying organisms. This is also highlighted by the 

response of the carbonate system to low salinity events, and the dominance of calcification processes 

within the area, especially at the investigated sited (1-16 m of depth) rich in calcifying ecosystems 

(e.g., mussel beds, oysters, bryozoans, coralline algae). However, the expected increase in 

temperature and frequency of MHWs (Darmaraki et al., 2019), together with water circulation 

conditions (e.g., presence of dam poses the adaptive capacity of local calcifiers at risk in the next 

future), with cascading effects on biodiversity and coastal ecosystem functioning.  

High-resolution Smart Bay S. Teresa observatory (i.e., high frequency of data acquisition and 

subsequent validation) confirmed the importance of big data acquisition in marine realm for 

understanding real-time changes at local scale, mutual influence among marine environment, 

atmosphere and biological systems in the ocean and how these components can influence each other 

under the ongoing climate change. Even though limited to a local scale, the described processes 

confirmed basin dynamics (i.e., Ligurian Sea) and global trends, highlighting how at the local level, 

marine ecosystems, specifically calcifiers, are contributing to local carbon budget, even though 

specific studies on carbon fluxes on local ecosystems will be needed. High-resolution and high-

quality data from marine systems are necessary to understand the complexity of the occurring 

processes and especially for the conservation and protection of key ecosystems, fundamental elements 

in ecosystem-based management strategies to contrast climate change. 

5. Conclusions and Perspectives 

This study reveals critical dynamics in the Gulf of La Spezia's carbonate reef environment under 

accelerating climate change. Four decades of temperature data confirm a relentless warming trend of 

0.045°C ± 0.003 °C per year, with Marine Heatwaves intensifying dramatically during 2022-2023. 

These thermal stress events now threaten calcifying organisms with unprecedented frequency, 

signaling a dangerous acceleration in climate impacts. 

The presence of the dam fundamentally alters local hydrodynamics, reducing current velocity by 

50% and creating modified flow patterns that may either buffer or amplify climate effects on 

carbonate systems. This anthropogenic modification introduces critical uncertainty into ecosystem 

responses, demanding immediate scientific attention to understand whether human infrastructure 

helps or hinders reef resilience. 

Despite rising temperatures and pCO₂ levels, the carbonate system currently maintains favourable 

conditions for calcification, with calcite and aragonite saturation states remaining above dissolution 



thresholds. This apparent resilience supports active reef development, yet the favourable window may 

be closing rapidly as thermal stress intensifies. The system exhibits clear seasonal patterns, with 

winter-spring calcification dominance transitioning to summer-autumn photosynthetic control, 

enabling the carbonate environment to function as a seasonal carbon sink during cooler months. 

However, the increasing frequency of Marine Heatwaves represents a critical warning. While 

calcifying organisms currently withstand short-term perturbations, the ecosystem approaches a tipping 

point where rapid collapse could replace gradual adaptation. The Smart Bay Santa Teresa Observatory 

exemplifies why continuous, integrated coastal monitoring has become an essential infrastructure 

rather than optional research. Only real-time, long-term datasets can distinguish natural variability 

from anthropogenic changes, enabling evidence-based policy decisions and timely ecosystem 

protection measures. 

The convergence of global warming, local hydrodynamic alterations, and seasonal biogeochemical 

processes creates a complex system approaching critical thresholds. Understanding organism-level 

responses to multiple stressors, quantifying hydrodynamic-climate interactions, and connecting 

biogeochemical patterns to ecological responses are now essential for predicting and potentially 

preventing ecosystem collapse. Integrated monitoring networks represent our most powerful tool for 

coastal ecosystem survival in an era of accelerating climate change. 
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