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Abstract 

 

Methane (CH4) gas is the most important GHG after carbon dioxide, with open ocean 

areas acting as discreet CH4 sources and coastal regions as intense but variable CH4 

sources to the atmosphere. Here, we report CH4 concentrations and air-sea fluxes in the 

coastal area of the Balearic Islands Archipelago (Western Mediterranean Basin). CH4 

levels and related biogeochemical variables were measured in three coastal sampling 

sites between 2018 and 2021, with two located close to the densely populated island of 

Mallorca and one in a pristine area in the Cabrera Archipelago National Park. CH4 

concentrations in seawater during the study period ranged from 2.7 to 10.9 nM,
 
without 

significant differences between the sampling sites. Averaged estimated CH4 fluxes 

during the sampling period for the three stations oscillated between 0.2 and 9.7 µmol m
-

2
 d

-1
 according to a seasonal pattern and in general all sites behaved as weak CH4 

sources throughout the sampling period. 
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1. Introduction  

 

Methane (CH4) gas is responsible for approximately 20% of the earth´s radiative forcing 

by well-mixed greenhouse gases (GHGs) in the lower atmosphere (Ciais et al., 2013), 

and represents the second most important GHG after carbon dioxide (CO2). 

Atmospheric concentrations of CH4 have increased since pre-industrial times from 

about 722 ppb in 1750 to 1866 ppb in 2019 (Ciais et al., 2013; Arias et al., 2021). This 

increment of CH4 levels is mostly due to anthropogenic activities (up to 65%), 

predominantly from fossil fuel extraction and use, the expansion of rice paddy 

agriculture and the emissions from landfills and waste (Ciais et al., 2013). CH4 has a 

relatively short residence time in the atmosphere (around 10 years), therefore reducing 

the emissions could represent a realistic opportunity for climate change mitigation 

(Borges et al., 2018). 

Globally, the open ocean represents a discreet CH4 source to the atmosphere, emitting 

around 9-22 Tg CH4 yr
-1

 (Saunois et al., 2020). CH4 production in the ocean is 

determined by different processes taking place in marine sediment and the water 

column, mainly in anoxic zones by methanogenesis. Methanogenesis uses CO2 or 

acetate as precursor to produce CH4 (Reeburgh, 2007) and is the major source of 

methane in marine environments through the activity of methanogens (anaerobic 

archaea). The resulting CH4 in sediment porewater is then diffused into the water 

column (Niu et al., 2018). 

 Throughout most of the oceanic water column, methane is undersaturated with respect 

to atmospheric concentrations as a consequence of intense microbial oxidation. 

However, generally the surface ocean is CH4 saturated, where the methanogenesis is not 

favored, giving the name to a controversial phenomenon known as the marine methane 

paradox (Kiene et al., 1991, Reeburgh, 2007). Several mechanisms have been proposed 
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to explain the CH4 production in oxygenated waters, such as the existence of water 

column micro-anoxic environments, like particulate organic matter (POM), fecal 

particles (Karl & Tilbrook, 1994), or in zooplankton guts (de Angelis and Lee, 1994; 

Oremland, 1979). Other authors attributed the CH4 production in subsurface waters to 

production via methylphosphonate when there is a limitation of phosphorus, through the 

biological degradation of Dimethylsulfoniopropionate (DMSP; Borges et al., 2018; 

Damm et al., 2015). Recently Li et al (2020) also evidenced that abiotic methane 

photoproduction from chromophoric dissolved organic matter (CDOM) can also 

contributes to this paradox. 

The CH4 fraction that is oxidized in the water column can reduce the direct impact of 

this GHG on climate (Lamarque, 2008; Leonte et al., 2020, 2017; McGinnis et al., 

2006; Ruppel and Kessler, 2017; Mao et al., 2022). CH4 concentrations are reduced by 

archaea and methanotrophic bacteria to form CO2 (Chan et al., 2019; Du and Kessler, 

2012; Kessler et al., 2011; Leonte et al., 2017; Mau et al., 2012). Additionally, 

anaerobic oxidation of methane converts the methane carbon to dissolved inorganic 

carbon (DIC) in shallow sediments, mostly in bicarbonate (HCO3
-
), potentially 

modifying the carbon cycle in the water column (Akam et al., 2020; Ver et al., 1999). 

This DIC pump in shallow marine sediments might affect the inorganic carbon 

chemistry of the oceans and have additive negative consequences for processes derived 

from climate change like ocean acidification (OA) (Biastoch et al., 2011; Gattuso et al., 

1998; Rhee et al., 2009; Ruppel and Kessler, 2017).  

Furthermore, a methane source has been identified in vegetated marine, where the CH4 

production associated with the sediment compartment is sustained by methylated 

compounds produced by the plants, maintained long after the living plant died off, 
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rather than by fermentation of buried organic carbon (Al-Haj et al., 2021; Garcias-Bonet 

and Duarte, 2017; Rosentreter et al., 2021; Schorn et al., 2022).  

Generally, current CH4 estimates show high uncertainty and elevated spatial variability 

(Sun et al., 2018; Weber et al., 2019), especially in coastal environments, where fluxes 

represent approximately > 40 % of the total fluxes to atmosphere (Weber et al., 2019). 

Coastal regions are behaving as intensive sources of CH4, with regular transport to open 

waters (Borges and Abril, 2012a; Scranton and McShane, 1991; Upstill-Goddard et al., 

2000). Reported coastal CH4 emissions to the atmosphere differ widely, since estimated 

contributions of continental shelves and estuarine rivers influenced by tide are around 7 

Tg CH4 yr
-1 

(Anderson et al., 2010) while estuaries alone between 1-7 Tg CH4 yr
-1 

(Borges and Abril, 2012a). Therefore, coastal CH4 emissions are thought to be mainly 

driven by riverine discharges, production from anaerobic sediments, vegetation and 

derived from inputs from shallow near-shore areas (Borges et al., 2016; Solomon et al., 

2009; Schorn et al., 2022).  

The semi-enclosed Mediterranean Sea, with a coastline of 46 000 km is defined as a 

―hot spot‖ for climate change due to its biogeochemical and hydrodynamic 

characteristics, and the predicted effects of warming and extreme meteorological events 

are expected to be more intense in this basin compared to other global ocean areas 

(Giorgi, 2006; Giorgi and Lionello, 2008; Masson-Delmotte et al., 2021). While the 

Mediterranean represents only 0.82% of the global oceanic surface area, it hosts 

between 4-18% of the world’s marine species providing a relevant niche for numerous 

endemic species (Bianchi and Morri, 2000; Mouillot et al., 2011), with temperature 

increases as a threat to its biodiversity (Micheli et al., 2013).  Furthermore, the coastal 

region of the Mediterranean Sea has undergone a strong increase of anthropogenic 

pressures, principally associated with population growth and recreational use. In 
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particular, the Western Mediterranean receives the highest anthropogenic pressure of 

the basin due to extensive coastal use, with only a small percentage of the coastal zone 

still in pristine conditions, of which an even smaller proportion is protected (EEA, 

1999). 

