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Inorganic carbon outwelling from a Mediterranean seagrass meadow using 
radium isotopes 
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Nerea Piñeiro-Juncal b,d,e, Isaac R. Santos a 

a Department of Marine Sciences, University of Gothenburg, Sweden 
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A B S T R A C T   

Seagrass meadows are ‘blue carbon’ ecosystems widely recognised for their potential role in climate change 
mitigation. Previous studies have focused mainly on carbon storage within meadows and sediments. However, 
little is known about contribution of outwelling (i.e., lateral transport) to seagrass carbon budgets. Here, radium 
isotopes (223Ra and 224Ra) were used to assess dissolved inorganic carbon (DIC) and total alkalinity (TA) 
outwelling from a Mediterranean Posidonia oceanica meadow during early autumn. DIC outwelling was 114 ± 61 
mmol m− 2 day− 1 and exceeded above-meadow CO2 outgassing (3 ± 1 mmol m− 2 day− 1). Production of DIC was 
uncoupled from TA and fuelled by net heterotrophy and aerobic processes within the meadow. The small export 
of TA (5 ± 6 mmol m− 2 day− 1) implied that ~90% of outwelled DIC may return to the atmosphere as CO2 in 
offshore waters. Combining these fluxes with above-meadow outgassing suggested a total carbon loss that 
exceeded long term burial in sediments. Overall, the meadow acted as a carbon source to the atmosphere during 
the early autumn season. Further studies quantifying outwelling at multiple spatial and temporal scales are 
required to better resolve seagrass carbon budgets and their contribution to carbon sequestration.   

1. Introduction 

The term ‘blue carbon’ is often used to describe the carbon seques-
tration function of vegetated coastal zones (Nelleman et al., 2008). 
Among this suite of ecosystems are seagrass meadows, which sequester 
~20% of total carbon buried in the ocean despite covering just 0.1% of 
surface area (Duarte et al., 2013). Seagrass area, however, is decreasing 
at an alarming rate. A net loss of 5602 km2 has been experienced 
globally during the last century, with a decline of ~10% in the Medi-
terranean (Dunic et al., 2021). Attention has therefore focused on 
preservation and restoration, as well as development of schemes using 
seagrass for climate change mitigation (Macreadie et al., 2017; Maxwell 
et al., 2017). For these management efforts to be effective, it is vital that 
understanding of carbon budgets is improved (Macreadie et al., 2019; 
Mcleod et al., 2011; Ruiz Fernandez et al., 2009). 

Seagrasses meet the ‘blue carbon’ criteria due to their ability to 
sequester large amounts of carbon in sediments on millennial timescales. 

This is derived from a combination of high metabolic capacity and 
effective sediment storage (Duarte et al., 2013). Globally, 63% of sea-
grass sites are net autotrophic, with an average 
production-to-respiration ratio of 1.55 (Duarte et al., 2010). Photosyn-
thetic production of above and below ground biomass removes dissolved 
inorganic carbon (DIC) from the water column. Trapping of allochtho-
nous particles and slow decomposition of recalcitrant root structures 
further enhances carbon accumulation, creating sediment deposits 
several metres thick (Duarte et al., 2010; Fourqurean et al., 2012; 
Serrano et al., 2012). However, mineralisation processes decompose 
organic matter, thereby generating DIC. Calcification and carbonate 
dissolution also drive DIC consumption and production at some seagrass 
sites (Barrón et al., 2006; Champenois and Borges, 2021; Van Dam et al., 
2021b). Ultimately, the DIC produced may interact with the overlying 
atmosphere via gas exchange (Santos et al., 2021). 

Previous studies have focused mainly on processes within meadows 
when evaluating overall carbon sequestration. However, outwelling 
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(lateral transport across the shelf) has recently gained attention (Santos 
et al., 2021). Due to carbon speciation and varying fates following 
export, outwelling can either enhance or detract from meadow seques-
tration (Duarte and Krause-Jensen, 2017; Santos et al., 2021). It is 
therefore essential to consider outwelling within seagrass carbon bud-
gets. In the Mediterranean Sea, outwelling of organic carbon may 
represent 79% of seagrass net primary production (Champenois and 
Borges, 2021). This typically occurs episodically following seasonal 
patterns of water temperature, leaf senescence and wave action associ-
ated with storms (Barrón et al., 2014; Mateo and Romero, 1997). Of this 
exported material, 14% of POC and 33% of DOC may escape reminer-
alisation and accumulate in the deep ocean on timescales relevant to 
climate change mitigation (Duarte and Krause-Jensen, 2017). DIC can 
also follow the outwelling path in seagrass meadows, but has yet to be 
quantified despite being the largest carbon pool in the ocean (Cole et al., 
2021; Santos et al., 2021). 

The fate of outwelled DIC is intrinsically linked to the carbonate 
system and its relationship to total alkalinity (TA) (Ismail, 2021). DIC 
corresponds to the sum of three carbon species ([CO2] + [HCO3

− ] +
[CO3

2− ]) present in the ocean, whereas TA represents the capacity to 
neutralise hydrogen ions (Middelburg et al., 2020; Pimenta and Grear, 
2018). In seagrass sediments, TA is generated from anaerobic processes 
(e.g., sulphate reduction and denitrification) and carbonate dissolution. 
Processes such as aerobic mineralisation and calcification consume TA 
(Barrón et al., 2006; Chou et al., 2018, 2021; Hu and Cai, 2011; Van Dam 
et al., 2021b). Ultimately, the fraction of DIC exported as TA determines 
whether DIC outwelling becomes a long-term sink or a short-term 
recycling mechanism for carbon (Santos et al., 2021). This is because 
CO2 exchanges with the atmosphere (Middelburg et al., 2020), whereas 
carbonate alkalinity ([HCO3

− ] + [CO3
2− ]) can reside in the ocean for 

~100,000 years (Millero, 2007). When a source of TA is present, con-
version of CO2 to carbonate species is favoured. Outwelled carbonate 
alkalinity can therefore enter the deep oceanic pool. Alternatively, a lack 
of concurrent TA export creates opportunities for CO2 atmospheric ex-
change (Burt et al., 2021; Maher et al., 2018). 

