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Abstract. The increasing rates of CO2 due to anthropogenic
activities are causing important potential climate threats
for the Mediterranean Sea: ocean acidification and warm-
ing. In this region, two seagrass species, Posidonia ocean-
ica and Cymodocea nodosa, can play a crucial role in cli-
mate change mitigation. Seagrasses can act as carbon sinks,
buffer lowering pH values during the day and storing car-
bon in the sediment underneath their meadows. However,
available data documenting these processes are scattered and
collected using different methodologies, which makes its
interpretation and generalization very challenging. In this
study, we analyzed published and unpublished data (col-
lected for this study) on seagrass community metabolism
to compare two methodologies, benthic chambers and mul-
tiparametric sensors, and evaluate trends through time for
these two species. Furthermore, we analyzed seasonal trends
of both seagrass species’ metabolic rates and their varia-
tion between the eastern and western Mediterranean basins.
Most evaluated meadows, 80.9 %, were autotrophic. Cal-
culated metabolic rates differ between methodologies, with
multiparametric sensors estimating rates almost an order of
magnitude higher, 143.22±28.21 (SE) mmol O2 m−2 d−1 for
net community production (NCP) compared to an average of
18.75± 3.80 (SE) mmol O2 m−2 d−1 for measurements with
benthic chambers. However, sensors are not able to differ-
entiate between habitats and only useful to assess seagrass
metabolism at a broader community level, whereas benthic
chambers are capable of evaluating rates at the species level

and confirm that P. oceanica is more productive compared
to C. nodosa. We found similar metabolic rates in the east-
ern and western Mediterranean regions for P. oceanica with
the benthic-chamber technique and higher NCP in the west
based on sensor measurements.

1 Introduction

A fifth of the global carbon sequestration in marine sedi-
ments (Duarte et al., 2005; Kennedy et al., 2010) can be
attributed to seagrass meadows, despite the fact that they
cover only a 0.1 % of the ocean surface. This “blue carbon”,
which is defined as organic carbon buried in sediments un-
derneath marine vegetation (Duarte et al., 2005; Kennedy
et al., 2010; Mcleod et al., 2011; Greiner et al., 2013), is
the result of the combination of intense metabolic activity of
the vegetation, high trapping capacity of allochthonous mat-
ter and an effective carbon preservation in sediments under-
neath meadows (Cebrian, 1999). Due to the enhanced depo-
sition rates caused by the physical presence of the canopies
in the water column, seagrass meadows capture suspended
organic matter, which accumulates as organic matter in the
sediment (Romero et al., 1994; Pergent et al., 1997; Mateo et
al., 2006; Hendriks et al., 2008; Kennedy et al., 2010). How-
ever, also the in situ plant growth, for which productivity can
be a proxy, contributes to organic matter accumulation in the
sediment (Greiner et al., 2013). Even though carbon dioxide
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(CO2) uptake through metabolic activity is on much shorter
timescales compared to carbon storage, seagrass productiv-
ity and growth contribute to the sequestration and storage
of a considerable amount of carbon in underlying sediments
(Mcleod et al., 2011; Fourqurean et al., 2012).

There are species-specific differences in carbon burial
rates and stocks; for Cymodocea nodosa, the annual car-
bon burial from productivity at a specific site has been es-
timated as 4.4 g C m−2 yr−1, whereas P. oceanica accumu-
lated at 66.4 g C m−2 yr−1 at the same location (Cebrian et
al., 1997). In general, seagrass communities tend to be au-
totrophic, although primary production varies depending on
the evaluated temporal scales: daily, seasonally (Bay, 1984;
Alcoverro et al., 1995; Gobert et al., 2006; Hendriks et al.,
2014) and annually (Champenois et al., 2012, 2019). Fur-
thermore, primary production and related carbon storage also
depend on many other variables such as structural complex-
ity (Trevathan-Tackett et al., 2015), size of the meadow (Ri-
cart et al., 2017), local nutrient dynamics (Armitage and
Fourqurean, 2016), hydrodynamics (Samper-Villarreal et al.,
2016) and water depth (Serrano et al., 2014). A consistent
methodology to estimate seagrass productivity is crucial to
estimate its contribution to the global carbon sink capac-
ity and to approximate the economic and ecological conse-
quences of the decline of this ecosystem worldwide (Orth et
al., 2006; Waycott et al., 2009).

Despite their importance, little is known about the effect
of increasing rates of atmospheric CO2 on these ecosystems,
and predictions for the open ocean may not reflect future
conditions in coastal zones (Hendriks et al., 2010; Hofmann
et al., 2011; Kelly and Hofmann, 2013; Lacoue-Labarthe et
al., 2016), the main habitat for seagrasses. Increasing dis-
solved CO2 in the water column generates pH changes and
contributes to the complex biogeochemical dynamics driv-
ing coastal ecosystems (Aufdenkampe et al., 2011), which
are often also affected by human activities. Dynamics of the
carbonate system in coastal regions are frequently influenced
by benthic ecosystems that have the capacity to buffer physi-
cal and chemical conditions of the environment (Gutiérrez et
al., 2011). By capturing CO2 and releasing oxygen (O2), sea-
grass ecosystems drive fluctuations in pH and dissolved oxy-
gen concentrations in the adjacent water column that follow
daily and seasonal patterns modulated by metabolic activity
(Duarte et al., 2013; Hendriks et al., 2014). Primary produc-
tion is hence an important component in the assessment of
pH variation in coastal ecosystems. Through their photosyn-
thetic activity, pH modification of the adjacent water mass by
seagrasses attenuates ocean acidification, possibly providing
a temporary refuge for calcifying organisms while oxygenat-
ing the water column through oxygen production (Hendriks
et al., 2014).

Seagrass metabolism can be conditioned by abiotic param-
eters such as temperature and can be assessed through the
changes in concentration of dissolved oxygen in water. Water
temperature has an effect on the air–water exchange by mod-

ifying oxygen solubility and affects ecosystem metabolism
(Brown et al., 2004; Vaquer-Sunyer and Duarte, 2013). In
addition, anthropogenic pressures such as eutrophication
(Paerl, 2006) or climate change are affecting oxygen cycling
(Keeling and Garcia, 2002; Conley et al., 2009; Keeling et
al., 2010), and dissolved oxygen is one of the environmental
parameters that has changed more drastically in a short pe-
riod of time (Díaz and Rosenberg, 1995; Diaz, 2001), with
potential catastrophic consequences for marine life (Vaquer-
Sunyer and Duarte, 2008). In coastal ecosystems, increased
nutrient inputs contribute to higher organic production and
oxygen demand with a consequently greater likelihood of
hypoxia (Karim et al., 2003; Zhang et al., 2010). Measuring
dissolved oxygen concentrations in seagrass meadows allows
for inferring metabolic parameters such as gross primary pro-
duction (GPP) for the meadow community. Metabolic com-
munity status is defined by the net community production
(NCP), the difference between GPP and community respi-
ration (CR). When a community exports organic carbon to
adjacent systems, it is considered net autotrophic (NCP> 0);
on the other hand, if the community gets external organic car-
bon inputs to sustain its own metabolism, it is considered net
heterotrophic (NCP< 0) (Champenois and Borges, 2012).