In the central area of the Western Mediterranean Basin, we find the Balearic Islands 

Archipelago, with Mallorca, Menorca, Ibiza, and Formentera as the four largest and 

inhabited islands, with a shoreline length of 1,723 km in total. These islands are a 

popular tourist destination, and the tourism sector accounts for 45% of the Balearic 

Gross Domestic Product and the bulk of the economy revolves around services linked to 

tourism. In this century, the number of visitors during the high season in summer has 

been doubled from 8 to 16 million, which eclipses the resident population of approx. 1.2 

million residents (in 2018). With the economy of the Balearic Islands highly dependent 

on the tourist sector, coastal zones represent key areas for the economy of the 

community, being the recreational use an intensive anthropogenic pressure to these 

ecosystems. Furthermore, the coastal area of the Balearic Islands Archipelago, with the 

strong presence of the endemic seagrass Posidonia oceanica, whose meadows extend 

from the surface to 30–40 m depth, is characterized as a highly productive habitat with 

an intense carbon cycling that can lead to a CH4 production, as observed in other 

Mediterranean coastal areas (Schorn et al., 2022).  

With pressures only increasing, the evaluation of the actual status of the ecosystems in 

relation to anthropogenic pressures and GHG emissions is extremely urgent. With the 

high uncertainty of current estimations, the evaluation of the contribution of the coastal 

areas with different anthropogenic pressures would represent a relevant contribution to 

present coastal estimations and to the global ocean CH4 budgets. Here, we evaluate the 

CH4 spatial and temporal variability in the coastal surface waters of the Balearic Islands 
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Archipelago, focusing on three sites with different levels of anthropogenic pressures. 

We obtained the dissolved CH4 concentrations in surface waters, estimated the air-sea 

CH4 fluxes in the coastal zone of the Balearic Sea and evaluated the relation of the 

biogeochemistry of the water samples with measured CH4 levels and evaluated the 

potential drivers of the observed variability.   

2. Methods  

2.1 Study sites 

Water samples were collected monthly in three coastal sites in the Balearic Islands 

Archipelago, two near Mallorca Island (the biggest island of the Balearic Archipelago) 

and one in the Cabrera Archipelago National Park (Figure 1) between September 2018 

and January 2021. The three stations considered in this study are part of the Balearic 

Ocean Acidification Time Series (BOATS), that aims to monitor OA in the Balearic Sea 

and to evaluate biogeochemical variability due to climate change. The sites count with 

different anthropogenic pressures, with the sampling area of the Bay of Palma (BP) with 

a high anthropogenic impact; the Cape Ses Salines (CS) station in a very coastal site 

located in the southeastern part of Mallorca with a medium anthropogenic impact and 

Santa Maria Bay (SMB) considered a pristine site located offshore in the Cabrera 

Archipelago National Park (Figure 1). Even though in all the stations there is a strong 

presence of Posidonia oceanica meadows, SMB site presumably hosts 300 hectares, 

ranging from 0.5 to 43 m depth. 

The BP site is situated at the oceanographic buoy of Palma (BP: 2.700405ºE, 

39.492848ºN; Fig. 1), which is a fixed monitoring station that belongs to the Balearic 

Islands Coastal Observing and Forecasting System (SOCIB; Tintoré et al., 2013) over 

approximately 30 m depth. In this site, monthly samples were collected from the same 

depth as the sensors of the oceanographic buoy (1 m) to obtain dissolved methane 
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(CH4), dissolved oxygen (DO), total alkalinity (TA), dissolved organic carbon (DOC), 

Chlorophyll a (Chl a), inorganic nutrients (NO3
-
, NO2

-
, PO4 

3-
, and NH4), total nitrogen 

and total phosphorus levels. The variables collected by sensors at the buoy used in this 

study were pH at the total scale, pHT (Flecha et al., 2022) obtained with a SAMI-pH 

(Sunburst Sensors LCC), temperature (ºC) and salinity (PSU), obtained with a SBE37 

(Sea-Bird Scientific) obtained at the time of samples collection. Precision and accuracy 

for the SAMI-pH were <0.001 and ± 0.003 pH units, respectively. Accuracy for the 

SBE37 temperature was ± 0.002ºC, and for conductivity 0.003 mS/cm. The second site 

is located at the lighthouse of Cape Ses Salines (Fig. 1; CS: 2.946186ºE, 39.152066 ºN). 

This station was constituted as a field station by the Mediterranean Institute for 

Advanced Studies (IMEDEA, CSIC-UIB) since 2005 and as a biogeochemical 

monitoring station by the Global Change Research Group since 2018. CS is the 

shallowest station with 2 m water depth at the sampling site, where surface water 

samples were collected directly from the coast. Variables collected here biweekly were 

temperature (ºC) obtained with a precision thermometer with thermo-resistance (ENAC, 

Ref:65006080350), salinity (PSU) with a salinometer (Ref: Cond 3310, electrode ref: 

TetraCon 325) and water samples were collected for dissolved CH4, TA, DOC, Chl a, 

inorganic nutrients, total nitrogen, total phosphorus and the carbon dioxide partial 

pressure (pCO2). Note that on this site there is no availability of DO data. The third 

measuring station was located in the Cabrera Archipelago National Park at Santa Maria 

Bay (SMB: 3.0535º E,39.2649º N) with a maximum of 9 m depth, which is considered 

to have near pristine conditions without human influence due to its governmental 

protection. In this site, temperature (ºC), salinity (PSU) and DO data was obtained at the 

samples collection time by a SBE37-SMP-ODO (Sea-Bird Scientific) sensor and pHT 

with a SAMI-pH (Sunburst Sensors LCC). Both sensors are attached to a mooring line 
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and deployed at 4 m depth (Flecha et al., 2022). The SBE37 temperature accuracy was ± 

0.002ºC, for the conductivity sensor 0.003 mS/cm and ± 2% for the SBE63 oxygen 

probe. pHT data was recorded with a precision and accuracy of <0.001and ± 0.003 pH 

units, respectively. Furthermore, discrete monthly water samples for dissolved CH4, 

DO, TA, DOC, Chl a, inorganic nutrients, total nitrogen, total phosphorus were 

obtained at the same depth of the sensors deployed in the SMB station. 