Outwelling research has been restricted by challenges associated 
with quantification (Santos et al., 2021). Methods currently available 
include physical measurements, numerical modelling, mass balance 
budgets and tracer techniques (Champenois and Borges, 2021; Moore 
and de Oliveira, 2008). The use of radium isotopes offers a promising 
approach to quantifying outwelling fluxes. Radium isotopes desorb from 
sediment particles upon contact with seawater, thereby providing a 
naturally occurring tracer that is continually added to marine waters. 
Radium also behaves conservatively, meaning the only processes 
affecting its distribution in the ocean are mixing and decay (Charette 
et al., 2007). In particular, short-lived isotopes (223Ra and 224Ra) can 
resolve coastal mixing processes due to the appropriate timescales of 
their decay, enabling estimates of mixing rates and apparent water ages 
in coastal seawater (Moore, 2000a, 2000b). Other studies have applied 
radium isotopes for constraining DIC outwelling in mangrove and salt-
marsh systems (Cabral et al., 2021; Tamborski et al., 2021), but not yet 
in seagrass meadows. 

The aim of this study is to estimate DIC and TA outwelling from a 
Mediterranean seagrass meadow using radium isotopes. To put results in 
perspective, we performed a meadow timeseries to quantify net com-
munity production (NCP), a spatial survey in the bay to quantify CO2 air- 
sea fluxes, and cross-shore transects of radium isotopes to quantify 
outwelling. We build on the seagrass literature by (1) focusing on 
outwelling rather than burial as a potential carbon sequestration 
pathway, and (2) focusing on inorganic rather than organic carbon as a 
product of seagrass metabolism. 

2. Methods 

2.1. Site description 

This study was conducted along the Spanish coast of the northwest 
Mediterranean Sea in the bay of Portlligat (42◦17′32′′ N, 3◦17′28 E′′) 
(Fig. 1). Surface area of the bay reaches 0.11 km2 (Lo Iacono et al., 
2008), with water depths up to 14 m (GENCAT, 2000). The bay is 
semi-sheltered and connected to the sea by a 213 m wide opening in the 
northeast. Tides are minimal and range by just 0.2 m (ECMWF, 2022). A 
typical Mediterranean climate prevails, with September temperatures 
and precipitation averaging 20.6 ◦C and 0.18 cm h− 1 during the past 30 
years (Hersbach et al., 2018). Waters are clear, oligotrophic and 
oxygenated, providing optimal conditions for the growth of the endemic 
seagrass species Posidonia oceanica (Koopmans et al., 2018). In Portlli-
gat, a dense meadow (>600 shoots m− 2) of P. oceanica dominates the 
seafloor, covering 41% of the total bay area. The remaining area is 
mostly occupied by dead seagrass and bare sand patches (Lo Iacono 
et al., 2008). Despite relatively slow growth rates, P. oceanica are known 
for substantial biomass both above and belowground (Barron and 
Duarte, 2009). This high production (54–119 mmol C m− 2 day− 1) 
(Koopmans et al., 2020) coupled with the refractory nature of root tis-
sues leads to the development of a characteristic ‘matte’, in which car-
bon accumulates with residence times longer than 10,000 years (Mateo 
et al., 2006). Local sediment cores and seismic surveys revealed a dense 
6.2 m thick matte at Portlligat (Lo Iacono et al., 2008). Upper sediment 
layers contained abundant organic matter composed of roots, rhizomes 
and leaf sheaths. Organic matter content depleted in lower layers, whilst 
carbonate concentration increased (Serrano et al., 2012). 

2.2. Meadow timeseries 

Timeseries observations were performed at two locations within the 
meadow (~20 cm above seafloor) between 11th – 23rd September 2021. 
Station 1 (42◦17′38′′ N, 3◦17′19 E′′) was situated in the north of the bay 
in an area of healthy dense seagrass, whilst Station 2 (42◦17′29′′ N, 
3◦17′22 E′′) was located toward the south in an interspersed zone with 
some dead seagrass patches (Fig. 1b). Submersible sensors provided 
continuous records of dissolved oxygen (DO) concentrations (miniDOT, 
PME) at 1 minute resolution, whilst conductivity, temperature and 
pressure (Levelogger 5 LTC, Solinst) were measured every 5 minutes. 
Climatic variables at hourly frequency were sourced from ERA5 rean-
alysis products (Hersbach et al., 2018). 