The dominant seagrass species in the Mediterranean Sea
are Cymodocea nodosa and Posidonia oceanica, inhabiting
a region that has been defined as a “hotspot for climate
change” (Giorgi, 2006) with warming rates of 2- to 4-fold
higher than in other regions (Vargas-Yáñez et al., 2008; Bur-
rows et al., 2011). An increase in the seasonal average tem-
perature of 2.2 ◦C in winter and 3.4 ◦C in summer is pro-
jected for the end of this century for the western basin of
the Mediterranean Sea in a scenario with moderated green-
house gas emissions (Jordà et al., 2012). Furthermore, ex-
treme thermal events are expected to be more intense and
frequent in the Mediterranean region (Ali et al., 2022), while
the basin is not subject to the same rates of warming, with
indications that the eastern Mediterranean is warming faster
than the western Mediterranean (Amitai et al., 2020; Nykjaer,
2009). Climate warming can impact P. oceanica meadows
negatively, as higher temperatures stress the species physi-
ologically (Marbà and Duarte, 2010), with shoot mortality
increasing during heat waves exceeding 28 ◦C at the end of
summer (Diaz-Almela et al., 2007). The total surface area
occupied by P. oceanica meadows is estimated to range be-
tween 1 % and 2 % of the total surface area of the Mediter-
ranean Sea (Béthoux and Copin-Montégut, 1986; Pasqualini
et al., 1998), although this number is uncertain (Bonacorsi et
al., 2013). The distribution has been estimated as 510.710 ha
in the western and 713.992 ha in the eastern Mediterranean
basin (Telesca et al., 2015), which might be conservative due
to a lack of data, with many more data available in the west-
ern basin compared with the eastern part where the absence
of data is common. Contrary to other European seagrasses
with decreasing loss rates (de los Santos et al., 2019), the
extent of P. oceanica meadows is decreasing considerably

Biogeosciences, 19, 4619–4637, 2022 https://doi.org/10.5194/bg-19-4619-2022



I. E. Hendriks et al.: Mediterranean seagrasses as carbon sinks 4621

(Boudouresque et al., 2009; Telesca et al., 2015) with ranges
between 13 % and 50 % areal extent lost since the 1960s
(Marbà et al., 2014). C. nodosa meadows have a higher ther-
mal tolerance and are supposed to cope better with increasing
temperatures (Egea et al., 2018), even though high tempera-
tures during heat waves over the coming decades might in-
crease the annual mean temperature by 4 ◦C and will prob-
ably exceed the limit beyond which C. nodosa losses can
be expected in the Mediterranean Sea (Olsen et al., 2012;
Chefaoui et al., 2018). Also, all Mediterranean waterbodies
are affected by anthropogenic CO2 emissions; however they
are more so in the western basin, demonstrated by decreasing
values of pH ranging from −0.14 to −0.005 pH unit drops
since the beginning of the industrial era to 2001, higher than
elsewhere in the open ocean (Touratier and Goyet, 2011).
Therefore, ocean acidification is a climate change indica-
tor that has been characterized as one of the most important
for the Mediterranean Sea, together with temperature and
UV radiation (Micheli et al., 2013). In addition to climate
change, the Mediterranean Sea is likely to be more impacted
by human disturbances like overfishing, increasing pollution
from wastewater outfalls, riverine and agricultural runoff,
fish farming, and the introduction of alien species (Lejeusne
et al., 2010) from other seas (Giorgi and Lionello, 2008; Ri-
chon et al., 2019). With these multiple pressures increasing,
it is crucial to evaluate the functions and services provided
by key coastal ecosystems such as seagrasses.

Seagrass metabolism has classically been measured us-
ing closed benthic chambers (Duarte et al., 2010). However,
the spatial heterogeneity of these ecosystems (Gazeau et al.,
2005) and their high temporal variability cannot be easily
estimated with this approach (Karl et al., 2003). For this
purpose, using sensors can be more suitable, as dissolved
oxygen concentrations can be evaluated for longer periods
of time. Additionally, the aquatic eddy covariance technique
can give even more precise values for productivity, although
these are spatially limited; nevertheless so far there has only
been one study including P. oceanica in the Mediterranean
Sea (Koopmans et al., 2020). GPP values obtained with the
use of benthic chambers could provide an underestimate as
a result of photorespiration, while the use of multiparametric
sensors measuring oxygen in the canopy probably provides
more realistic GPP values (Champenois and Borges, 2012).
The use of multiparametric sensors to measure oxygen also
provides the opportunity to measure metabolic rates without
damaging roots or rhizomes. In river and lake ecosystems,
the measurement of metabolism by oxygen sensors and log-
gers is a commonly used method (Cole et al., 2000; Coloso
et al., 2008), while it is not as widespread in coastal waters
(Odum and Hoskin, 1958; Odum and Wilson, 1962; Ziegler
and Benner, 1998; Vaquer-Sunyer et al., 2012) due to the
higher lateral transport rates of water in these systems.

The aim of this study is to evaluate the potential carbon
capture of the dominant Mediterranean Sea seagrass (Posido-
nia oceanica and Cymodocea nodosa) communities through

their metabolic activity, comparing two methodologies (ben-
thic chambers and multiparametric sensors), and evaluate the
spatial and temporal differences between Mediterranean re-
gions. We do so by conducting field measurements amended
by published data compiled from the literature.

2 Methods

2.1 Data compilation

Data for the metabolic parameters were extracted from the
literature, through a literature search on Scopus and the
Web of Science using the keywords “Posidonia”,
OR “Cymodocea”, OR “Seagrass”, AND
“Productivity”, OR “Metabolism”, and the
results were manually screened for data on metabolism in
the Mediterranean basin. This database was extended with
submitted data and data from dedicated sampling campaigns
in 2016 in Mallorca (western Mediterranean) and 2017 in
the eastern basin (Crete and Cyprus; see Table 1, Fig. 1).
We compiled data from multiparametric sensors, collected
during different periods ranging from 2011 to 2019 (for
details see Table 1), and data using the benthic chambers
methodology, which had a higher number of literature
studies, with a total of 12 publications for P. oceanica
and/or C. nodosa meadows (for details see Table 2), and a
wider temporal cover with studies carried out from 1982
to 2019. Importantly, this study adds new data on Mediter-
ranean seagrasses metabolism in the eastern Mediterranean
basin (Crete, Cyprus; Table 1), where few data have been
published before.

2.2 Site description

Data from multiparametric sensors in either Posidonia
oceanica and/or Cymodocea nodosa meadows came from
one site in France (Corsica, literature), eight in Spain (Mal-
lorca, of which one was collected for this study), three in
Crete (Greece) and one in Cyprus (Republic of Cyprus), with
the last four all collected for this study (see Table 1). All were
shallow sites, ranging from 2.9 m depth (Punta Negra, Mal-
lorca) to 15.7 m depth (Cap Enderrocat, Mallorca). Extracted
data from Corsica came from Cape Revellata, a protected
area. The site in Limassol (Cyprus) is adjacent to the second-
largest city in Cyprus, and it is considered an impacted area
affected by high anthropogenic pressures related to intense
tourism and the construction of extensive coastal infrastruc-
tures. Marathi and Kalami are located close to each other
next (< 10 km) to the port of Souda in western Crete; both
sampling sites have similar environmental conditions and are
impacted by notable sewage discharge, agriculture and in-
dustrial/chemical pollution (Simboura et al., 2016). Maridati,
in eastern Crete, is a pristine bay but affected by intermit-
tent discharges of an ephemeral stream (Wesselmann et al.,
2021). In Mallorca, multiparametric sensors were deployed
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Figure 1. Location of sampling sites with the numbered ID as described in Tables 1 and 2 included in this compilation (map generated with
the M_Map package of MATLAB, 2012).

in sites with a range of environmental impacts, encompass-
ing sites with protection like Cap Enderrocat, which forms
part of an SPA (Special Protection Area) under the Birds Di-
rective and is a SIC (Site of Community Importance, Natura
2000), and Son Verí and Cala Blava, which are also protected
and host 11.5 % of the total P. oceanica meadows within the
marine protected area of Cap Enderrocat–Cap Blanc. Even
though the locations are protected, the Bay of Palma is influ-
enced by various outlets of wastewater treatment plants. On
the opposite site in the Bay of Palma, Punta Negra is con-
sidered a Natural Area of Special Interest (SPA and a natural
space protected by law by the government of the Balearic
Islands). Magaluf (Mallorca, Bay of Palma) is in front of a
touristic beach, but the location of the sensors was sheltered
behind an island (Isla de sa Porrassa). Sant Elm (Mallorca) is
located in a relatively pristine area but near a sewage plant ef-
fluent. Pollença (Mallorca) is in an enclosed bay affected by
considerable organic input from the Albufera wetlands, an
effluent of the sewage plant, nearby harbor and urban area.
The least impacted site would be Santa Maria, a bay located
on the coast of the island of Cabrera and the most pristine
sampling area. The island of Cabrera is part of the Cabrera
Archipelago Maritime–Terrestrial National Park and recog-
nized internationally as a special protection zone with im-
portance for the Mediterranean and SAC (Special Area of
Conservation). The sampling sites where sensors were de-
ployed in the Mediterranean therefore include sites with dif-
ferent degrees of human impact and protected areas with very
low anthropogenic impact.