2.2 Sampling Collection and analytical methods  

CH4 samples were collected in 120 mL serum vials sealed with a grey-butyl rubber 

septum and crimped with aluminum seals, then fixed with HgCl2 followed by upside 

down storage for later analysis. Analysis was performed by static-head space 

equilibration gas chromatography (GC), with an Agilent 7890 GC equipped with a 

Flame Ionization Detector (FID) for CH4 as described by de la Paz et al (2015). To 

create the headspace, 20 mL of N2 contained in a Tedlar gas-bag at laboratory pressure 

was added while the same amount of water sample was extracted using two needles 

simultaneously. Samples were then vigorously shaken and equilibrated overnight in a 

temperature-controlled laboratory. Finally, the headspace was injected in the GC by 

using two needles simultaneously, one for adding a brine solution to the bottom of the 

vial, that pushes the headspace thought the other needle into the GC. The gas 

chromatographer was calibrated using three different standard gas mixtures, a certified 

NOAA primary standard with a composition similar to the atmosphere (1863.4 ± 0.3 

ppb of CH4), and two additional standard gas mixtures of CH4 in a N2 matrix, provided 

by Air Liquide (France) with certified concentrations (3,000 and 5,000 ppb of CH4) (de 

la Paz et al., 2015). Measurements of CH4 were performed at the Greenhouse Gas 

Laboratory of the Institute of Marine Research-CSIC, using an analytical system that 

was inter-calibrated with other laboratories as part of the first large international 
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experiment for comparison of methane measurements performed by the Scientific 

Committee for the Oceanographic Research (SCOR) Working Group 143 (Wilson et al., 

2018). The precision of the method estimated from the coefficient of variation based on 

replicate analysis of same water samples (n = 10) was 0.6%. Saturation of CH4 relative 

to atmospheric concentrations was calculated as: SatCH4% =Cw/Ceq*100, where Cw is 

the CH4 concentration in seawater and Ceq the concentration in equilibrium with the 

atmosphere, calculated with the atmospheric molar and the calculated solubility 

coefficients following (Wiesenburg and Guinasso, 1979). Methane atmospheric molar 

fraction of the monitoring station of Lampedusa (LMP), Italy was obtained from the 

NOAA (National Oceanic and Atmospheric Administration, USA) monitoring network 

(Dlugokencky et al., 2021) 

To obtain DO concentrations in seawater, samples were collected in sealed flasks and 

fixed immediately. Measurements were performed within 24 h upon collection stored in 

the dark through an automated potentiometric modification of the original Winkler 

method by Benson and Krause (1984) using a Metrohm 808 Titrator instrument, with an 

accuracy of the method of ± 2.9 μmol kg
−1

. 

TA samples were collected in 50 ml falcon tubes and poisoned with 20 µL of HgCl2 and 

stored for later analysis within a maximum of 3 months by titration. TA analysis was 

performed according to SOP 3b (Dickson et al., 2007), with a pH electrode (Metrohm Pt 

1000, 3M KCL). TA accuracy (± 5 μmolkg
−1

) data was checked by regular 

measurements of Certificate Reference Material (CRM Batch #176) provided by Prof. 

Andrew Dickson, the Scripps Institution of Oceanography, La Jolla, CA, USA.  

DOC samples were collected in borosilicate bottles, filtered with pre-combustioned 

Whatman GF/F glass fiber filters and stored in pre-combustioned borosilicate vials with 

the addition of 25µL of orthophosphoric acid (H3PO4). The determination was 
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performed with catalytic oxidation at a high temperature (680ºC), by using a Shimadzu 

TOC-L analyzer as reported by Álvarez-Salgado and Miller (1998). 

Chl a samples were collected in glass bottles and 150 mL were filtered with Whatman 

GF/F glass fiber filters. Chl a extraction was performed with 90% acetone for 24 h at 

4ºC in dark conditions (Knap et al., 1996), and samples were measured with a 

fluorometer (Turner Designs Instrument, Model trilogy). The fluorometer was 

calibrated with a pure Chl a standard from Anacystis nidulans algae (Sigma Chemical 

Company). 

The concentration of inorganic nutrients (NO3
-
, NO2

-
, PO4 

3-
, and NH4), total nitrogen 

and total phosphorus levels were determined by continuous flow analysis with the 

Autoanalyser AA3 HR (Seal Analytical, United Kingdom) at the Mediterranean Center 

for Marine and Environmental Research (CMIMA, Barcelona, Spain). The precision 

estimated from the coefficient of variation based on replicate analysis of same water 

samples (n = 10) ranged from 0.13 to 0.5%. 

pCO2 data were recorded continuously during 25 minutes approximately with an 

infrared gas analyzer (IRGA; EGM-4, ref: 0610) at the water surface in the CS station. 

The equipment was periodically calibrated using a CO2-free gas and a standard certified 

gas with 550 ppm of CO2 (Air Products RT: 209292). 

In the Bay of Palma (BP) and Santa Maria Bay (SMB) stations, pCO2 was calculated 

from TA and pHT and in Cap Ses Salines (CS) site pHT was calculated from TA and 

pCO2 by using the CO2SYSv3 program (Sharp et al., 2020), with the constants for 

carbon and sulfate of Merbach et al. (1973) refitted by Dickson and Millero (1987) and 

Dickson (1990), respectively. Additionally, apparent oxygen utilization (AOU) was 

calculated by using the measured DO values and the calculated oxygen gas solubility in 

seawater (Benson and Krause, 1989). 
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2.3 Flux estimation  

Water-atmosphere CH4 fluxes (µmol m
-2

 d
-1

), were calculated with the following 

equation:  

                                                                    (1)   

Where    (cm h
-1

) is the gas transfer velocity,    is the concentration of methane gas 

dissolved in water (mol L
-1

),   is the dissolved methane concentration in equilibrium 

with the atmosphere. For the computation of the air-sea fluxes of CH4, the monthly 

mean of the atmospheric molar CH4 fraction was used. Gas transfer (  ) was calculated 

using the following relation (Wanninkhof, 2014): 

             
  

   
                                                      (2) 

where u is the wind speed at 10 m height and     is Schmidt number (Wanninkhof, 

2014). Meteorological data, specifically wind speed at 10 m height and rainfall, was 

provided by the Agencia Estatal de Meteorología (AEMET) from the airport Sant Joan, 

Palma (Spain) station.   