Calculations of metabolic status were based on the integrative ‘open- 
water’ mass balance approach originally developed by Odum (1956) 
and widely used in shallow aquatic systems (Ganguly et al., 2017; Van 
Dam et al., 2019). This method defines NCP as the difference between 
‘gross primary production’ (GPP) and ‘respiration’ (R) from the ‘bio-
logical dissolved oxygen change’ (BDO) over a 24-h period (Equation 
(1)). To account for effects of temperature and salinity, DO was con-
verted to saturation percentage (DO%sat) prior to calculations (Needoba 
et al., 2012). In practice, BDO is the measured change in DO minus the 
non-biological influence of depth-integrated (h in m) air-sea gas ex-
change (FO2) (Equation (2)). The gas exchange term was estimated using 
three different parameterisations (Ho et al., 2006; Nightingale et al., 
2000; Wanninkhof and McGillis, 1999), resulting in final NCP given as a 
range with median, minimum and maximum estimations. Atmospheric 
value for O2 was approximated as the saturation value at surface (Nee-
doba et al., 2012). Final results for NCP were converted to units of 
carbon by assuming photosynthetic and respiratory quotients of 1 
(Tokoro et al., 2014). 

NCP = GPP – R = ΣBDO (1)  

BDOt = ( DOt – DOt− 1 ) × h – FO2 (2) 

Dividing NCP over a 24-h cycle into photo and dark periods allows 
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for estimation of daily GPP and R (Equations (3) and (4)). Sunrise and 
sunset were defined as 07:00 and 21:00 respectively, determined by 
insolation data (Hersbach et al., 2018) and online database logs 
(MapLogs, 2022). 

GPP =

ΣBDOday +
( (

ΣBDOnight
/

Hours of night
)
× Hours of day

) (3)  

R= 24 x
(

ΣBDOnight
/

Hours of night
)

(4)  

2.3. Bay spatial survey 

A spatial survey was conducted on 18th September 2021, between 
16:00–17:30. During this time, a ‘trace gas analyser’ (LI-7810, LI-COR) 
with precision ± 3.5 ppm was towed throughout the bay. This reports 
CO2 in the equilibrator as ‘mole fraction in dry air’, allowing in-situ 
pCO2 to be calculated as a function of temperature, salinity and pres-
sure (Pierrot et al., 2009). Surface water was continuously pumped 
through an air-water exchanger connected to the gas analyser. Co-
ordinates and corresponding measurements were recorded intermit-
tently (Santos et al., 2012), enabling a map of surface pCO2 to be 
interpolated. The pCO2 values were then used to calculate air-sea gas 
exchange (Equation (5)). The solubility constant (α) of CO2 was calcu-
lated following methods in Wanninkhof (1992). Atmospheric values for 
CO2 were sourced from Lampedusa station records (di Sarra, 2022). 
Piston velocity (k) was estimated using the parameterisation proposed 
by Dobashi and Ho (2022) for seagrass systems. Other parameterisations 
(Ho et al., 2006; Nightingale et al., 2000; Wanninkhof and McGillis, 
1999) commonly used for air-sea flux calculations in other Mediterra-
nean seagrass sites (De Carlo et al., 2013; Gazeau et al., 2005) were also 
estimated (Table 1). Here, we mainly discuss resulting air-sea fluxes 
relating to the Dobashi and Ho (2022) parameterisation. 

F = k × α ×
(
pco2measured – pco2atmosphere

)
(5)  

2.4. Cross-shore transects 

Transect surveys were carried out on 12th September 2021, and on 
21st – 22nd September 2021. Due to unforeseen differences in weather 
conditions between transects, results were divided into two separate 
datasets; Transect A (n = 12) and Transect B (n = 17). Measurements 
were taken at ~100 m intervals within the bay and at ~1 km intervals 
offshore (Fig. 1c). Temperature, pH (NBS scale) and conductivity were 
measured using probes with precisions of 0.3 ◦C, 0.02 and 0.06 mS cm− 1 

respectively (PHC101, HACH; CDC401, HACH; TetraCon325, WTW). 
Samples for TA were stored in 50 mL centrifuge tubes and refrigerated 
until analysis. TA values were found using the ‘Gran approach’ with 
0.01 mol L− 1 HCl and a titrator (Metrohm 888 Titrando with Tiamo 
light) with precision smaller than 5 μmol kg− 1 (Mos et al., 2021). Drifts 
and deviations in the acid concentration were corrected using certified 
reference materials (CRM batch 189), as described by Dickson (2010). 
Input parameters of TA and pH were then used as inputs for the CO2SYS 
program to calculate DIC, with a resulting uncertainty of ±16.4 mmol 
m− 2 day− 1 (Lewis et al., 1998; Orr et al., 2018). Carbonate system 
constants were set to those of Mehrbach et al. (1973) refit by Dickson 
and Millero (1987). 

Radium sampling was also conducted at corresponding transect in-
tervals by collecting 40–60 L of surface water, which were immediately 
passed through 20 g of manganese fibres at a flow rate of <1 L per 
minute to quantitatively remove radium from seawater (Moore and 
Arnold, 1996). Upon return to lab, fibres were thoroughly rinsed with 
radium free water to remove salt and particles. Fibres were then 
partially dried and analysed in a Radium Delayed Coincidence Counter 
system (RaDeCC) to measure activities of 223Ra (t1/2 = 11.4 days) and 
224Ra (t1/2 = 3.66 days). The first round occurred 1 week after sampling 
and measured initial activities for both isotopes. A second round was 
conducted after 3 weeks to determine the 224Ra activity supported by 
228Th (excess 224Ra) (Moore, 2008). 