2.3 Data analysis

We compare metabolic data obtained by both methods,
benthic chambers and multiparametric sensors. For benthic
chambers, reported metabolic data as well as accompany-
ing biotic parameters were extracted from the literature. In
these articles net community production (NCP) and respi-
ration (R) was generally estimated from changes in dis-
solved oxygen using the Winkler titration spectrophotomet-
ric method (Labasque et al., 2004). Benthic chambers en-
close a section of the seagrass meadow, and flexible fitted
plastic bags, not permeable for gases, assure the possibility
of movement of the shoots inside; see details in the method
section of each paper for the exact construction used. The
benthic-chamber methodology has been more generally used
to assess metabolism of seagrass meadows, and the database
of this study contains a total of 100 NCP estimations. For
multiparametric sensor data, data available as oxygen con-
centration over time were processed and analyzed to obtain
the metabolic parameters (see Sect. 2.3.1); when this was not
available, we used the reported metabolic rates. We com-
pare the data obtained by both methodologies, with calcu-
lated metabolism from raw oxygen profiles obtained with
the multiparametric sensors where possible, and only used
directly reported productivity values for the sensor data ob-
tained from Champenois and Borges (2012, 2019).
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Table 1. Characteristics of sampling stations with data for multiparametric sensors. Temperature and salinity represent average values during
the deployment.

Region Station ID Date Species Depth Temperature Salinity
(m) (◦C)

Mallorca Cap Enderrocat1 1 25–26 Aug 2016 Posidonia oceanica 14.6 26.6 40.1

18–29 Aug 2016 Cymodocea nodosa 15.7 26.6 38.8

Mallorca Son Verí2 2 5–11 Jun 2012 Posidonia oceanica 7.3 23.4 40.8

5–8 Jun 2012 5.4 23.4 40.8

Mallorca Cala Blava2 3 6–12 Jun 2012 Posidonia oceanica 5.9 23.8 38.9

5–11 Jun 2012 4.4 23.8 39

Mallorca Punta Negra3 4 2–3 Jul 2019 Cymodocea nodosa 2.9 15.4 36.8

11–12 Apr 2019 Posidonia oceanica 3.3 15.3 37.1

Mallorca Magaluf2 5 20–23 Sep 2011 Posidonia oceanica 6.3 26.3 40.5

Mallorca Sant Elm2 6 13–16 Sep 2011 Posidonia oceanica 9.4 26.8 40.3

Mallorca Cabrera2 7 6–9 Sep 2011 Posidonia oceanica 7.2 26.6 40.2

Mallorca Pollença4 8 16–17 Oct 2018 Cymodocea nodosa 6.4 23 38.6

16–17 Jul 2018 Posidonia oceanica 6.1 24 39

15–16 Jan 2019 Posidonia oceanica 7.1 13.2 36.9

15–16 Jan 2019 Cymodocea nodosa 7.7 13.2 37

18–19 Apr 2018 Cymodocea nodosa 6.8 16.1 37.7

18–19 Apr 2018 Posidonia oceanica 6.5 16.1 38.4

25–30 Jun 2015 Cymodocea nodosa 8 25.7 40.6

25 Jun–1 Jul 2015 Posidonia oceanica 4.5 25.8 40.9

Crete Marathi1 9 18–20 Jul 2017 Posidonia oceanica 4.7 26.3 40.5

Kalami1 10 18–20 Jul 2017 Cymodocea nodosa 5.4 27 40

Maridati1 11 21–23 Jul 2017 Cymodocea nodosa 6.2 25.2 40.5

21–23 Jul 2017 Posidonia oceanica 8.9 25.1 40.7

Cyprus Limassol1 12 4–7 Sep 2017 Cymodocea nodosa 3.2 27.3 40.2

Corsica Revellata5 13 2006–2016 Posidonia oceanica 10 18.7 NA

Corsica Revellata6 13 2006–2009 Posidonia oceanica 10 18.6 NA

Source: (1) Vaquer-Sunyer et al. (unpublished data), (2) Hendriks et al. (2014), (3) Marx et al. (2021), (4) Hendriks et al. (unpublished data),
(5) Champenois and Borges (2019), (6) Champenois and Borges (2012). NA – not available.

2.3.1 Calculations of metabolic rate from
multiparametric sensors

Where available, we used time series of dissolved oxygen
(DO, in mg L−1), salinity and temperature (◦C) measured in
P. oceanica and/or C. nodosa meadows with multiparametric
sensors (OTT Hydrolab DS5X and HL4), with an accuracy
for dissolved oxygen evaluated as ±0.2 mg L−1. The dura-
tion of the data collection was different depending on the site,

from 1 full day to 4 consecutive days (see Table 1), while 24 h
periods were used for calculations.

Sensors were deployed 0.2 m above the seafloor in sea-
grass meadows. Data were recorded every 15 min except in
Cap Enderrocat where readings were taken every 10 min (Ta-
ble 1). Biological metadata detailing habitat traits were ob-
tained following the methodology described by Hendriks et
al. (2014).
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Table 2. Characteristics of sampling stations with data for benthic-chamber deployments. Temperature and salinity represent average values
during the deployment.

Region Station ID Season Year Species Depth Temperature Salinity
(m) (◦C)

Corsica Bay of Calvi1 13 Avg year 1982–1984 Posidonia oceanica 8
Spain Ebro delta2 14 Summer 2000 Cymodocea nodosa 2
Mallorca Magaluf3 5 Avg year 2001 Posidonia oceanica 7
Mallorca Magaluf4 5 Summer–spring 2001 Posidonia oceanica 7 27.5
Mallorca Cabrera5 7 Summer 2000 Cymodocea nodosa 3 18 38
Mallorca Sa Paret5 15 Summer 2000 Posidonia oceanica 17 18 38
Mallorca Porto Colom5 16 Summer 2000 Posidonia oceanica 5 18 38
Mallorca Santa Maria5 7 Summer 2000 Posidonia oceanica 13 18 38
Mallorca Magaluf3 5 Avg year 2002 Posidonia oceanica 7
Mallorca Cap Enderrocat6 1 Avg year 2002 Posidonia oceanica 15
Mallorca Bay of Palma6 17 Avg year 2002 Posidonia oceanica 7
Portugal Ria Formosa7 18 Summer 2002 Cymodocea nodosa 2
Greece Sounion8 19 Avg year 2006 Posidonia oceanica 14.5
Mallorca Es Caragol9 20 Avg year 2006 Posidonia oceanica 6
Greece Sounion8 19 Winter–spring 2007 Posidonia oceanica 14.5
Corsica Revellata10 13 Summer–winter 2007–2009 Posidonia oceanica 10
Corsica Revellata11 13 Fall 2012 Posidonia oceanica 10
Mallorca Alcanada12 21 Fall 2012 Posidonia oceanica 4 18 36.6
Mallorca Alcanada12 21 Winter 2012 Posidonia oceanica 4 13 35.94
Mallorca Albufera12 22 Summer 2012 Posidonia oceanica 4 25.5 38.27
Mallorca Calanova12 23 Summer 2012 Posidonia oceanica 4 23.5 38.14
Mallorca Alcanada12 21 Summer 2012 Posidonia oceanica 4 25.25 38.23
Mallorca Arenal12 24 Summer 2013 Posidonia oceanica 4 24.25 38.08
Mallorca Alcanada12 21 Spring 2013 Posidonia oceanica 4 18.8 37.7
Mallorca Arenal12 24 Summer 2013 Posidonia oceanica 4 27.6 37.7
Mallorca Calanova12 23 Summer 2013 Posidonia oceanica 4 28.3 37.6
Mallorca Albufera12 22 Summer 2013 Posidonia oceanica 4 23.8 38
Mallorca Alcanada12 21 Summer 2013 Posidonia oceanica 4 23.5 38
Mallorca Punta Negra13 4 Summer 2019 Posidonia oceanica 2.79 26.06 37.79
Mallorca Punta Negra13 4 Spring 2019 Cymodocea nodosa 5.66 15.85 37.01
Mallorca Punta Negra13 4 Spring 2019 Cymodocea nodosa 3.40 15.33 37.42
Mallorca Punta Negra13 4 Spring 2019 Cymodocea nodosa 3.40 15.85 37.02
Mallorca Punta Negra13 4 Summer 2019 Cymodocea nodosa 2.84 26.19 37.75
Mallorca Punta Negra13 4 Summer 2019 Cymodocea nodosa 2.79 26.06 37.79
Mallorca Punta Negra13 4 Summer 2019 Cymodocea nodosa 2.79 26.06 37.79
Mallorca Punta Negra13 4 Summer 2019 Cymodocea nodosa 2.84 26.19 37.75
Mallorca Punta Negra13 4 Spring 2019 Posidonia oceanica 3.40 15.33 37.42
Mallorca Punta Negra13 4 Spring 2019 Cymodocea nodosa 3.40 15.33 37.42
Mallorca Punta Negra13 4 Summer 2019 Posidonia oceanica 2.84 26.19 37.75
Mallorca Punta Negra13 4 Summer 2019 Posidonia oceanica 2.84 26.19 37.75
Mallorca Punta Negra13 4 Spring 2019 Posidonia oceanica 3.40 15.85 37.02
Mallorca Punta Negra13 4 Spring 2019 Posidonia oceanica 3.40 15.85 37.02
Mallorca Punta Negra13 4 Summer 2019 Posidonia oceanica 2.79 26.06 37.79
Mallorca Punta Negra13 4 Spring 2019 Posidonia oceanica 3.40 15.33 37.42