CO2 fluxes (FCO2) in mmol CO2 m
-2 

d
-1

 were calculated following: 

                     –        ,                            (3) 

where  K0 is the aqueous phase solubility of CO2 at the in situ temperature (°C) and 

salinity (Weiss 1974; Wanninkhof 2014) and pCO2w and pCO2a (pressure) are the 

partial pressures of CO2 in equilibrium with surface water and in the above lying air, 

respectively.       in μatm is the atmospheric pCO2 values obtained from the NOAA 

Lampedusa (Italy) monitoring station (http://www.esrl.noaa.gov/gmd/dv/site/) and then 

converted from pCO2 dry to wet (Weiss and Price, 1980).  

In order to place our results in a broader context, we compared the calculated CH4 

fluxes in this study with reported fluxes in the literature, using the comparisons already 

published as a base (Borges and Abril, 2011) and adding recent literature values through 
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a search of published data in SCOPUS. We used the keywords ―dissolved methane 

AND coastal zones‖, OR ―Methane fluxes AND coastal regions‖ and manually screened 

the resulting articles for comparable data. This search initially yielded 138 articles, 

which were reduced to 45 articles by a quick screening of keywords and abstracts and 

after thorough evaluation resulted in data extracting of a total of 14 articles (Table 2).  

2.4 Data Analysis 

A multifactorial general linear model (GLM) was implemented in R (R Core team 2021, 

package lme4) to test for significant differences in CH4 concentrations and air-sea CH4 

fluxes between regions and on temporal scales as well as for the identification of the 

drivers of the CH4 distribution between stations. The influence of environmental drivers 

on CH4 levels and on air-sea CH4 fluxes was tested by applying a single factor Linear 

Regression Model using the same package. To obtain probability values, later an 

ANOVA was performed on the general linear model results. CH4 fluxes were log-

transformed before analysis to assure a normal distribution of the data. 

 3. Results  

3.1 Meteorological and hydrological data 

During the study period, the water temperature for all the stations oscillated between 

13.04 and 28.38°C, with maximum values observed during summer and minimum 

values during the winter season (Figure 2A). All sites showed the same seasonal 

temperature trends, with no significant differences between the locations (p = 0.84).  

Salinity ranged from 36.86 to 38.2 (psu), with the lowest averaged salinity values 

during the summer season (Table1). There were differences in salinity between the sites 

(p<0.01), with the highest salinity values in CS followed by BP and SMB, without 

detectable annual or seasonal patterns during the sampling period in all the station (Fig. 

2B). 
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Wind speed ranged between 1.08 and 10.89 m s
-1

. Mean values by seasons were 3.79 ± 

1.41, 3.66 ± 0.86, 3.24 ± 1.41 and 3.15 ± 1.86 m s
-1 

for
 
spring, summer, fall and winter, 

respectively.  There were no clear maximum peaks during years as the wind speed 

values always remained within the above ranges (Figure 2C, grey line). The rainfall 

levels during the study period (Figure 2C, blue columns) were according to the typical 

Mediterranean region climate, characterized by a rainy season (October to March) and a 

dry season (June to September). Maximum precipitation levels were recorded during 

fall-winter 2019.  

3.2 Water biogeochemistry 

DO concentrations were similar (p=0.95) among BP and SMB sites during the sampling 

period, with measured values always above 190 µmol kg
-1

.
 
The highest values were 

shown during spring (p < 0.01) and winter (p < 0.01)
 
(Figure 3C, Table 1, S1), when 

higher primary productivity and stronger mixing conditions occur. Calculated values for 

AOU were similar between sites (p=0.93, Fig. 3F), and mostly negative with the lower 

values shown during summer (p < 0.01), related to the high oxygen saturation in surface 

waters as observed in the elevated DO levels (Fig. 3D).  

The obtained TA concentrations with salinity in the three sampling points presented a 

positive correlation, as found previously by other authors (Cossarini et al., 2015; 

Gemayel et al., 2015; Schneider et al., 2007a). The linear relationship between TA and 

salinity was: TA = 65.956*Salinity +15.958; R
2 

= 0.41. When seawater temperature was 

considered, TA values decreased with increasing temperatures (R
2
=0.17, p>0.001), 

presenting a slight seasonal pattern (Fig. 3B), with higher values in winter (not 

statistically significant, Table S1), with marked differences between years (p < 0.001, 

Table S1). The TA pattern observed here could be related to the strong variability of the 

alkalinity levels in coastal areas (Table 1), with stronger evaporation processes in the 
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coastal Balearic Sea in relation to open ocean areas, as observed in the obtained 

alkalinity-salinity relations coefficients (Cossarini et al., 2015; Gemayel et al., 2015; 

Schneider et al., 2007b).  

DOC values obtained during the sampling period were similar between sites (p=0.27), 

ranging from 52.4 to 105.6 µM (Table 1), without a clear seasonal pattern (Table S1). 

Extreme DOC outlier values were observed during the summer 2019 and 2020 and 

winter 2021 (Fig. 3D). 

For Chl a, significant differences between sampling sites were found (p<0.001) with a 

common seasonal trend (Fig. 3A), well correlated with the obtained dissolved oxygen 

levels. Chl a values were predominantly higher (p < 0.001) in the Bay of Palma (BP; 

Fig. 3A, Table 1, S1). Lowest Chl a values were observed during summer and 

maximum during winter months for all the stations (p < 0.05; Table S1).  

The range of measured pHT was similar between all sites (p=0.12), varying from 7.93 to 

8.37 (Fig.3E) with a clear seasonality with higher values during winter (p < 0.01, Table 

S1) and spring (p < 0.05) and lower values in summer (p < 0.001; Table S1). In 

accordance with the pHT values, the pCO2 levels (Table 1) were higher during summer 

(p < 0.001) with average values and standard deviation of 485.0±35.6 µatm and lower 

during winter (p < 0.001; Table S1), with 356.8±32.4 µatm (Table 1), presenting small 

differences between years (p < 0.05; Table S1). Furthermore, pCO2 values were similar 

between sites (p=0.26). FCO2 obtained values are observed in agreement with the pCO2 

levels as expected (Table S1), with higher CO2 emissions to the atmosphere during the 

summer months of 2.5 ±1.1 mmol CO2 m
-2 

d
-1

, CO2  caption during winter of -1.5 ±1.1 

mmol CO2 m
-2 

d
-1

 followed by the spring months with -1.0 ±1.0 mmol CO2 m
-2 

d
-1 

and a 

neutral emission during fall of 0.0 ±1.4 mmol CO2 m
-2 

d
-1

, considering all the sites. In 

average the coastal area of the Balearic Sea considered behaved as a small CO2 sink 
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during all the considered period with 0.1 ±2.0 mmol CO2 m
-2 

d
-1

, with no differences 

between sites (Table S1). 