Outwelling of DIC and TA was estimated following Moore (2000b). 
This approach treats the shoreline as the only source to the coastal 
ocean, considers advection as negligible and assumes steady state 

Fig. 1. Study site map. (a) Location of Portlligat bay; (b) Portlligat bay with location of timeseries Stations 1 and 2, delineation of bay limit (dotted line) and extent of 
Posidonia oceanica meadows (shaded green) modified from Leiva-Dueñas et al. (2018); (c) Offshore sampling points for Transect A (blue) and Transect B (red). 
Bathymetry sourced from GENCAT (2000) displayed as blue contour lines. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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inputs. The distribution of 223Ra and 224Ra activity must therefore 
decrease exponentially offshore due to diffusive mixing and radioactive 
decay (λ), allowing the calculation of horizontal eddy diffusivity mixing 
coefficients (Kh) (Equation (6)) (Knee et al., 2011; Peterson et al., 2008). 

Kh = λ
/
( Ln([Ra])slope )

2 (6) 

Outwelling was estimated by multiplying Kh with the linear slopes 
(m) of DIC and TA concentrations versus distance from the shoreline 
(Equation (7)) (Sippo et al., 2019). By multiplying by the depth at the 
bay limit (Fig. 1b, ~14 m), outwelling can be converted to ‘per m 
shoreline’ units. 

Outwelling=Kh ∗ m (7) 

The quantity of DIC which may be lost to the atmosphere (DICexcess) 
following outwelling was estimated as the difference between the in-situ 
DIC (DICin-situ) and the theoretical DIC at atmospheric equilibrium 
(DICequilibrium) (Equation (8)) (Abril et al., 2000; Maher et al., 2018). 
DICequilibrium was obtained using CO2SYS with TA and atmospheric pCO2 
as input parameters. Resulting uncertainty was ±4.2 mmol m− 2 day− 1 

(Orr et al., 2018). 

DICexcess =DICin− situ – DICequilibrium (8) 

Isotope activities were also used to derive ‘apparent radium age’, i.e., 
the time passed since radium entered the water body. As waters age and 
mix offshore, both 223Ra and 224Ra will decay at their known respective 
rates. Thus, by comparing their ratio with an initial ratio, it is possible to 
derive an apparent age of the water (Equation (9)) (Moore, 2000a; 

Peterson et al., 2008). The initial ratio was determined as the average 
223Ra and 224Ra activity of sediments at five points along the shoreline of 
the bay. Sediment samples were collected and incubated with seawater 
for 6 weeks to allow equilibration before analysis. 

[
224Ra /

223Ra
]

observed
=

[
224Ra/223Ra

]

initial
×
(
e− λ224t/e− λ223t)

(9) 

Data distributions were assessed using the Shapiro-Wilk test prior to 
statistical analysis. Following this, differences between the bay and 
offshore samples were identified using the non-parametric Wilcoxon 
Rank Sum test. Relationships between variables were assessed using 
linear regression analysis. Uncertainties for outwelling variables were 
propagated according to Harvard (2007) and Orr et al. (2018). All cal-
culations were carried out using MATLAB software (MathWorks Inc, 
R2022b). 

3. Results 

3.1. Meadow timeseries 

Changes in weather and DO were observed throughout the field 
campaign (Fig. 2). Precipitation generally stayed below 0.5 cm h− 1, with 
the most prominent rain event occurring on September 16th with a peak 
of 2.5 cm h− 1. Wind speeds were on average 4.9 m s− 1. Only on 
September 13th, 14th, 20th and 21st did daily average wind speed exceed 
6 m s− 1. Sea surface temperature (SST) and irradiance patterns were 

Fig. 2. Timeseries (12th – 22nd September 2022) 
showing weather parameters sourced from ERA5 
reanalysis products (Hersbach et al., 2018) and 
observations from Stations 1 and 2. (a) SST (◦C) and 
irradiance (J m− 2); (b) precipitation (cm hr− 1) and 
wind (m s− 1); (c & d) dissolved oxygen (DO) satu-
ration percentage (%), daily net community pro-
duction (NCP) (mmol m− 2 day− 1), respiration (R) 
(mmol m− 2 day− 1) and gross primary production 
(GPP) (mmol m− 2 day− 1) for Stations 1 and 2. Error 
bars denote minimum and maximum results from 
gas parameterisations. Shaded blue areas indicate 
timings of cross-shore transects A and B, and bay 
spatial survey sampling. Colour of axis corresponds 
to variable display colour. (For interpretation of the 
references to colour in this figure legend, the reader 
is referred to the Web version of this article.)   
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consistent with expected diurnal cycles. Irradiance was cumulatively 
higher in the morning on 10 out of the 13 days, with peaks occurring at 
~12:00. DO%sat also followed a clear diel cycle at both stations (Fig. 2). 
Values ranged between 51 and 122%, peaking during mid-late afternoon 
(15:00–18:00). Overall, DO%sat was higher at Station 1 (average =
93.6%) than at Station 2 (average = 75.0%). A hysteresis loop was 
observed between irradiance and BDO (Fig. 3) demonstrating time lags 
in DO’s response to light. Average BDO’s from 00:00–11:59 were − 0.1 
mmol m− 2 h− 1 and − 0.04 mmol m− 2 h− 1 for Station 1, and − 0.6 mmol 
m− 2 h− 1 and − 0.07 mmol m− 2 h− 1 from 12:00–23:59 for Station 2. 

NCP was negative for all days at both stations, revealing a strong 
dominance of heterotrophy within the meadow during the early autumn 
season. NCP averaged − 85.8 mmol m− 2 day− 1 and − 93.2 mmol m− 2 

day− 1 for Stations 1 and 2 respectively (Fig. 2c & d). Observations of net 
heterotrophy also agree with average GPP:R ratios of 0.63 and 0.70, 
showing the system experienced a greater level of respiration than 
photosynthesis during the study period. 