Source: (1) Frankignoulle and Bouquegneau (1987), (2) Barrón et al. (2004), (3) Barrón and Duarte (2009), (4) Barrón et al. (2006), (5) Holmer et al. (2004), (6) Gazeau
et al. (2005), (7) Santos et al. (2004), (8) Apostolaki et al. (2010), (9) Gacia et al. (2012), (10) Champenois and Borges (2012), (11) Olivé et al. (2016), (12) Agawin et
al. (2017), (13) Marx et al. (2021).
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Oxygen sensors (Hach LDOTM) were calibrated using
the water saturated air method calibration. For validation of
salinity, specific conductance calibrations were performed
with 50 000 µS cm−1 buffers. For depth measurements, pres-
sure readings were corrected for specific conductance.

Meteorological data for the deployment period were ob-
tained from the Agencia Estatal de Meteorología (AEMET)
for the stations in Mallorca, from the Cyprus Department of
Meteorology for Cyprus sampling sites and from the Hellenic
National Meteorological Service for the locations in Crete
(see Table S1 in the Supplement).

With input parameters of dissolved oxygen (DO), temper-
ature (◦C) and salinity we calculated the metabolic rates of
the seagrass habitats using a modification of the model of
Coloso et al. (2008) implemented in MATLAB (version 7.5,
MathWorks Inc.) explained in detail in Vaquer-Sunyer et
al. (2012). For each station, we manually introduced the
mixed-layer depth (MLD); the latitude; and year, day and
time as the day fraction. For wind speed (m s−1) we used the
gas transfer velocity (k660) calculations based on Kihm and
Körtzinger (2010). Net community production (NCP) was
calculated as gross primary production (GPP)− community
respiration (CR), taking into account diffusive exchange with
the atmosphere (D), following Eq. (1):

DO= NCP+D+A. (1)

The diffusion with the atmosphere is regulated by the dif-
ference in DO concentration linked to atmospheric equilib-
rium (DOsat) and the air–sea gas velocity transfer for oxygen
(k) at a given temperature according to Eq. (2):

D = k (DOsat−DO) , (2)

where D can be positive (DO addition to the system) or neg-
ative (DO removal from the system). Wind speed was es-
timated at each station for 15 min intervals (10 min for the
Cap Enderrocat station) to predict k660 (air–sea gas transfer
velocity for oxygen at 20 ◦C and a salinity of 35) based on
Kihm and Körtzinger (2010) and Cole and Caraco (1998).
Schmidt number equations for seawater according to Wan-
ninkhof (1992) were used for the k calculation from k660. As
the cubic model equals the model proposed by Wanninkhof
and McGillis (1999) for short-term winds, this parameteriza-
tion by Kihm and Körtzinger (2010) is used.

The model assumes that the only metabolic activity dur-
ing the night is respiration (community respiration; CR), as
in the absence of sunlight there is no photosynthetic pro-
duction. CR can be extracted from the change in oxygen
concentration during the night (net community production at
night=CR), from 1 h past sunset to 1 h before sunrise. Dur-
ing the daylight period net community production (NCP) is
considered to be the result of the balance between gross pri-
mary production (GPP) and CR. NCP was calculated using
the rate of change in DO within the interval of 24 h, while
CR is calculated from night values and converted to hourly

rates. As is common, we assumed that CR rates during the
light period equal those at night and use the equivalent hourly
values of CR for the light period to estimate GPP, adding
the oxygen consumption (CR) for this period to NCP to get
GPP. GPP and CR could be underestimated, since it is likely
that CR during daytime exceeds CR at night (Grande et al.,
1989; Pace and Prairie, 2005; Pringault et al., 2007), but this
underestimation would not affect NCP values (Cole et al.,
2000). Individual estimates of CR, NCP and GPP within the
measured intervals obtained from the multiparametric sen-
sors were calculated over a 24 h period for each day and sta-
tion. As we did not dispose of vertical profiles of conductiv-
ity, temperature and depth (CTD) for each station to calcu-
late the mixed-layer depth, we used the model of Condie and
Webster (2001) to calculate the MLD following Eq. (3):

S =
ρCpU2

gαHQ
, (3)

where S represents the non-dimensional parameter of the ra-
tio of the input of kinetic energy by the wind to the input
of potential energy by solar radiation. ρ is the density, cal-
culated from the salinity, temperature and pressure collected
by the in situ multiparametric sensor, following the formula
of Fofonoff and Millard (1983). Cp represents the specific
heat, considered here to be 3850 J kg−1 ◦C−1 as the relative
value for seawater. U2 refers to the diurnally averaged wind
speed specified here to be measured 2 m above the water-
body (Simpson and Hunter, 1974; Holloway, 1980). In our
case, the wind data were measured at 10 m above the up-
stream edge of the waterbody and were converted, according
to the wind profile power law (Eq. 4):

ϑ

ϑr
=

(
z

zr

)α
, (4)

where ϑ is the wind speed (in m s−1) at a determined height
z (in m) and ϑr is the speed that is known at a reference
height (zr). The exponential α is a coefficient derived em-
pirically which varies upon the stability of the atmosphere. In
our case, neutral stability is assumed, and within those condi-
tions α is approximately 0.143 g (Eq. 3), corresponding to the
gravitational acceleration (9.8 m s−1). α (Eq. 3) represents
the thermal expansion coefficient which was calculated as a
function of the absolute salinity, in situ temperature and pres-
sure. This function is included in the Gibbs SeaWater (GSW)
Oceanographic Toolbox (McDougall and Barker, 2011) and
evaluates the thermal expansion coefficient αt with respect to
the in situ temperature (t) from Eq. (2.18.1) of the TEOS-10
manual (Thermodynamic Equation of Seawater – 2010; IOC,
2015), following Eq. (5):

αt
= αt (SA · t ·p)=−

1
v

∂ρ

v∂T

∣∣∣∣SA ·p

=
1
v

∂v

v∂T

∣∣∣∣SAp =
gTp

gP
. (5)
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This function uses the full TEOS-10 Gibbs function g (SA ·

t ·p) of IOC (2015) as the sum of the IAPWS (2008, 2009)
Gibbs functions. Finally, H (Eq. 3) equals the average water
depth (in m), and Q (Eq. 3) is the diurnally averaged short-
wave radiative heat flux (W m−2). Then, the surface mixed
layer (zs) was approximated following Eq. (6) by Condie and
Webster (2001):

zs = ((2.9− 0.20 ln S)± 0.04) . (6)

To be as accurate as possible, we tried different intervals
for the wind and radiation data. Taking in account that strat-
ification starts to develop between 09:00 and 10:00 GMT+1
and reaches its maximum around 16:00 (Condie and Web-
ster, 2001), we decided to take the interval from 09:00 to
16:00 into account for the wind data. This interval resulted to
be the more accurate (highest R2 obtained for that interval,
R2
= 0.9) for the wind data, based on the linear regressions

between zH/S obtained with the different wind and radiation
intervals.