3.3 Methane concentration in surface waters 

Averaged values ranged from 3.9±0.8, 4.1±1.3 and 3.9±1.9 nM for BP, CS and SMB, 

respectively (Fig. 4, Table 1). However, anomalous CH4 values of up to 10.9±0.3 and 

10.2±0.0 nM were reported in CSM (16 August 2019) and CS (29 August 2019), 

respectively. The CH4 distribution did not show marked differences between seasons 

(p=0.28) nor sites (p=0.78; Table S1; Fig. 4) or with the years included as random factor 

in the analysis. Maximum values were registered during July 2019 with 6.3 nM in BP, 

August 2019, 2020 and February 2020 with 10.2, 19.9 and 7.9 nM,
 
respectively in CS 

and August 2021 with 6.8 nM in SMB, with no differences found between years when 

year was included as factor (p = 0.67; Table S1) probably due to the limited amount of 

data. It has to be noted that due to COVID-19 limitations, sampling at the SMB and BP 

stations could not be conducted from February to June 2020.  

In the coastal Balearic Sea, only salinity had a significant negative correlation with the 

CH4 levels in surface waters (p<0.05). This effect was previously observed in other 

coastal areas (Borges et al., 2018; Bridgham et al., 2013) but was not shown as 

significant for areas vegetated with seagrass before (Al-Haj and Fulweiler, 2020). 

Furthermore, the organic matter content represented by the DOC concentrations, 

primary production driven by Chl a and DO concentrations, pCO2 levels and nutrients 

inputs (inorganic and total nitrogen and phosphorus) were not identified as relevant 

environmental drivers (Table S1).   

During the study period all the considered sites were oversaturated in CH4 in relation to 

atmospheric levels, with similar levels between sites, with average values of 167.2, 

179.1 and 148.28% for BP, CS and BSM, respectively (Table 1; Fig. 4). There were 
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differences between seasons (p<0.001), with higher saturation during the warmer 

summer months (p < 0.001; Fig. 4; Table S1) and lower saturation during winter (p < 

0.001). Hence, a slight positive correlation with the CH4 saturation and temperature was 

found in the three sampling sites (Fig. 5), with the following linear relationship 

(SatCH4%) = 5.64*Temperature+ 58.98; R
2
=0.18. 

3.4 CH4 Fluxes 

Average estimated CH4 fluxes during the sampling period were 1.3±0.9, 1.4±1.4 and 

0.3±2.2 µmol m
-2

 d
-1

 for BP, CS and SMB, respectively (Figure 6), with no significant 

differences between sites (p=0.92). All the estimated fluxes were positive, indicating 

CH4 emissions to the atmosphere, with all sampled areas acting as CH4 sources. Fluxes 

were higher during summer in all the sites (p < 0.05; Table S1). Sampling years 2019 

and 2020 presented higher fluxes values to the atmosphere in average for all the stations 

(p<0.05; Table S1) with 1.6±1.8 and 1.5±1 µmol m
-2

 d
-1

, respectively, in contrast with 

0.8±0.6 µmol m
-2

 d
-1 

presented in 2018 and 1.2±1.7 µmol m
-2

 d
-1 

in 2021. 

Salinity was negatively correlated and temperature positively (both p <0.05) with CH4 

fluxes. No significant relationships were found with total nitrogen, total phosphorus, 

inorganic nutrients, DO, AOU and DOC (p =0.78). A negative correlation with pHT 

(p<0.01) and TA (p<0.05) and positive relationship with pCO2 levels (p<0.01) was 

found, with the correlation for TA undoubtedly related to the TA-salinity relation. As 

expected, wind speed (p <0.01) is correlated with the CH4 air-sea transference. 

However, no linear relationship was observed between wind speed and sea surface 

temperature (p=0.3) 

4. Discussion 

4.1. Spatiotemporal distribution of dissolved CH4  
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In coastal areas, multiple processes affect the distribution of dissolved CH4 

concentrations, such as mixing between water masses, inputs from rivers and coastal 

sources, sediment and water column production, water masses dynamics, upwelling 

events, inputs from geological sources and air-sea exchange (Bakker et al., 2014; Sierra 

et al., 2020b; Tseng et al., 2016). Unexpectedly, small spatial variability in the dissolved 

CH4 concentrations between sampling stations were found, despite the fact that they are 

placed in areas with a different degree of anthropogenic pressures. CS is the shallowest 

station (2 m depth) and the closest point to the coast, most likely affected by a higher 

influence of rainfall, groundwater inputs, runoff, and nutrients supply that could have 

affected the temporal and spatial CH4 levels (Scranton and Brewer, 1977; Scranton and 

McShane, 1991; Tseng et al., 2017; Ward and Kilpatrick, 1993; Zhang et al., 2008).  In 

contrast, BP (water column depth > than 30 m) with possibly less contribution by 

groundwater, runoff, and other inputs and SMB far from the main island, with no 

agricultural or other nutrient inputs associated to human pressures. However, the 

distance between the stations is relatively short, with a maximum of 99.50 km for the 

longest distance, which might explain the lack of differences between them, even 

though the productivity in the Bay of Palma seems to be higher, revealed by its greater 

Chl a concentrations.  

Recently, Weber et al (2019) revealed that the global methane flux is dominated by 

shallow near-shore environments, where CH4 released from the seafloor can escape to 

the atmosphere before oxidation. However, in our study, the differences in the water 

column depth between the stations did not result in differences in methane 

concentrations, which could indicate a strong oxidation in the water column related to 

aerobic methanotrophy of the CH4 produced in the sediment compartment (Mao et al., 

2022).  
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As the % organic matter (OM) content of shallow sediments depends on the deposition 

regime (e.g., Haas & van Weering 1997) a relation between average dissolved CH4 

concentration and sediment composition (grain size and characteristics) would be 

expected (Borges et al., 2018). Unfortunately, due to logistical constraints, we did not 

characterize the chemical or granulometric composition of the sediment at our sites, nor 

sediment-water fluxes, consequently it is not possible to know the exact methane 

contribution from sediments to the water column. Furthermore, the dissolved organic 

carbon levels obtained in this study, did not shown a relation with the CH4 levels in the 

different sites considered, as found in other coastal regions related to the mineralization 

of marine DOC by Alphaproteobacteria, microbial production (Farias et al., 2021). 

