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• 50 % of seagrass meadows have disap-
peared in the last 2 decades.

• Mapping and assessing seagrass blue car-
bon storage and sequestration

• InVEST Blue Carbon model for past, cur-
rent, and future scenarios

• C stock in the Canary Islands corresponds
to 1.5 % nationally and 0.015 % globally.

• A proposal through blue carbon assess-
ment to support decision making.
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Seagrasses store large amounts of blue carbon and mitigate climate change, but they have suffered strong regressions
worldwide in recent decades. Blue carbon assessments may support their conservation. However, existing blue carbon
maps are still scarce and focused on certain seagrass species, such as the iconic genus Posidonia, and intertidal and very
shallow seagrasses (<10 m depth), while deep-water and opportunistic seagrasses have remained understudied. This
studyfilled this gap bymapping and assessing blue carbon storage and sequestration by the seagrassCymodocea nodosa
in the Canarian archipelago using the local carbon storage capacity and high spatial resolution (20 m/pixel) seagrass
distribution maps for the years 2000 and 2018. Particularly, we mapped and assessed the past, current and future ca-
pacity of C. nodosa to store blue carbon, according to four plausible future scenarios, and valued the economic impli-
cations of these scenarios. Our results showed that C. nodosa has suffered ca. 50 % area loss in the last two decades,
and, if the current degradation rate continues, our estimations demonstrate that it could completely disappear in
2036 (“Collapse scenario”). The impact of these losses in 2050 would reach 1.43 MT of CO2 equivalent emitted
with a cost of 126.3million € (0.32% of the current Canary GDP). If, however, this degradation is slow down, between
0.11 and 0.57 MT of CO2 equivalent would be emitted until 2050 (“Intermediate” and “Business-as-usual” scenarios,
respectively), which corresponds to a social cost of 3.63 and 44.81 million €, respectively. If the current seagrass ex-
tension is maintained (“NoNet Loss”), 0.75MT of CO2 equivalent would be sequestered from now to 2050, which cor-
responds to a social cost saving of 73.59 million €. The reproducibility of our methodology across coastal ecosystems
underpinned by marine vegetation provides a key tool for decision-making and conservation of these habitats.
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1. Introduction

Atmospheric concentrations of CO2 and other greenhouse gases are at
levels unprecedented in the last few years, surpassing 40 % since pre-
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industrial times; the main carbon sources are fossil fuel emissions and the
net land use change emissions (Buis, 2019; IPCC, 2013). The Paris agree-
ment seeks to achieve a balance between anthropogenic emissions and car-
bon reservoirs conservation and this is under the spotlight of climate
changemitigation efforts (Wedding et al., 2021). In this sense, carbon accu-
mulation has been extensively studied in terrestrial ecosystems, contrary to
what occurs in coastal andmarine ecosystems,where the data availability is
still scarce (Macreadie et al., 2019, 2021; Townsend et al., 2014). It is
widely known that blue carbon sequestered by coastal ecosystems, such
as salt marshes, mangroves, and seagrasses, contribute to remove large
amounts of CO2 from the atmosphere and sea, helping to regulate the cli-
mate (Duarte et al., 2005; Fourqurean et al., 2012; Lavery et al., 2013).

Seagrass meadows store more than twice carbon relative to terrestrial
forests (Fourqurean et al., 2019). This occurs because soils are saturated
with water, maintaining an anaerobic state, and not allowing aerobic mi-
crobial carbon oxidation and release, which drives carbon accumulation
over time and, therefore, creates long term carbon reservoirs through cen-
turies to millennia (Chmura et al., 2003; Houghton, 2003; Tanaya et al.,
2018). Despite seagrass meadows occupy <0.2 % of the world's oceans,
they are responsible for approximately 10%of the yearly estimated organic
carbon burial, with ca. 27.4 T C annually (Duarte et al., 2005). Fourqurean
et al. (2012) estimated that the global seagrass carbon stock was between
15,372 and 30,744 MT CO2 eq and in Spain, a recent study estimated that
carbon storage by C. nodosa is 29.5 MT CO2 eq and by all seagrass species
is 227 Mt. CO2 eq (González-García et al., 2022).