2.3.2 Statistical analysis

We used mixed linear models with the package “lme4” in
the R environment (R Core Team, 2021) to evaluate differ-
ences between methods, regions and species. To reflect the
variability between study approaches and sampling proce-
dures and therefore variability in the precision of outcome
of each study, we used a linear model where the publication
was included as a random effect unless specified differently.
To obtain the statistical significance for the fixed factors, we
ran an ANOVA on the mixed model. We also analyzed abi-
otic (wind speed, temperature and depth) parameters related
to sensor data, as there were more additional data associated
with these measurements. In this linear model we also in-
cluded the publication as a random effect. As the data were
not normally distributed according to the Shapiro–Wilk test,
we log-transformed data for GPP and CR before analysis.
NCP could not be log-transformed due to negative values.
Finally, we evaluated if trends in metabolic rates over time
were apparent with simple lineal regressions.

3 Results

We compiled 133 CR, 141 GPP and 168 NCP estimates,
most of them (86.4 %) were restricted to seagrass mead-
ows located in the western Mediterranean (Table S2). The
studied meadows were situated at water depths between 0.5
and 22 m (Tables 1, 2), where water salinity ranged from
35.94 to 40.98 psu (Tables 1, 2). The majority (50.0 %) of
the metabolic rates were assessed in summer, with 19.9 % of
data being sampled in spring, 10.6 % in fall and 7.2 % in win-
ter and with seawater temperatures during the measurements
varying between 13 and 28.5 ◦C (average 23.2 ◦C± 4.4 SD)
between locations (Tables 1, 2). Estimates of seagrass

metabolic rates in Mediterranean seagrass meadows span
from 1982 to 2019 (Tables 1, 2), but most measurements
were conducted after the year 2007 for benthic chambers and
even later, after 2015, for sensors. Benthic-chamber deploy-
ments were concentrated in the western basin (72 metabolic
measurements) with only six measurements in the eastern
basin. While 55 metabolic measurements were made in the
western basin with multiparametric sensors, 14 were made
in the eastern basin.

The amount of CR estimates assessed with multipara-
metric sensors (66) and benthic chambers (67) was simi-
lar, whereas GPP was more often estimated using multi-
parametric sensors (74) compared to benthic chambers (67).
For net community productivity (NCP), benthic chambers
(99) were preferred over sensors (69 measurements). How-
ever, we found negative respiration rates (oxygen produc-
tion) at night for many sensor deployments, an indication
of the influence of lateral advection and passing of differ-
ent water masses. Therefore, we trimmed the dataset to con-
tain only measurements where this influence was not de-
tected (see number of measurements in each figure). Benthic
chambers and multiparametric sensors yielded very differ-
ent CR values with 41.2± 4.55 (SE) mmol O2 m−2 d−1 for
benthic chambers and 229.9± 25.57 mmol O2 m−2 d−1 for
sensors (Fdf= 84.86 = 91.66, p < 0.0001) in a mixed model,
with only a fixed-factor methodology and as a random-
effect study. This difference with almost an order of mag-
nitude is found for NCP as well with 18.8± 3.80 and
143.2± 28.21 mmol O2 m−2 d−1 for benthic chambers and
sensors respectively (Fdf= 136.31 = 7.72, p < 0.01) as well as
for GPP (55.3± 6.39 and 329.2± 29.91 mmol O2 m−2 d−1

for chambers and sensors; tdf= 101.05 = 124.03, p < 0.0001)
(Fig. 2). Therefore we decided to analyze the metabolic rates
estimated using benthic chambers and multiparametric sen-
sors separately. For a statistical summary table, see Table S3.

3.1 Multiparametric sensors

Sensor data were collected in the water column, with
lateral movement between habitats of water masses,
and there were no significant differences in GPP
(Fdf= 39.85 = 0.01, p = 0.94), CR (Fdf= 32.46 = 0.82,
p = 0.37) and NCP (Fdf= 35.37 = 0.08, p = 0.93) be-
tween the two species (P. oceanica and C. nodosa)
tested in a mixed model with “site” as a random fac-
tor, including depth, region and seasons (as metabolic
rate ∼ species+ region+ depth+ season+ (1|site)).
Therefore, we did not divide the sensor data for
the two species. In a reduced model (metabolic
rate ∼ region+ depth+ season+ (1|site)), GPP
(Fdf= 3.41 = 0.63, p = 0.48) and CR (Fdf= 3.69 = 2.03,
p = 0.23) were similar between the eastern and western
Mediterranean basins (Fig. 3, Table 3), but NCP was
higher the western basin (Fdf= 4.97 = 11.57, p = 0.02).
No significant influence of depth was identified for any
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Figure 2. Comparison between benthic-chamber (black) and sensor data (red) for CR, GPP and NCP (mmol O2 m−2 d−1) for the full
dataset. Upper and lower hinges correspond to the upper and lower quartiles; the line inside the boxes corresponds to the median; the mean is
marked by a crosshair; and the error bars are based on minimum and maximum standard deviation for each parameter. We found differences
(p > 0.01) in metabolic rates between methods for CR, GPP and NCP.

of the metabolic parameters, nor season for CR or GPP;
however NCP was lower in spring (tdf= 23.89 =−3.69,
p < 0.01). In spring, we also found the highest GPP
rates (mean±SE) with 382.68± 41.28 mmol O2 m−2 d−1;
however, the corresponding CR rates for spring were
444.88± 76.32 mmol O2 m−2 d−1, leading to a nega-
tive NCP of −62.19± 47.08 mmol O2 m−2 d−1. For the
rest of the seasons productivity was higher than res-
piration, reflected in positive averaged NCP rates and
confirming that seagrass meadows normally tend to be
autotrophic ecosystems with a mean production / respiration
(P /R) ratio above 1 (2.1± 0.26), confirming the ten-
dency of net autotrophy. In the eastern Mediterranean
basin, only data recorded with sensors in summer were
available to compare to measurements in the western
basin. Average GPP in the western basin in summer was
408.11± 52.01 (SE) mmol O2 m−2 d−1, and while the aver-
age yearly GPP did not differ between basins, the productiv-
ity in summer is significantly different from the eastern basin,
with a lower average of 192.90± 61.66 mmol O2 m−2 d−1.
Average NCP in the eastern basin (summer) was negative
with −236.12± 19.83 mmol O2 m−2 d−1, based on only
four measurements, and in the western basin positive with
182.12± 23.20 mmol O2 m−2 d−1 averaged over the year
and 228.98± 25.05 mmol O2 m−2 d−1 in summer. The nega-
tive NCP rates in the eastern basin are the result of the high
CR measured there, with 429.01± 69.27 mmol O2 m−2 d−1,
more than twice the CR measured in summer for the western
basin of 187.77± 26.82 mmol O2 m−2 d−1. This led to low
P/R ratios, with on average 0.41± 0.08 in the eastern basin
in summer. In the western basin in summer, the seagrass
communities tended to be net autotrophic, reflected in an
average P/R ratio of 2.31± 0.27. In general, for both
basins, the threshold GPP where the ecosystem switched

between net heterotrophy and net autotrophy (NCP= 0) was
254.03 mmol O2 m−2 d−1.

The temperature recorded during the highest GPP mea-
surement in P. oceanica in the western basin was 26.6 ◦C,
which is close, even though a bit higher, to the optimal value
reported for P. oceanica of 25.8 ◦C (Savva et al., 2018).
For the eastern Mediterranean basin, the highest GPP ob-
tained was 329.94 mmol O2 m−2 d−1 at Maridati (Crete) dur-
ing July, and the in situ temperature registered at that mo-
ment was 25.0 ◦C, which was not the highest temperature
registered in the eastern basin (28.5 ◦C) and lower than the
mean temperature in the eastern basin during the summer
sampling campaign (25.9± 0.8 ◦C). The lowest GPP values
found in the western and eastern regions were similar; we
found the lowest value for GPP of 64.72 mmol O2 m−2 d−1

for the western basin in the Bay of Pollença (Mallorca) dur-
ing fall, whereas the lowest GPP value in the eastern basin
was 66.19 mmol O2 m−2 d−1 in Maridati (Crete) in summer.
Temperatures during both measurements were different with
2.5 ◦C of difference between them, 25.4 ◦C at Maridati sta-
tion (Crete) and 22.9 ◦C in Pollença (Mallorca).