3.2. Bay spatial survey 

pCO2 was always higher than the atmospheric value of ~411 ppm, 
therefore generating a concentration gradient from ocean to air. Wind 
speeds stayed within the range of 3.5–4.3 m s− 1 during the survey 
(Fig. 2b). The spatial distribution of pCO2 reveals particularly high 
values in the southern inlet (~650 ppm) (Fig. 4). Estimates for piston 
velocities remained within the same order of magnitude for all param-
eterisations, with the Dobashi and Ho (2022) parameterisation giving an 
average value of 2.05 (Table 1). Resulting air-sea CO2 fluxes within the 
bay ranged between 1.1 and 4.4 mmol m− 2 day− 1, with a final average 
flux of 3.0 ± 1.0 mmol m− 2 day− 1. 

3.3. Cross-shore transects 

The majority of physical parameters showed significant differences 
between the bay and offshore areas (Table 2). SST values for Transect A 
(mean = 23.9 ◦C) were markedly higher than those of Transect B (mean 
= 20.8 ◦C). Transect B also showed a 1.4 ◦C contrast between bay 
(20.2 ◦C) and offshore (21.6 ◦C). Salinities were highest within the bay 
for both transects (~38.9), reflecting some evaporation in shallow 
nearshore waters and no freshwater dilution. The overall salinity range 
was just 1.2, with the average value (38.7) aligning with high values 
normally expected for the northwest Mediterranean (Álvarez et al., 
2014). pH showed clear positive gradients offshore, whilst DIC dis-
played an opposite distribution (Fig. 5). A clear difference between the 
bay and offshore waters (Fig. 5d) implied a coastal DIC source, sup-
ported by a significant (p < 0.01) negative correlation between DIC and 
distance from shoreline (Fig. 6a). In contrast, the distributional pattern 
of TA was homogenous (Fig. 5e) with a range of just 71 μmol kg− 1 and 
no significant difference (p > 0.05) between the bay and offshore 
(Table 2). Correlations of TA with distance offshore were also 
non-significant (p > 0.05) (Fig. 6), implying no substantial offshore 
exports of TA. Regression slopes of TA-DIC gave a value 0.03 for both 
transects, suggesting photosynthesis-respiration processes as a dominant 
driver of the TA-DIC relationship (Middelburg et al., 2020; Saderne 
et al., 2019; Zeebe and Wolf-Gladrow, 2001). 

Fig. 4. Spatial distribution of pCO2 (ppm) in Portlligat bay based on survey 
measurements taken on 18th September 2021, between 16:00–17:30. Dashed 
line represents spatial survey track. 

Table 1 
Piston velocity (k) (cm hr− 1) parameterisations and resulting air-sea gas exchange fluxes (mmol m− 2 day− 1). μ10m denotes wind speed at 10 m height above surface 
level. Flux shown as mean ± standard deviation, with range in brackets.  

Parameterisation  k (cm hr− 1) Flux (mmol m− 2 day− 1)     

Nightingale et al. (2000) k = 0.23 (μ10m)2 + 0.1 (μ10m) 4.17 (3.18–4.69) 5.79 ± 1.8 (2.25–8.48) 
Wanninkhof and McGillis (1999) k = 0.0280 (μ10m)3 (Sc/660)− 1/2 1.72 (1.12–2.06) 2.40 ± 0.8 (0.79–3.46) 
Ho et al. (2006) k = (0.266 ± 0.019) (μ10m)2 4.36 (3.28–4.92) 6.05 ± 1.9 (2.32–8.85) 
Dobashi and Ho (2022) k = 0.143 (μ10m)2 2.34 (1.76–2.65) 2.98 ± 1.0 (1.07 – 4..44)  

Fig. 3. Scatter plot highlighting hysteresis between irradiance (J m− 2) and 
biological dissolved oxygen change (BDO) (mmol m− 2 day− 1) at Station 1. 
Colour scale represents time of day (hr). Arrows indicate morning and after-
noon patterns. Positive BDO represents a release of dissolved oxygen, with 
negative representing an uptake. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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223Ra and 224Ra concentration measurements enabled calculation of 
offshore mixing rates (Kh), and radium ages. Both isotopes decreased 
exponentially with distance from the shoreline, resulting in log linear vs. 
distance slopes as required for the model (Fig. 7). Mixing rates were 
similar for both isotopes (0.014 ± 0.0007 and 0.012 ± 0.0004 m2 s− 1 for 

Transect A, and 0.013 ± 0.001 and 0.022 ± 0.002 m2 s− 1 for Transect B) 
(Table 3). The ratio 224Ra:223Ra decreased in the offshore direction, 
reflecting the isotopic decay. The apparent radium ages ranged from 0 to 
19 days (Fig. 5f) with younger ages found nearshore by the radium 
source. 

Table 2 
Mean values (± standard deviation) of all physio-chemical parameters measured within Portlligat bay and offshore as defined by ‘bay limit’ (Fig. 1b). The statistical 
significance of differences between the two zones was tested by a Wilcoxon rank sum test. Levels of significance (p < 0.01 or p < 0.05) are shown.  