Beyond the blue carbon storage and sequestration function, and so the
climate regulation service, a multitude of ecosystem services provided by
marine phanerogams have been identified so far, and the ecosystems
formed by them have been classified therefore as one of the most valued
habitats around the world (Costanza et al., 1997). Seagrasses benefit
humans both directly and indirectly throughout services, such as coastal
protection, water purification (Ascioti et al., 2022; Duarte et al., 2013),
fish nursery (Espino et al., 2011; Lau, 2013), biodiversity conservation
(Barbier, 2013), nutrient recycling, sediment trapping, habitat provision
for numerous commercially important and endangered marine species,
and food security for many coastal communities around the world
(Barbier et al., 2011; Sousa et al., 2012).

Despite the ecological role of seagrasses, such as Posidonia oceanica,
Cymodocea nodosa, or Zostera noltii, and the services they provide to
human well-being at local and global levels, they have suffered strong re-
gressions in recent decades (Short et al., 2011;Waycott et al., 2009). Global
seagrass losses since the eighties is estimated, at least, at 29 % (Waycott
et al., 2009) and the annual rate of seagrasses decline reaches 1.4 %
(Short et al., 2011). The main anthropogenic pressures identified are:
water contamination (Waycott et al., 2009), increased turbidity and eutro-
phication (Burkholder et al., 2007), andmechanical damages on the seabed
(Ceccherelli et al., 2007), including boat anchoring (Montefalcone et al.,
2008), and alterations of the habitat due to coastal works (Perez-Ruzafa
et al., 1991).

Some areas of the planet are more vulnerable than others to anthropo-
genic pressures. This is the case of Overseas Countries and Territories
(OCTs) and Outermost Regions (ORs), typically small oceanic islands and
archipelagos, which depend on their natural heritage to sustain their econ-
omies, in particular their coastal areas (Sieber et al., 2018, 2022). Among
these ORs, the Canary Islands are one of the richest biodiversity hotspots
in Europe (Benzaken and Renard, 2010). Here, seagrass meadows are
mainly distributed along the leeward coasts of the islands, under the direct
effect of anthropogenic pressures. In this sense, Cymodocea nodosa, the
dominant seagrass species, has suffered a strong regression at the
archipelago-scale during the last decades (Fabbri et al., 2015; Tuya et al.,
2013a, 2013b, 2014b, 2014c).

Despite a lot of seagrass distribution maps in the literature (Traganos
et al., 2022;Ward et al., 2022), only a few havemapped the blue carbon as-
sociated with this habitat (Simpson et al., 2022). Importantly, blue carbon
has been only mapped for certain seagrass species from some areas of the
world, such as the iconic genus Posidonia from the Mediterranean
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(Monnier et al., 2021, 2022). However, assessments of opportunistic
seagrasses (such as Cymodocea sp.) and their associated blue carbon are lim-
ited to intertidal and very shallow waters (Esteban et al., 2018; Kilminster
et al., 2015). In this sense, seagrasses are often classified into three groups, ac-
cording to their life story traits (Kilminster et al., 2015), including: persistent,
opportunistic, and colonising species.Whilemost cartographic and associated
blue carbon assessments have been implemented for persistent species
(e.g., Posidonia spp.), those focusing on opportunistic seagrasses (such as
Cymodocea sp.) are limited to <10 m depth (Esteban et al., 2018; Kilminster
et al., 2015). However, certain opportunistic seagrass species can reach
large extension in deeperwaters. For example, themost frequent bathymetric
distribution of C. nodosa, in the Canary Islands, is typically between 10 and
20 m depth (Brito, 1984; Espino, 2004; Pavón-Salas et al., 2000).

Due to the low water transparency in the Canary Islands and the depth
of C. nodosa in this archipelago, the use of satellite imagery is not conve-
nient. Therefore, our study used reliable C. nodosa maps obtained from
Side Scar Sonar (SSS) and underwater video techniques. A combination of
both techniques is usually applied on small areas but, in this case study, cov-
ered the whole archipelago, as an input to obtain accurate blue carbon
maps at a relevant resolution for managers (20 m/pixel). In summary, our
study is the first contribution assessing blue carbon of an opportunistic
seagrass species in deep waters based on validated distribution maps
(10–30 m depth).