We tested with individual regression models for the ef-
fect of temperature (metabolic rate∼ temperature+ (1|site)),
which did not significantly affect GPP (Fdf= 40.5 = 1.50,
p = 0.23); however NCP increased (Fdf= 63 = 6.05, p =
0.02) with increasing temperatures, while, surprisingly, CR
decreased (Fdf= 34.5 = 5.03, p = 0.03) (see Supplement,
Fig. S1). Wind speed (metabolic rate ∼wind speed+ (|site))
did not drive metabolic rates with Fdf= 10.7 = 0.47 (p =
0.51), Fdf= 14.5 =−0.73 (p = 0.41) and Fdf= 7.1 = 1.14
(p = 0.32) respectively for GPP, NCP and CR. Depth was
not a driver of NCP or CR with Fdf= 37.78 = 0.22 (p = 0.64)
and Fdf= 22.72 = 0.11 (p = 0.92) respectively but did influ-
ence GPP with Fdf= 26.63 = 11.39 (p < 0.01), while this pos-
itive effect is mainly driven by the high productivity in Cap
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Table 3. Summary of metabolic rates (mmol O2 m−2 d−1), for the different methodologies, per region; season; and when, possible, species.
Group averages are in bold, and italics denote standard error (SE) of averages.

NCP SE CR SE GPP SE P/R SE

Benthic chambers 18.75 3.80 41.18 4.55 55.31 6.39 1.57 0.12

Cymodocea nodosa
West −9.18 5.29 30.64 7.48 22.01 5.21 1.49 0.34

Fall −1.40 0.00 3.50 0.00 2.00 0.00 0.57 0.00
Spring −0.44 1.01 6.86 3.42 6.43 2.62 1.05 0.19
Summer −12.23 7.05 39.37 9.06 27.90 6.35 1.68 0.46

Posidonia oceanica 25.47 4.21 45.45 5.55 68.77 7.94 1.60 0.10
East 39.36 5.61 52.60 11.73 93.20 17.67 1.86 0.14

Fall 27.04 47.92 74.96 1.56
Spring 46.03 42.94 88.97 2.07
Summer 48.64 15.22 82.38 24.27 134.74 43.20 1.62 0.05
Winter 32.92 3.85 29.99 4.44 62.91 0.59 2.14 0.30

West 24.33 4.51 44.40 6.15 65.19 8.66 1.56 0.11
Annual 20.55 95.55 115.75 1.21
Fall 16.47 8.78 57.96 18.26 79.64 24.01 1.44 0.32
Spring 27.82 7.68 31.92 9.31 53.80 18.17 1.68 0.16
Summer 19.88 4.62 45.40 9.75 68.51 13.58 1.61 0.20
Winter 48.79 29.72 31.35 9.29 40.52 9.49 1.39 0.17

Sensors 143.22 28.21 229.91 25.57 329.21 29.91 2.11 0.26

East −236.12 19.83 429.01 69.27 192.90 61.66 0.41 0.08
Summer −236.12 19.83 429.01 69.27 192.90 61.66 0.41 0.08

West 182.12 23.20 207.78 24.98 341.60 31.61 2.31 0.27
Fall 133.62 47.09 151.13 30.72 185.86 36.18 1.59
Spring −62.19 47.08 444.88 76.32 382.68 41.28 0.89 0.46
Summer 228.98 25.05 187.77 26.82 408.11 52.01 2.68 0.08
Winter 182.52 30.52 125.40 23.30 325.75 26.41 2.65 0.35

Figure 3. Averaged GPP, NCP and CR (mmol O2 m−2 d−1) values for eastern (blue) and western (orange) Mediterranean basins calculated
from measurements of multiparametric sensors. Upper and lower hinges correspond to the upper and lower quartiles; the lines inside the
boxes correspond to the median; the mean is marked by a crosshair; and the error bars are based on minimum and maximum standard
deviation for each parameter. We found differences with p < 0.05 for NCP between the regions.

Biogeosciences, 19, 4619–4637, 2022 https://doi.org/10.5194/bg-19-4619-2022



I. E. Hendriks et al.: Mediterranean seagrasses as carbon sinks 4629

Enderrocat around 15 m depth. Over the 12 years of data
available for sensor measurements (2007–2019), we found
an increase in CR (Fdf= 12.8 = 7.93, p < 0.05) but signif-
icant changes in neither GPP (Fdf= 31.18 = 1.52, p = 0.23)
nor NCP (Fdf= 28.9 = 0.32, p = 0.57; Fig. S3).

3.2 Benthic chambers

We found significant differences for CR (Fdf= 56.94 =13.88,
p < 0.001) and GPP (Fdf= 54.13 = 25.87, p < 0.001) but not
NCP (Fdf= 67.20 = 1.83, p = 0.18; Fig. 4) between P. ocean-
ica and C. nodosa productivity, in a model including depth
and season, as well as the publication as a random fac-
tor. At a seasonal scale, there were no significant differ-
ences for NCP or CR for C. nodosa with neither NCP
(Fdf= 13.81 = 0.11, p = 0.89), CR (Fdf= 13.27 = 1.39, p =
0.28) nor GPP (Fdf= 13.47 = 3.13, p = 0.08). GPP was lower
than CR during all seasons for which measurements were
available, reflected in the averaged NCP, with a negative rate
(−9.2± 5.29 (SE) mmol O2 m−2 d−1), revealing that the C.
nodosa community tends to be net heterotrophic. The thresh-
old GPP to switch from a heterotrophic to an autotrophic sys-
tem (NCP= 0) was 23.12 O2 m−2 d−1 for C. nodosa.

There were no significant differences between NCP
(Fdf= 63.88 = 1.01, p = 0.41), CR (Fdf= 36.75 = 2.26, p =
0.08) and CR (Fdf= 13.27 = 1.39, p = 0.28) across seasons
(with year as a random factor) for P. oceanica, but there
was for GPP (Fdf= 35.78 = 5.32, p < 0.01; Fig. S2). As
we did not have C. nodosa data for the eastern Mediter-
ranean basin, we only examined P. oceanica to distill pat-
terns between eastern and western Mediterranean regions.
There were no significant differences for NCP (Fdf= 7.48 =

0.11, p = 0.76), GPP (Fdf= 8.04 =−0.42, p = 0.54) or CR
(Fdf= 8.04 =−0.51, p = 0.50) in Posidonia incubations be-
tween eastern and western regions (Fig. 5), due to the high
variability between sites, which was incorporated in the
model as a random factor. For the western basin, averaged
NCP was 24.33± 4.51 (SE) mmol O2 m−2 d−1, with the av-
erage GPP (65.19± 8.66 mmol O2 m−2 d−1) higher than the
CR rate (44.4± 6.15 mmol O2 m−2 d−1), reflecting the ten-
dency of P. oceanica communities to be net autotrophic.
This was also the case for the eastern basin, with average
NCP even higher at 39.36± 5.61 (SE) mmol O2 m−2 d−1 and
average GPP (93.20± 17.67 mmol O2 m−2 d−1) higher than
the CR rate (52.60± 11.73 mmol O2 m−2 d−1). The thresh-
old GPP to switch from a heterotrophic to an autotrophic
system (NCP= 0) was 36.64 O2 m−2 d−1 for P. oceanica,
with both basins combined. Contrary to the sensor data, tem-
perature was not correlated with any metabolic rate, with
NCP (Fdf= 17.2 = 0.04, p = 0.84), GPP (Fdf= 16.14 = 2.72,
p = 0.12) and CR (Fdf= 16.58 = 1.67, p = 0.21; Fig. S1). For
chamber incubations we found a tendency over time, albeit
not significant (see Fig. S3), of decreasing GPP (Fdf= 5.34 =

5.71, p = 0.06) and CR (Fdf= 3.02 = 9.72, p = 0.05) but not
NCP (Fdf= 7.96 = 0.16, p = 0.70).