Parameters Transect A Transect B  

Bay Offshore p value Bay Offshore p value        

SST (◦C) 24.4 ± 0.4 23.4 ± 0.3 p < 0.01 20.2 ± 1 21.6 ± 0.3 p < 0.01 
Salinity 38.9 ± 0.1 38.7 ± 0.1 p < 0.01 38.9 ± 0.2 38.4 ± 0.1 p < 0.01 
pH 8.2 ± 0.1 8.4 ± 0.1 p < 0.05 8.4 ± 0.1 8.5 ± 0.2 p < 0.05 
DIC (μmol kg− 1) 2182 ± 82 2032 ± 98 p > 0.05 2055 ± 77 1968 ± 150 p < 0.05 
TA (μmol kg− 1) 2560 ± 7 2559 ± 6 p > 0.05 2563 ± 15 2561 ± 6 p > 0.05         

Fig. 5. Spatial distributions of water parameters based on measurements for Transect A (left) and Transect B (right). (a) Salinity; (b) temperature (◦C); (c) pH; (d) 
dissolved inorganic carbon (DIC) (μmol kg− 1); (e) total alkalinity (TA) (μmol kg− 1); (f) radium age (days). 
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Mixing coefficients derived from radium isotopes (Kh) were coupled 
with linear offshore gradients of DIC and TA (m) (Table 3) to produce 
outwelling rates. This resulted in outwelling rates of 98 ± 30 mmol m− 2 

day− 1 and 130 ± 118 mmol m− 2 day− 1 for DIC, and 7 ± 3 mmol m− 2 

day− 1 and 9 ± 12 mmol m− 2 day− 1 for TA for Transects A and B, 
respectively. If the data from the two transects are combined, the 
average outwelling rates become 114 ± 61 mmol m− 2 day− 1 for DIC and 
5 ± 6 mmol m− 2 day− 1 for TA. Values for DIC outwelling were an order 
of magnitude greater than those of TA. DICequilibrium was computed as 3 
± 2 mmol m− 2 day− 1 and 22 ± 20 mmol m− 2 day− 1 for the Transects A 
and B respectively. Pairing these with the measured outwelling rates 
therefore produced DICexcess of 95 ± 21 mmol m− 2 day− 1 and 107 ± 85 
mmol m− 2 day− 1 for Transect A and B respectively. This means 96.9% 
and 82.3% of the total outwelled DIC was likely transferred back to the 
atmosphere upon reaching the open ocean. 

4. Discussion 

4.1. Metabolism 

Seagrass meadows are complex systems hosting multiple biogeo-
chemical processes (Mateo et al., 2006). During the period of study, the 
seagrass-dominated bay was controlled by photosynthesis and aerobic 
respiration. Firstly, clear diel cycles of DO demonstrate a typical 
photosynthetic response to both light and temperature variations 
throughout the day (Fig. 2) (Venkiteswaran et al., 2008). This is further 
supported by the simultaneous production of DIC and lack of TA 
enrichment. During aerobic respiration, TA experiences minor change, 
decreasing by just 0.15 mol for each mol of DIC generated (Thomas 
et al., 2009). The undetectable TA production seen here therefore sug-
gests that aerobic respiration prevailed in the meadow. An oxygenated 
rhizosphere in surface sediments (Piñeiro-Juncal et al., 2018) and 
frequent supersaturation of DO in the water column also support this 
inference. Aerobic processes are highlighted in other pristine Mediter-
ranean P. oceanica meadows (Holmer et al., 2004), but Holmer et al. 

Fig. 6. Dissolved inorganic carbon (DIC) (black) and total alkalinity (TA) (blue) 
concentrations (μmol kg− 1) versus distance from shoreline (m). Slopes (m) are 
used for outwelling calculations as shown in Equation (7). (a) Transect A; (b) 
Transect B. Slope equations are shown with standard errors of coefficients 
shown in brackets. R2 and P-value statistics are also displayed. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 7. Distribution of the natural logarithm of 223Ra (blue) and 224Ra (black) 
surface water activities versus distance from shoreline (m). Slopes are used for 
calculation of Kh in Equation (6). (a) Transect A; (b) Transect B. Slope equations 
are shown with standard errors of coefficients shown in brackets. R2 and P- 
value statistics are also displayed. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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(2003) and Apostolaki et al. (2010b) report anaerobic domination at 
sites receiving external carbon and nutrient inputs, unlike Portlligat. 
Lack of TA enrichment, low percentage of carbonates in upper sediment 
layers (Serrano et al., 2012) and TA-DIC slope values approaching zero 
(Zeebe and Wolf-Gladrow, 2001) also suggest minimal contribution 
from carbonate precipitation and dissolution at Portlligat. 

Further insights into the photosynthesis-respiration relationship can 
be drawn by examining the hysteretic response of DO to light (Fig. 3). 
Effects of daily light cycles go beyond stimulation of photosynthesis and 
may also act to promote organic carbon mineralisation (Adams et al., 
2016; Koopmans et al., 2020; Rheuban, 2013). The increased exudation 
of organic matter related to photosynthetic activity releases nutrients to 
the meadow during daylight hours (Adams et al., 2016). This build-up of 
organic matter and nutrients throughout the day amplifies respiration in 
the afternoon relative to morning (Rheuban, 2013), explaining the 
hysteresis pattern. Higher temperatures during early afternoon hours 
(Fig. 2a) may also amplify aerobic respiration. 