In August CH4 concentrations and SatCH4% values were higher compared to other 

months, probably due to the intensification of remineralization processes with 

temperature in the water column and in the sediment compartment, as found in other 

studies (Ferrón et al., 2010; Middelburg et al., 2002; Sakamoto et al., 2008; Upstill-

Goddard et al., 2000). The observed negative correlation between CH4 levels and 

salinity could be linked to local rainfall and hydrodynamics. In our sites, comparing 

within locations, the rainfall increase observed from July 2019 to April 2020 (Fig. 2C) 

was not followed by a salinity drop, especially in the coastal CS site, meaning that the 

increase in precipitation and runoff was not enough to provoke a salinity decrease (Fig. 

2B). Therefore, the observed variations in salinity and the relation with the CH4 

variability could be attributed to differences in the circulation of surface water masses 

or local processes rather than to terrestrial discharge, as was found for the surface 

waters at the Es Cargol beach located nearby the station CS (Basterretxea et al., 2010).  

4.2. Air-sea CH4 fluxes in the Balearic Coastal Sea 
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Coastal zones, accounting for only ~3% of the ocean area, present the highest variability 

in the CH4 fluxes to the atmosphere (Weber et al., 2019). However, the calculated CH4 

fluxes for the littoral zone of the Archipelago of the Balearic Islands did not show 

remarkable spatial variability (Table S1). In our study, all stations considered acted as a 

CH4 source throughout the study period, with surface waters always oversaturated in 

CH4 compared to the atmosphere. Nevertheless, the calculated fluxes levels are low 

compared to other coastal systems, indicating only a weak production of CH4 in the 

ecosystem (Table 1, Fig. 6) and, possibly but not determined in this study, by the 

benthonic zone within the sediment-water interface and the transport through plants in 

vegetated areas (seagrass dominated ecosystems; Borges and Abril, 2012b). 

CH4 fluxes presented a seasonal trend, with increasing values during summer, as 

previously found in other coastal and oceanic studies (Bakker et al., 2014; Sierra et al., 

2020a, 2017; Tseng et al., 2017). CH4 concentrations shown maximum peaks occurring 

successively at the three sampling sites (summer 2019 and winter 2020), with a first 

appearance in BP, then in CS, and finally in SMB (Fi. 4), which might be related to the 

Western Mediterranean Sea current dynamics (Millot, 1999).  

Comparing with values obtained in other coastal and continental shelf regions (Table 2), 

the calculated CH4 fluxes in the coastal zone of the Balearic Sea are well comprised 

within previously recorded ranges. However, compared to the CH4 fluxes observed in 

the coastal areas of the Mar Menor and enclosed basin (southeast Iberian Peninsula) 

with mean flux values of 2.5 ± 48.8 µmol CH4 m
−2

 d
−1 

(Vallejo et al., 2021)
 
and in the 

Gulf of Cádiz with 25.7 ± 11.2 µmol CH4 m
−2

 d
−1 

(Sierra et al., 2020a), the CH4 fluxes 

found in this study were relatively homogeneous and low ranging from 0.2 to 9.7 µmol 

CH4 m
−2

 d
−1

 (1.4 ±1.4 µmol CH4 m
−2

 d
−1 

in average). Higher CH4 fluxes in those 

systems were also accompanied by higher Chl a, organic biomass and AOU values 
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compared to the Balearic coastal area. The difference in CH4 fluxes is even more 

evident compared to the reported values for the global continental shelf platforms, 

ranging from 3.5 to 67.5 µmol CH4 m
−2

 d
−1 

(Bakker et al., 2014).  

The variability of the air-sea CH4 fluxes of this study in comparison with other coastal 

and continental shelf areas found through a literature search (Table 2), can be due to 

different factors: coastal contributions (groundwater and rainfall), current dynamics, 

upwelling events, temperature, and the lack of unification in the methodology applied 

(Wilson et al 2018), among others. Coastal zones receive direct inputs of organic matter 

and nutrients from anthropogenic or natural sources from inland. These inputs generate 

high productivity, which promote methanogenesis processes in the sediment and 

subsequently an increase of CH4 in subsurface waters (Borges et al., 2018).  

The seasonal cycle of dissolved CH4 concentrations closely follows the pattern of water 

temperature, suggesting an important seasonal cycle of the methanogenesis 

superimposed to the seasonal temperature cycle. This is consistent with the temperature 

control of the seasonal variation of benthic remineralization (sediment oxygen demand; 

Provoost et al., 2013). CH4 emissions are generally higher during warmer seasons, due 

to increased availability of organic matter biomass, the enhancement of remineralization 

rates at higher temperatures (Allen et al., 2011; Emery and Fulweiler, 2017) and 

intensification of the microbial production of CH4 in sediments (Borges et al., 2018; 

Sierra et al., 2020a) and to the lower solubility of the gas with the increase in 

temperature that favors its flux into the atmosphere. Additionally, even though in this 

study no seasonality was observed in the wind data, previous studies have shown a clear 

wind seasonal trend in a longer data time series at the Bay of Palma station, with higher 

intensities during spring and lower during late summer-early fall (Vargas-Yáñez et al., 

2022). 
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The similar pattern and values in the concentration of CH4 between our three stations 

indicates that, even if the anthropogenic pressure at the three sites was different, they 

did not have a significant influence on the variations of CH4 concentrations or fluxes to 

the atmosphere in this region. Even though there were no statistically significant 

differences between years, not even for the more populated site BP, it should be noted 

that CH4 concentrations and fluxes in BP during the summer of 2019 were higher than 

in 2020 and 2021, which could be associated with the observed salinity differences 

between years through the application of a GLM (p<0.001). On the other hand, it could 

be also linked to the tourism decrease after 2019 due to the COVID-19 pandemic 

restrictions. 

All the stations considered in this study are located in areas with a considerable 

presence of seagrasses. This is common for coastal areas in the Mediterranean Sea 

where the area occupied by the Posidonia oceanica meadows is estimated at 

approximately between 1 to 2% of the total surface area of the Mediterranean Sea 

(Béthoux and Copin‐ Montégut, 1986; Pasqualini et al., 1998), although this number is 

uncertain (Cristofanelli et al., 2017). In the Western Mediterranean Basin, the current 

distribution of Posidonia oceanica meadows is estimated as 510.710 ha, (Telesca et al., 

2015). A recent study found CH4 production in Red Sea seagrass meadows increased 

with increasing OM content in the sediment (Garcias-Bonet and Duarte, 2017) and a 

higher CH4 concentration was found in the porewater of seagrass sediments of 

predominantly Thalassia testudinum compared to adjacent bare sediments (Barber and 

Carlson, 1993). During the photosynthesizing process, plants deposit labile OM into the 

sediment around their roots or rhizosphere (Blaabjerg and Finster, 1998; Holmer et al., 

2001) thereby providing a substrate to stimulate CH4 production (Bridgham et al., 
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2013). This effect has been also described in the Mediterranean Sea in areas with 

presence of Posidonia oceanica meadows (Schorn et al., 2022) 

Therefore, it is probable that methanogenesis could be influenced by the coverage of 

seagrasses on the sediment substrate. This could be a major source of dissolved 

methane, with a fundamental role for benthic biota and production in sediments.  