Carbon storage in seagrass meadows is strongly location-dependent,
even within the same species, and large variability between seagrass spe-
cies is often found (Duffy et al., 2022; Lavery et al., 2013; Simpson et al.,
2022; Tuya et al., 2019). This study avoided biases by extrapolating aver-
age carbon storage of species that tend to dominate the literature,
i.e., Posidonia oceanica, and used blue carbon data measured locally and re-
cently in Gran Canaria (Bañolas et al., 2020).

The objectives of the study were: (i) to quantify changes in C. nodosa ex-
tension and carbon stocks overtime (2000−2020); (ii) to define plausible
future scenarios for carbon stocks based on the management of anthropo-
genic pressures; and (iii) to value the socio-economic impact of these sce-
narios in monetary terms. Likewise, this research provides useful
information related to the locationwhere degradation of seagrassmeadows
should be avoided, and conservation measures should be prioritized to pre-
serve C. nodosa and its carbon storage function.

2. Methodology

2.1. Study area and seagrass distribution

The Canarian archipelago (Spain) is composed by eight main volcanic
islands in the North-east Atlantic Ocean, 95 km offshore the western
African continent and about 1400 km from the Iberian Peninsula (Fig. 1.
A). The seagrass C. nodosa has records in all the islands of the archipelago
(Ruiz de la Rosa et al., 2015), mainly distributed along the leeward coasts
of the islands, forming extensive meadows in the eastern islands (Lanzarote
and Fuerteventura), as well as in the south of Gran Canaria and Tenerife
(Brito, 1984; Haroun et al., 2003). In the western islands, however, sea bot-
toms are rockier and more abrupt, with reduced insular shelves. For this
reason, the number and extension of meadows are reduced on the island
of La Gomera, with an occasional presence in El Hierro (Moreira-Reyes
et al., 2013; Ruiz de la Rosa et al., 2015), and the existence of meadows
in La Palma to be confirmed (Ruiz de la Rosa et al., 2015). The seagrass
C. nodosamajorly appears in shallow waters (<10 m). However, in this ar-
chipelagic context, this seagrass species can reach large extension in deeper
waters, with the most frequent bathymetric distribution between 10 and
20 m depth (Brito, 1984; Espino, 2004; Pavón-Salas et al., 2000).

Cymodocea nodosa presents a warm-temperate distribution across the
Mediterranean Sea, spreading into the Atlantic Ocean along the southern
Iberian Peninsula and the NW coast of Africa, which includes Madeira
and the Canary Islands (Alberto et al., 2006; Hartog and Kuo, 2006;
Mascaró et al., 2009; Tuya et al., 2014c) and reaching Senegal, the southern
range edge of the species (Cunha and Araújo, 2009). Contrary to persistent



Fig. 1.A)Map of the Canary Islands, B) illustrative diagram of a seagrass shoot, and C)C. nodosameadow, which leaves length often seasonally change between 12 and 15 cm
in winter and 30–35 in summer.
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seagrass species, such as those within the genus Posidonia (Kilminster et al.,
2015), this is a fast-growing (i.e., opportunistic) species (sensu Orth et al.,
2006) with an annual reproduction pattern (Caye and Meinesz, 1985)
and a clear annual (seasonal) pattern in vitality. Maximums in leaf growth
and canopy structure are typically observed in spring-summer, and mini-
mums in winter (Cancemi et al., 2002; Máñez-Crespo et al., 2020; Marbà
et al., 1996; Tuya et al., 2006). In the Canary Islands, the evolution of
C. nodosa has followed a “founder effect”, so all genotypes derived from a
few initial colonizers (Alberto et al., 2006). Therefore, populations from
the Canary Islands are a genetic unit that differs from both the Atlantic
Iberian and Mediterranean populations (Alberto et al., 2008). This has
3

consequences on the resilience of the plant to human disturbances, with
populations from the Canaries more sensitive to stressors that their Medi-
terranean counterparts (Tuya et al., 2019, 2021). This has been linked to
large regressions of C. nodosa across the Canary Islands (Fabbri et al.,
2015; Tuya et al., 2014c), which has been connectedwith human pressures,
such as nutrient enrichment of the water column (Tuya et al., 2013b), re-
lease of brine (Portillo, 2014) and construction of infrastructures (Manent
et al., 2020). The species is included in eight ‘Special Area of Conservation’,
under the EU ‘Natura 2000’ network (EU Habitat Directive, EU 92/43, 21
May), and included since 2016 in the Spanish National Catalogue of Endan-
gered Species (Order AAA/1351/2016).