Increased respiration explains the negative NCP (mean = − 89.5 
mmol m− 2 day− 1) and heterotrophic behaviour seen in Portlligat in the 
early autumn. This may be perceived to contradict the general consensus 
of seagrass meadows being highly autotrophic over a complete annual 
cycle (Duarte et al., 2010, 2013; Koopmans et al., 2018). However, 
similar observations from Gazeau et al. (2005) and Barron and Duarte 
(2009) also revealed negative NCP in late summer to early autumn. 
During this time of the year P. oceanica canopies in the Mediterranean 
senesce and net leaf production rates reach minimum values (Serrano 
et al., 2011) leading to an accumulation of thick seagrass debris deposits 
(Champenois and Borges, 2012). Not only does this provide readily 
available substrate for microbial decomposition, but also results in a loss 
of photosynthetic material from the already slow growing P. oceanica 
(Barron and Duarte, 2009). Environmental conditions may also exac-
erbate the GPP:R ratio as the late summer – early autumn period brings 
reduced irradiance that further hampers photosynthesis, as well as rain 
that can enhance terrestrial nutrient run-off (Alcoverro et al., 1995). 
Oxygenated conditions in seagrass rhizospheres (Borum et al., 2006; 
Marbà et al., 2010; Piñeiro-Juncal et al., 2020), also promote the more 
efficient aerobic respiration as opposed to anaerobic processes. As a 
result, heterotrophy and aerobic mineralisation in Portlligat released 
DIC to the water column during early autumn. 

4.2. Air-sea CO2 flux 

The insight from DO observations in Portlligat is consistent with both 
the magnitude and spatial distribution of pCO2. Overall, sea surface 
pCO2 exceeded atmospheric partial pressures throughout the entire bay. 
The source of this CO2 is likely seagrass heterotrophy and aerobic 
mineralisation. Furthermore, higher pCO2 values were found in the 
southern inlet where meadow coverage is sparse and less healthy 
(Fig. 1b). This is likely explained by reduced photosynthetic activity and 

increased decomposition (Champenois and Borges, 2021; Liu et al., 
2017; Roca et al., 2022), as well as geomorphology of the area which 
promotes accumulation of debris and longer residence times. Outgassing 
CO2 fluxes (3.0 ± 1.0 mmol m− 2 day− 1) are of similar magnitude to 
those seen in other Mediterranean P. oceanica meadows at the same time 
of year. Frankignoulle (1988) reported values of 6.2 mmol m− 2 day− 1 for 
August and 10.8 mmol m− 2 day− 1 in October. Given the similar sam-
pling season and low winds (<3 m s− 1), the slight difference between 
values established here and those of Frankignoulle (1988) are attributed 
to stronger air-sea gradients and chamber techniques which produced 
two-fold larger piston velocities (Matthews et al., 2003). Gazeau et al. 
(2005) also reported fluxes within the same range, suggesting source 
behaviour throughout summer seasons, with net ecosystem production 
being most negative in late summer – early autumn after high organic 
matter production. In comparison, Champenois and Borges (2021) 
suggested a net annual air-sea flux of –1.9 mmol m− 2 day− 1 for another 
seagrass populated Mediterranean bay. 

There are potential uncertainties in the CO2 emission estimates 
presented. For example, spatial and temporal heterogeneities in wind 
speed and temperature drive uncertainty. Van Dam et al. (2021a) 
attributed 23% of diurnal variability in CO2 flux above a seagrass 
meadow to the effect of changing water temperatures on gas solubility. 
Zhang and Fischer (2014) also highlighted the impact of biological in-
fluence on daily CO2 fluctuations. The spatial survey in Portlligat was 
conducted in the late afternoon, 2 hours post peak temperatures and 
corresponding with the period of greatest respiration (Figs. 2 and 4). 
Furthermore, the spatial survey for gas exchange was performed when 
wind speed values were below the mean (Fig. 2b). Piston velocity 
parameterisations present another source of uncertainty to flux calcu-
lations. The parameterisation employed here is applicable for coastal 
seagrass ecosystems, and developed in a bay with similar characteristics 
to Portlligat during the study period (e.g. limited wind fetch, relatively 
shallow, minimal tides, low wind speeds) (Dobashi and Ho, 2022). 

4.3. Outwelling of DIC and TA 

This study provides one of the first estimates for DIC outwelling in 
seagrass meadows. Lateral transport of DIC originated from within the 
bay. As implied from the DO timeseries and the pCO2 spatial survey, the 
most plausible source of DIC at this site is heterotrophic behaviour of the 
P. oceanica meadow during early autumn. Although comparisons to 
other DIC observations are limited, evaluation against DOC outwelling 
can be made. Barron and Duarte (2009) estimated DOC outwelling from 
the P. oceanica at Magalluf bay to be 12.2 ± 4.3 mmol m− 2 day− 1 for the 
month of September. Similarly, Apostolaki et al. (2010a) provided es-
timates of 7.2 ± 2.6 mmol m− 2 day− 1 in August and 12.6 ± 4.5 mmol 
m− 2 day− 1 in October for a P. oceanica meadow in Greece. The magni-
tude of DIC outwelling calculated here (114 ± 61 mmol m− 2 day− 1) is an 
order of magnitude larger than those of the previously recognised DOC. 

Table 3 
Summary of terms used to estimate horizontal eddy diffusivity mixing coefficients (Kh) and outwelling.   