4 Discussion

By comparing compiled data we found significant differ-
ences in metabolic rates between Cymodocea nodosa and
Posidonia oceanica in benthic chambers, while no species-
specific pattern could be distilled with sensor data. Only
significant differences in NCP estimated with sensor data
were found between the eastern and western Mediterranean
basins, which might be due to the persistence of a much
lower number of observations in the eastern basin, with a
subsequent loss of statistical power to detect differences. The
bias towards a higher number of observations in summer
compared to other seasons could have prevented the detec-
tion of seasonal patterns, with only lower NCP in spring de-
tected with sensors and a higher GPP in summer with de-
tected benthic chambers and similar metabolic rates for the
rest of the seasons. Over half of NCP measurements were
done in summer, with 55.1 % for benthic-chamber data and
69.8 % for sensor data. Over three-quarters (80.4 %) of the
data for P. oceanica and C. nodosa communities show that
these seagrass meadows are net autotrophic in almost all sea-
sons and locations and are capable of acting as carbon sinks
and modifying pH diurnally on an annual timescale. When
this productivity is buried as biomass, carbon could be fixed
over long timescales, highlighting the role of these seagrass
meadows in climate change mitigation. The threshold GPP
where the ecosystem switched between net heterotrophy and
net autotrophy (NCP= 0) was 254.03 mmol O2 m−2 d−1 for
measurements from sensors, which is higher than the esti-
mate of 186 mmol O2 m−2 d−1 for different seagrass species
and regions pooled by Duarte et al. (2010). For estimates
from benthic chambers, this threshold was much lower,
36.64 O2 m−2 d−1 for P. oceanica and 23.12 O2 m−2 d−1 for
C. nodosa.

4.1 Multiparametric sensors

Due to the effect of lateral advection and mixing of water
masses masking a species-specific signal, it was not possible
to demonstrate differences in the metabolic rates between
Cymodocea nodosa and Posidonia oceanica meadows, since
the sensors are measuring a composed signal in the water
column. Due to logistic constraints, sensor deployment in
C. nodosa and P. oceanica meadows when both seagrass
species were present in a same site was separated by
a distance of less than 10 m, which adds to the lack of
differentiation of values found between the two studied
species. Measurements with multiparametric sensors should
therefore be interpreted as measurement at an ecosystem
level, as the influence of oxygen dynamics of macrophytes
near the measuring site cannot be separated. The influence
of phytoplankton and other primary producers may affect
sensors as well as benthic-chamber measurements. During a
spring bloom a relationship between Chl a in the water col-
umn and GPP has been shown for the Bay of Palma (Gazeau
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Figure 4. Metabolic rates for GPP, CR and NCP (mmol O2 m−2 d−1) for Cymodocea nodosa (light green) and Posidonia oceanica (dark
green) for the benthic chambers dataset in the western Mediterranean basin. Upper and lower hinges correspond to the upper and lower
quartiles; the line inside the boxes corresponds to the median; the mean is marked by a crosshair; and the error bars are based on minimum
and maximum standard deviation for each parameter (rates were different between species with p < 0.001 for GPP and p < 0.01 for CR).

Figure 5. Metabolic rates for GPP, NCP and CR (mmol O2 m−2 d−1) for the eastern (blue) and western (orange) Mediterranean as obtained
from the benthic-chamber dataset for Posidonia oceanica. Upper and lower hinges correspond to the upper and lower quartiles. The line
inside the boxes corresponds to the median; the mean is marked by a crosshair; and the error bars are based on minimum and maximum
standard deviation for each parameter. No differences were found for metabolic rates between regions.

et al., 2005). However, a correlation with planktonic Chl a
can not always be demonstrated; for instance, during a
study of annual patterns in the Bay of Revellata (Italy), the
highest GPP values recorded in a P. oceanica meadow where
found when planktonic Chl a was particularly low and the
highest values of Chl a did not reflect an increase in GPP
and NCP values (Champenois and Borges, 2012). Sensor
measurements in meadows of both seagrass species allowed
us to estimate the metabolic activity of the whole ecosystem
and compare between regions, showing similar rates for CR
and GPP between the eastern and western Mediterranean
basins, while NCP was higher in the western basin, with
negative values for the eastern basin (Table 1). This differ-
ence is caused by the relatively high CR rates in the eastern
basin of on average 429.0± 69.27 (SE) mmol O2 m−2 d−1,
2 times higher than the averaged CR rate in the west-
ern basin of 207.78± 24.98 (SE) mmol O2 m−2 d−1.

No significant differences were found for GPP,
which has relatively low values in the eastern basin
of 192.90± 61.66 (SE) mmol O2 m−2 d−1 compared to a
yearly average of 341.60± 31.61 (SE) mmol O2 m−2 d−1

for the western Mediterranean due to the low sample size
(n= 4), limited measurements over different seasons and
high variability in measurements in the east. When we
use GPP of the western basin in summer only, there is a
significant difference in GPP between the basins. More
measurements are necessary in the eastern basin, during all
seasons, in order to obtain a more robust comparison.

The highest GPP was recorded in Cap Enderrocat (Mal-
lorca, Spain) during summer in a C. nodosa meadow with
a production of 895.78 mmol O2 m−2 d−1. Even if these val-
ues are high, this is lower than the 1338.0 mmol O2 m−2 d−1

measured at the Bay of Revellata (Corsica) by Champenois
and Borges (2012). These authors suggest that extreme GPP
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values in P. oceanica meadows may be rare events that are
hardly captured by the classic benthic chambers methodol-
ogy, and the presence of high values measured with multi-
parametric sensors in this database might reflect that these
events could be less uncommon than previously thought. We
find the highest GPP values during the summer months and
the highest CR rates in spring (Fig. S2), with a positive re-
lationship with increasing temperatures up to an optimum
temperature (Fig. S1), confirming that increasing tempera-
tures enhance metabolic rates (Brown et al., 2004) until a
threshold is reached. Abiotic and biotic factors that drive sea-
grass community metabolism differ between regions. In the
eastern basin, GPP was affected by temperature (p < 0.05,
Fig. S1). No effect of water depth was found on NCP or CR,
while depth determines light availability, which in turn deter-
mines seagrass distribution, biomass and productivity (Den-
nison, 1987). This lack of an effect is probably due to the
limited depth range of the sites in the database (max 22 m,
min 0.6 m depth), with measurements mainly in shallow
sites, with an average depth of 7.69± 0.36 (SE) m. The coun-
terintuitive relationship between GPP and increasing depth is
driven by one study only, at almost twice the average depth
(approx. 15 m), encountering very high productivity in a C.
nodosa meadow in Enderrocat. There was a relation between
temperature and NCP and CR for the sensor data, with in-
creasing net production with rising temperatures but surpris-
ingly lower community respiration rates. There are no data
available for intermediate temperatures, leaving two clusters,
one between 13 and 16 ◦C and one between 23 and 27 ◦C.
The bulk of the data were collected between 23 and 27 ◦C,
therefore dominating the regression, while at lower tempera-
tures a clear increase in CR is visible between 13 and 16 ◦C.
Differences between sites for summer measurements might
obscure a possible relationship of CR and temperature.

4.2 Benthic chambers

Due to the effective enclosure with benthic chambers, it was
possible to assess the productivity of Posidonia oceanica
and Cymodocea nodosa communities separately, confirming
higher CR and GPP in P. oceanica communities (Fig. 4).
Estimates are for the whole community and include epi-
phyte and bacterial communities associated with each sea-
grass species. The higher gross productivity (GPP) and com-
munity respiration (CR), calculated per surface area (m2), is
logical as P. oceanica in general has a higher biomass per
square meter and therefore is more productive relative to C.
nodosa. Caution should be taken in interpreting these results,
as no data for C. nodosa from the eastern basin were available
and the database contained a higher number of P. oceanica
estimates (n= 42 for CR, GPP; n= 79 for NCP), compared
to C. nodosa (n= 19).

There was a tendency for GPP and CR to decrease over the
progressing years (2001–2019) for incubations of P. ocean-
ica (Fig. S3); however, our analysis with mixed models and

each publication as a random factor did not indicate signifi-
cant differences. With a simpler model (linear model) the de-
crease in CR would have been significant (tdf= 45 =−6.08,
p < 0.001), as well as for GPP (tdf= 45 =−6.19, p < 0.001)
but not for the longer time series (1982–2019) of NCP. The
decrease in CR is in contrast with the increase in CR found
through time with sensor data (2007–2019); these differences
may be due to the fact that sensors also detect trends from
other photosynthetic organisms or limitations for seagrass
communities in benthic chambers, as water renewal is limited
(Champenois and Borges, 2012, 2019). No differences could
be demonstrated in NCP and CR for both species through the
seasons; however GPP was higher in summer. There were
remarkable individual differences between the two species
with an average positive NCP for P. oceanica, with only
positive values found in benthic incubations and clear net
autotrophic communities during the sampling periods in P.
oceanica meadows. These meadows appear more productive
than C. nodosa meadows, in agreement with previous studies
(Duarte et al., 2010; Champenois and Borges, 2012, 2019),
which had a higher incidence of heterotrophic communities.