In seagrass ecosystems, CH4 flux to the atmosphere varies widely depending on the type 

of seagrass (Al‐ Haj & Fulweiler, 2020). In the Red Sea, average CH4 production rate 

of seagrass meadows to the water column is 85.1 ± 27.8 µmol CH4 m
−2

 d
−1

, ranging 

from 0.8 ± 0.3 to 401.3 ± 95.6 µmol CH4 m
−2

 d
−1 

on average for a Thalassia hemprichii 

meadows and Cymodocea serrulata and Halodule uninervis mixed seagrass meadows 

(Garcias-Bonet & Duarte, 2017), and in the Mediterranean Sea around 106 μmol CH4 

m
-2 

d
−
1 for Posidonia oceanica pointing to species specific production rates, that could 

change between basin regions. Allochthonous organic carbon inputs, derived by human 

activities could cause an overall heterotrophic ecosystem (Gazeau et al., 2005). 

Nonetheless, according to the measured DO and calculated AOU values (Figure 3C, F), 

oxygen oversaturation was maintained throughout the sampling period, probably due to 

primary production. However, there was no correlation between dissolved methane and 

Chl a and DO in any of the three coastal stations (p = 0.35 and 0.65, respectively; 

Figure 3A,C), indicating that phytoplankton does not have an observed direct influence 

on CH4 production as found by Farias et al. (2021), and the possible existence of a time 

lag from the phytoplanktonic biomass increase to the CH4 production has not been 

detected (Bange et al., 2010; Borges and Abril, 2012a; Weber et al., 2019). Also, the 

oxygenation of the water column could certainly be a product of the presence of 

seagrass meadows, with high levels during winter-spring 2019, spring 2020 and 2021 
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(Fig. 3C), with spring the most productive season for Posidonia oceanica (Alcoverro et 

al., 2001; Barrón et al., 2014; Drew, 1978).  

The negative correlation with pHT and positive relationship with pCO2 of methane 

fluxes could be explained by the seasonal variability of organic matter respiration, being 

the remineralization process the common promoter for pHT, pCO2 and FCH4 production 

(Borges et al., 2018). However, the absence of correlation with the FCO2 could be 

indicating that other processes than remineralization processes are governing CH4 

emissions.  From the values of the CH4 fluxes in the Balearic coastal region measured 

during this study (0.2 – 9.7 mol m
-2

 d
-1

, Table 2) we hypothesize that seagrass 

meadows, rather than increasing CH4 production by production of organic matter, could 

be maintaining low CH4 fluxes values due to the aerobic oxidation of methane in the 

water column (Mao et al., 2022). Posidonia oceanica ecosystems could represent a so 

far unknown key driver of CH4 fluxes in the Mediterranean Sea with a strong relevance 

to be included in global CH4 budgets (Garcias-Bonet and Duarte, 2017; Schorn et al., 

2022).  

Since the availability of GHGs measurements is usually temporal and spatially limited, 

there is still a great uncertainty about the magnitude of GHGs fluxes into the 

atmosphere of the continental shelves and coastal zones (Arévalo-Martínez et al., 2015). 

Therefore, it is crucial to fill the existing knowledge gap about the exact origin of 

dissolved methane in the surface layer in order to better understand its behavior in 

coastal waters under future scenarios derived from the climate change. Our data 

indicates the coastal area in the Balearic archipelago behaves as a weak methane source 

to the atmosphere. As CH4 fluxes increase with increasing temperatures, global 

warming will affect CH4 fluxes, which would probably lead to enhanced 
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methanogenesis processes in benthic habitats representing a potential threat for climate 

mitigation and to the key ecosystems in the coastal areas of the Balearic Sea. 

5. Conclusion 

To our knowledge, this study is the first contribution that unravels the spatial and 

temporal CH4 dynamics in coastal surface waters of the Mediterranean Sea. The surface 

coastal waters of the Balearic Sea were oversaturated with dissolved methane, with 

measured values in the range of 2.7 to 10.9 nM, with maximum values during the 

summer season and lower values in winter. There were no significant differences in 

methane concentrations nor for air-sea fluxes between the sampling locations subject to 

different anthropogenic pressures. The predictor variables correlated with methane 

concentrations were temperature and salinity, indicating seasonal variability. The 

estimated average fluxes were 1.3±0.9, 1.4±1.4 and 0.3±2.2 µmol m
-2

 d
-1

 for the 

oceanographic buoy of the bay of Palma (BP), Cape Ses Salines (CS), and Santa Maria 

Bay (SMB), respectively. Compared to previous studies, the estimated fluxes in this 

study were slightly lower, indicating that the Balearic coastal area is a weak source of 

methane to the atmosphere. The oxygen saturation obtained in the water column and the 

absence of correlation with planktonic Chl a concentrations suggests that Posidonia 

oceanica seagrass meadows production might influence greenhouse gas emissions to 

the atmosphere. However, further research on the determination of the CH4 production 

within the meadow environment of P. oceanica and in the bare sediments is needed. 
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Figure legends 

Figure 1. A) Map of the study area location in the Western Mediterranean Sea and, B) 

detail of the sampling sites location, BP (Bay of Palma), CS (Cape Ses Salines) and 

SMB (Santa Maria Bay) in the Balearic Sea 

Figure 2.  A) Temperature(ºC) and B) salinity (psu) of stations in the bay of Palma (BP, 

Red line), Santa Maria Bay (SMB, Blue line) and Cape Ses Salines (CS, Black and 

white circles) during the sampling period, and C) Meteorological data: wind speed in m 

s
-1 

(U10, Black line) and Rainfall in mm (Blue bars). 

Figure 3.  Concentrations of A) Chl a (mg m
-3

), B) TA (µmol Kg
-1

), C) DO (µmol Kg
-1

), 

D) DOC (µM) E) pHT and AOU (µmol Kg
-1

) obtained in the bay of Palma (BP, black 

dots), Santa Maria Bay (SMB, white triangles) and Cape Ses Salines (CS, grey 

diamonds) for the study period. Shadow grey area represents dissolved CH4 

concentrations (nM), shown in the right axis. 