Parameter Unit Transect A Transect B    

Value Uncertainty Value Uncertainty 

Eddy diffusivity 223Ra λ day− 1 0.06  0.06  
224Ra λ day− 1 0.19  0.19  
Ln (223Ra) slope m− 1 − 0.0071 ± 0.00038 − 0.0074 ± 0.00064 
Ln (224Ra) slope m− 1 − 0.0134 ± 0.00039 − 0.0099 ± 0.00069 
Kh 223 m2s− 1 0.014 ± 0.00074 0.013 ± 0.0011 
Kh 224 m2 s− 1 0.012 ± 0.00036 0.022 ± 0.0015 

Offshore linear slope (m) TA mmol m− 3 m− 1 0.0024 ± 0.0021 0.0044 ± 0.0082 
DIC mmol m− 3 m− 1 0.0870 ± 0.027 0.0857 ± 0.078 

Outwelling fluxes TA mmol m− 2 d− 1 3 ± 2 7 ± 12 
DIC mmol m− 2 d− 1 98 ± 30 130 ± 118 

Outwelling fluxes per m shoreline TA mmol m− 1 d− 1 0.2 ± 0.2 0.5 ± 1 
DIC mmol m− 1 d− 1 7 ± 3 9 ± 12  
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Hence, DIC export seems to be a significant component of the seagrass 
carbon budget, as also observed in mangrove and saltmarsh ecosystems 
(Maher et al., 2018; Yau et al., 2022). 

Once DIC reaches the ocean, it can follow two potential paths — 
emission to the atmosphere as CO2 or sequestration in the oceanic pool 
(Santos et al., 2021). At Portlligat, DIC outwelling (114 ± 61 mmol m− 2 

day− 1) was accompanied by a minor export of TA (5 ± 6 mmol m− 2 

day− 1). Without a source of TA, CO2 derived from net heterotrophy will 
not be converted to carbonate alkalinity (Raymond et al., 2000; Santos 
et al., 2019). In addition, DICequilibrium’s were just 3% and 18% of total 
outwelled DIC for Transects A and B respectively. Hence, the majority of 
DIC was potentially returned to the atmosphere and represents an 
overlooked carbon emission pathway from the seagrass system during 
early autumn. 

Although not all components of the carbon budget were quantified in 
this study, a preliminary assessment can be made. The local long-term 
carbon burial rate in sediments at Portlligat is 17 mmol m− 2 day− 1 

(Serrano et al., 2012). If just considering above-meadow outgassing (3.0 
± 1.0 mmol m− 2 day− 1), the seagrass meadow would be perceived as a 
CO2 sink. However, average DIC outwelling was >20-times larger than 
CO2 lost via outgassing within the bay. Combining the portion of DIC 
that is outgassed following export (average DICexcess = 101 ± 44 mmol 
m− 2 day− 1) with above-meadow emissions (3.0 ± 1.0 mmol m− 2 day− 1) 
gives a total loss of 104 ± 22 mmol m− 2 day− 1. Hence, carbon emissions 
following offshore outwelling potentially exceed long term sequestra-
tion in local soils by > 500% during the study period. Further in-
vestigations encompassing all seasons of the year are required to close 
the overall carbon budget at Portlligat. This is also relevant when 
evaluating the contribution of NCP to outwelling. The fact that total DIC 
outwelling (114 ± 61 mmol m− 2 day− 1) exceeded NCP (mean = − 89.5 
mmol m− 2 day− 1) can be explained by the different resolutions and 
timescales of processes captured by measurements. P. oceanica produces 
largest negative NCP in August (Gazeau et al., 2005). Estimations for 
outwelling may depict conditions from these prior weeks, explaining the 
disparity. 

The use of radium isotopes in this study represents an example of 
their application to outwelling investigations in seagrass meadows. 
Activities of both 223Ra and 224Ra displayed an exponential decrease 
with distance offshore, confirming the shoreline as the major source 
(Moore, 2000b). Strong stratification during late summer – early 
autumn (Bégovic and Copin-Montégut, 2002) and coarse nature of 
sediments (Serrano et al., 2012) further confirms the lack of additional 
inputs from offshore sediment diffusion or suspended particles 
(Dulaiova and Burnett, 2008; Hougham and Moran, 2007; Tait et al., 
2013). The linear fit of the log distributions demonstrates control via 
eddy diffusivity rather than horizontal advection (Burnett et al., 2008), 
inferred also by limited tidal action at the site (Schmidt et al., 2011). 
Similarities between Kh’s of both 223Ra and 224Ra imply a system 
approaching steady state on timescales of weeks (Charette et al., 2007; 
Yadav and Jha, 2019). The slight discrepancy between Kh’s calculated 
for Transect B could be associated with changing wind conditions 
influencing mixing processes on the timescale of 224Ra decay (Dulaiova 
and Burnett, 2008; Moore and de Oliveira, 2008). 

5. Conclusion 

This study presents some of the first estimates for DIC and TA 
outwelling from a seagrass meadow. The lateral exports of DIC were 
larger than previously estimated for DOC, and >20-times greater than 
above-meadow CO2 outgassing. DIC production was fuelled by seagrass 
heterotrophy and aerobic metabolism. Uncoupled TA generation and 
export suggested that the majority of outwelled DIC was recycled back to 
the atmosphere as CO2. DIC outwelling at this site therefore acted as a 
loss pathway from the system during early autumn, potentially opposing 
some of the ‘blue carbon’ sequestration within sediments. Further work 
quantifying DIC and alkalinity outwelling in seagrass meadows is vital 

for determining its annual contribution to seagrass carbon budgets, 
together with DOC and POC fluxes. Radium isotopes could be used to 
resolve mixing rates and offshore transport. 

CRediT authorship contribution statement 
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