4.3 Sensors vs. benthic chambers

Significantly different GPP, NCP and CR values were ob-
tained for the different methods, with values almost an order
of magnitude larger when estimated from sensor data (Ta-
ble 1) compared to estimations from benthic chambers as
previously reported by Champenois and Borges (2012). This
difference may be due to a possible underestimation of the
metabolic rates assessed by the benthic chambers method-
ology or an overestimation associated with water renova-
tion at the placement of sensors. There are some limitations
linked to the methodology using benthic chambers, as, even
if most incubations use flexible material for the bags, which
allows for movement and some mixing, there is no real inter-
change with the water column and nutrient limitation could
occur. However the effect of oxygen or nutrient limitation
should be limited when incubations are short (24 h) (Barrón
and Duarte, 2009). The reduction in water motion could lead
to the increase in the width of the diffusive boundary layer
(DBL) between a seagrass leaf and the water column and
slower exchange of nutrients and CO2 with the water col-
umn, since water velocity determines DBL boundary thick-
ness (Enríquez and Rodríguez-Román, 2006; Hendriks et al.,
2017). Another possible explanation for the underestimation
in benthic chambers of metabolic rates could be the fact that
the insertion of the base of the benthic chambers into the sed-
iment may cut the roots and rhizomes, but this should be
considered a rare event, as most of the biomass of the be-
lowground tissues of P. oceanica and C. nodosa is located at
deeper strata. For the seagrass physiology, rhizomes play an
important role, as they translocate resources between shoots
(Marbà et al., 2002), therefore affecting seagrass metabolism
if they are severed. Another reason that may explain a pos-
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sible underestimation in metabolic rates is the fact that pH
may increase, together with oxygen during the day; those
two factors, together with a high irradiance, conduct the
ribulose-1,5-biphosphate-carboxylase-oxygenase (RuBisCo)
enzyme to change from carboxylase to oxygenase (Heber et
al., 1996). Under this reaction there is a higher consump-
tion of oxygen and a carbon dioxide exudation which may
be conducive to a lower GPP estimation from the change in
oxygen (Champenois and Borges, 2012). Nonetheless, ben-
thic chambers can provide measurements for meadows of a
single species when enclosures are properly selected. Multi-
parametric sensors measure a composed signal affected by all
surrounding photosynthetic (and heterotrophic) organisms,
and measured metabolic rates reflect an ecosystem estima-
tion. Measurements with the eddy covariance methodology,
providing estimates on shorter timescales and therefore lim-
iting the effect of lateral transport of water masses, have
led to estimations of NCP for P. oceanica ranging from 85
to 119 mmol O2 m−2 d−1 in nearshore meadows (Koopmans
et al., 2020). These estimates are closer to our estimates ob-
tained from sensors, which on average were between 1.7
and 1.2 times higher, while the values obtained from benthic
chambers are much lower, with eddy covariance estimates
4.5–6.3 times higher than the NCP obtained from benthic
chambers. The used method should therefore be selected de-
pending on the study objectives taking the focus of the study
into account – whether it is more important to attribute pro-
ductivity to a certain species or surface or if an ecosystem
estimate is required.

Independent of the method used, two main limitations re-
main: the lower number of available data within the east-
ern Mediterranean and the higher sampling frequency during
summer compared to other seasons. More than half (55 % for
benthic chambers and 70 % for sensor data) of the data were
collected in summer, due to the logistic restraints of under-
water observations. The lack of data for the eastern basin is
specifically urgent to solve, as climate change does not act
homogeneously on the two regions and warming is faster for
the eastern basin (Amitai et al., 2020; Nykjaer, 2009). Failing
to collect actual data on metabolic rates could be detrimen-
tal for our knowledge on the rates of change in the Mediter-
ranean in the future. We also highlight the lack of data for
C. nodosa compared to P. oceanica. This is probably due to
the fact that C. nodosa has not had a marked historical pres-
ence in many locations, especially in the western Mediter-
ranean. Its current expanse and apparent lower sensitivity
to higher temperatures compared to P. oceanica convert C.
nodosa meadows into potential important players governing
coastal metabolic signals deserving a closer look regarding
productivity and controlling factors.

4.4 Seagrass metabolism and carbon burial

More than three-quarters, 80.9 %, of the NCP values were
positive, reflecting the strong capacity of seagrass meadows

to act as carbon sinks, which is also exemplified by the high
number of P/R ratios above one for both methodologies (Ta-
ble 1). P. oceanica communities tended to be net autotrophic.
The exception for this net autotrophic averaged NCP values
was found in the eastern basin, in Maridati (Crete, Greece),
where the averaged NCP was−236.1 mmol O2 m−2 d−1 dur-
ing July 2017. This value is in agreement with the low
decadal carbon burial rates and stocks measured by Wes-
selmann et al. (2021) at the same site. This station is lo-
cated near a temporary stream and receives its discharges,
which implies an extra nutrient input into this area. In the
1980s there was a massive sediment input (Wesselmann et
al., 2021) that may have caused mortality and physiolog-
ical stress to the seagrass meadow, and this may be still
reflected in the net heterotrophic metabolism observed 2–
3 decades later. We also saw heterotrophic meadows in the
Bay of Pollença (Mallorca, Spain) during spring 2018 (on
average−137.1 mmol O2 m−2 d−1). This sampling site is lo-
cated near a nutrient source with a high input of organic mat-
ter from the Albufera coastal lagoon. Additionally, the or-
ganic matter input from the nearby harbor and the sewage
systems from urban areas and hotels may have affected the
metabolism of the seagrasses in this site. Sampling for ad-
ditional parameters like nutrient values in the water column
and sedimentation of organic matter and nutrients at the sites
of the metabolism measurements could add important infor-
mation, enabling the explanation of deviant metabolic rates.
Seagrass ecosystems are mainly net autotrophic and hence
act as carbon sinks but might be threatened and disappear due
to high organic inputs and other anthropic threats (e.g., me-
chanic destruction of the seagrass meadows).

5 Conclusions

Seagrass metabolic rates (net community production, NCP;
gross primary production, GPP; and community respiration,
CR) are significantly different depending on the method-
ology used. The rates obtained with benthic chambers are
lower than those obtained with multiparametric sensors. With
the benthic-chamber methodology, seagrass metabolism at
a species level can be compared, with demonstrated dif-
ferences between Posidonia oceanica and Cymodocea no-
dosa for GPP and CR. P. oceanica was the more productive
species compared to C. nodosa, but it also has higher respi-
ration rates. Multiparametric sensors can assess metabolism
at an ecosystem level and showed NCP was higher in the
western Mediterranean basin compared to the eastern basin.
Benthic-chamber measurements could not demonstrate a link
between temperature and metabolic rates, while sensor data
showed an increase in NCP and an unexpected decrease in
CR with higher temperatures. When we plot our data accord-
ing to the year, we see an increase in CR calculated from
sensor data, while benthic-chamber rates have been decreas-
ing for CR and GPP over the years. However, care should be
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taken in interpreting these trends, as this in inconclusive due
to the variability in seasonal measurements and measurement
sites.

There is a publication bias with a higher number of ob-
servations in the western region and a more elevated number
of observations in summer compared to other seasons. The
possibility of deploying multiparametric sensors for longer
periods than benthic chambers allows for longer observa-
tional periods and detection of high GPP values that could be
underestimated due to possible nutrient limitation or missed
due to the shorter incubation time of the benthic-chamber
technique. Sampling during different time periods confirmed
the switch between negative and positive NCP values, with
changes between autotrophy and heterotrophy in a same lo-
cation during different periods of the year, therefore reinforc-
ing the importance of monitoring during the whole year and
not only summer. The high percentage of autotrophic mead-
ows highlights their key role for climate change mitigation,
by acting as carbon sinks through growth as well as through
accumulation of allochthonous carbon through particle reten-
tion. Therefore, it is important to augment the knowledge on
seagrass metabolism in regions and seasons where there are
few data available to prevent the deterioration of seagrass
meadows in the context of climate change where they play
an essential role.
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