Figure 4. Dissolved CH4 concentrations (nM) in A) the Bay of Palma (BP), B) Cape Ses 

Salines (CS) and C) Santa Maria Bay (SMB) stations for the study period (left axes). 

Dashed grey lines represent CH4 concentrations in equilibrium with the atmosphere 

(CH4 Eq in nM, right axes). 

Figure 5. SatCH4 (%) vs temperature (°C) in the Bay of Palma (BP, black dots), Santa 

Maria Bay (SMB, white triangles) and Cape Ses Salines (CS, grey diamonds). Linear fit 

adjust regression line in black. 

Figure 6. Seasonally averaged values of CH4  fluxes(µmol m
-2

 d
-1

) at the Bay of Palma 

(BP), Santa Maria Bay (SMB) and Cape Ses Salines (CS) stations. Error bars represent 

the standard deviation (Black lines). 
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Fig. 1  
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Fig. 2  
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Fig. 3  
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Fig. 4  
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Fig. 5  
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Fig. 6  
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Table 1. Average values of Temperature(ºC), Salinity (PSU), TA (µmol kg
-1

), pHT, pCO2(µatm), 

DO (µmol Kg
-1

), AOU (µmol Kg
-1

), DOC(µM), Chl a (mg m
-3

), CH4 (nM) and SatCH4% 

obtained from the stations of the oceanographic buoy of the bay of Palma (PB), Cape Ses 

Salines (CS) and Santa Maria Bay (SMB). Variability is represented as ± standard deviation. 

 BP (n = 19) CS (n =55) SMB (n = 13) 

  
Spring 

Summ

er 
Fall Winter Spring 

Summ

er 
Fall Winter Spring 

Summe

r 
Fall Winter 

Temperatu

re (°C)  

16.9±2.

3 

25.9±1.

6 

23.8±3.

5 
15.5±1 

16. 

6±1.7 

25.5±2

.4 

22.5±3.

2 
15±1.1 

16.2±1.

6 

25.5±1.

5 

22.5±3.

5 
15.5±1 

Salinity  
37.6±0.

3 
37.3±0.

3 
37.5 
±0.3 

37.7±0.
3 

37.6±0.
3 

37.5±0
.3 

37.5±0.
3 

37.8±0.
2 

37.2±0.
2 

37.1±0.
2 

37.3±0.
2 

37.4±0.
1 

DO (µmol 

kg-1) 

 

252.2±

7.6 

218.8±

6.6 

211.6±

9.9 

245.5±

10.6 
    

266.53

±4.07 

230.25±

19.3 

215.9±

14.5 

240.4±

11.9 

TA (µmol 

kg-1) 

 

2487.7

±28.1 

2467.5

±16 

2479.3

±24.4 

2494.8

±22.4 

2506.4

±26.7 

2479±

38.1 

2490.7

±29.6 

2527.7

±19.1 

2475.7

±29 

2481±1

1 

2464.6

±22.4 

2477.8

±20.7 

DOC (µM) 

 

72.3±1

2.7 

83±14.

9 

92.1±1

4.8 

80.3±1

3.3 

70.2±8.

4 

80.2±6

.5 

80.5±7.

6 

78.5±1

3.6 

83.6±5.

8 

75.8±17

.8 

80.7±1

3.2 

86.2±1

8.7 

Chl a (mg 

m-3) 
0.3±0.2 0.4±0.2 0.8±0.8 0.8±0.4 0.2±0.1 

0.2±0.

1 
0.3±0.1 0.4±0.2 0.2±0.1 0.2±0.0 0.4±0.3 0.4±0.1 

pCO2 

(µatm)  
356.9±

12.4 
498.1±

26.5 
436.5±

31.4 
363.4±

29.6 
385.9±

32.9 
479.5±

34.3 
386.7±

52.8 
355.3±

35.8 
360.8±

16.3 
493.6±5

1.6 
476.9 
±95.4 

349.3±
12.9 

pHT 8.1±0.0 8.0±0.0 8.0±0.0 8.1±0.0 8.1±0.0 
8.0±0.

0 
8.1±0.1 8.1±0.0 8.1±0.0 8.0±0.0 8,0±0.1 8.1±0.0 

AOU 

(µmol kg-1) 

 

-

17.2±8.

18 

-

17.92±

5.83 

-

6.84±2.

22 

-

4.53±7.

3 

    

-

27.71±

8.89 

-

27.64±1

5.28 

-0.25±9 
1.25±9.

29 

CH4 (nM) 

 
4.3±1 3.9±1 3.7±0.6 3.7±0.4 

3.9±0.8

3 

4.4±1.

8 
4.1±0.9 3.8±1.3 3.8±0.4 5±3.3 3.2±0.4 

3.66±1.

38 

SatCH4 

(%) 

172.7±

33.6 

186.7±

52.7 

173±35

.2 

142.2±

16 

156.4 

±36.7 

212.8±

90.1 

187±46

.2 

146.6±

51.1 

146.4±

11.8 

236.4±1

63.3 

142.6±

19.4 

142.1±

53.2 
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Table 2. Air-sea CH4 fluxes in different coastal and continental shelf areas (µmol  m
-2

 d
-

1
), extracted from Scopus. 

Table 2. 

Site  
FCH4  

(μmol m
-2 

d
-1

) 
References 

North Sea 0.06–6 Scranton & McShane (1991) 

Arab Sea 0.03-2.65  Patra et al. (1998) 

Rio San Pedro creek, Spain 5.7–47 Ferrón et al. (2007) 

China Sea 5.8 – 27
 
 Zhang et al. (2008) 

Strait of Gibraltar −0.15 – 1.68 de la Paz et al. (2015) 

Belgian coast  

near-shore zone 13.9 – 426.0 Borges et al. (2016) 

Southern British Columbia 2.5 – 34.1 Capelle & Tortell (2016) 

Gulf of Cádiz 12.4-37.7  Sierra et al. (2017) 

Western Philippine Sea 4.9 ±4.9  Tseng et al. (2017) 

East China Sea 10.7 Sun et al. (2018) 

Chilean upwelling 1.27 – 47.02 Farias et al. (2021) 

Mar Menor, Spain 2.5 – 48.8 Vallejo et al. (2021) 

Balearic Sea  0.2 – 9.7 This study 
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Highlights 

 First surface waters methane (CH4) levels and air-sea CH4 fluxes presented in the 
coastal Balearic Sea. 

 Three coastal stations with different anthropogenic pressures were evaluated. 

 No significant differences were found between the different sampling sites. 

 CH4 fluxes followed a seasonal pattern. 

 Coastal Balearic Sea acts as a weak CH4 source 
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