Image of Fig. 1


Table 1
Sources of information to derive metrics for the InVEST model on carbon pool dynamics in C. nodosa seagrass meadows.

InVEST inputs Description Elemental
carbon units

CO2 eq Source

Biomass-initial (tonnes/ha) Carbon stocks in the biomass pool (above- and below-ground) for C. nodosa in
2000 (the year of the baseline map)

0.83 3.05 Tuya et al. (2013b);
Máñez-Crespo et al. (2020)

Soil-initial (tonnes/ha) Carbon stocks in the soil pool in 2000 85.70 314.52 Bañolas et al. (2020)
Litter-initial (tonnes/ha) Carbon stocks in the litter pool in 2000 0.11 0.40 Local experts
Biomass-yearly-accumulation
(tonnes/ha year)

Annual rate of CO2 eq accumulation in the biomass pool (above- and
below-ground)

1.68 6.17 Tuya et al. (2019);
Bañolas et al. (2020);
Tuya et al. (2013b);
Reyes et al. (1995)

Soil-yearly-accumulation
(tonnes/ha year)

Annual rate of CO2 eq accumulation in the soil pool 0.05 0.18 Bañolas et al. (2020); Serrano
et al. (2016)

InVEST inputs Description Value Source

Biomass-half-life (year) The half-life of carbon in the biomass pool 0.27 Murray et al. (2011)
Biomass-high-impact-disturb (ratio) Proportion of carbon stock in the biomass pool that is disturbed when a cell transitions

away from this LULC class in a high-impact disturbance
1.00

Soil-half-life (year) The half-life of carbon in the soil pool 1.00
Soil-high-impact-disturb (ratio) Proportion of carbon stock in the soil pool that is disturbed when a cell transitions away from this

LULC class in a high-impact disturbance.
0.50
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2.2. InVEST coastal blue carbon model

This study applied the InVEST Blue Carbon V3.9.2 model1 to map and
assess coastal blue carbon changes in the Canary Islands between 2000
and 2020. It was used to value avoided emissions, as well as to identify lo-
cations where there are net carbon gains or losses over time. It was chosen
because is a free open-source software model to map coastal blue carbon
changes and is supported by a well-recognized institution, such as Stanford
University and the Natural Capital Project. These features allow the repro-
ducibility of this study around the world. Despite the relevance of
seagrasses as blue carbon habitats, most studies that used InVEST to assess
blue carbon have focused on mangroves and wetlands, ca. 82 vs 18 % of
studies (Cai et al., 2021; El-Hamid et al., 2022; Hernández-Blanco et al.,
2022; Kacem et al., 2022; Rosa et al., 2022). To our knowledge, this is
the first study estimating blue carbon of a deep-water and opportunistic
seagrasses using the InVEST strategy based on validated distribution
maps (Esteban et al., 2018).

The InVEST Blue Carbonmodel considers three carbon pools: living bio-
mass such as leaves, rhizomes and roots (above- and below-ground com-
partments, respectively), sediment carbon into soil, and standing dead
carbon as detritus (litter). This model requires: (1) maps of coastal ecosys-
tems that store carbon (in a raster format), (2) the amount of carbon stored
in each carbon pool, (3) the rate of annual carbon accumulation in the liv-
ing biomass and sediments, (4) the impacts of human actions on carbon
storage, as well as (5) their level of disturbance, (6) magnitude, and
(7) timing of loss.

The total carbon stock was calculated by adding up all carbon stocks in
the 3 pools. Meanwhile, carbon stocks for a given year and pool were calcu-
lated by adding the net carbon sequestration for that year to the stocks
available in the prior year. The model assumes that the carbon accumula-
tion and emission rates for C. nodosa is linear through time points. Based
on spatial layers of C. nodosa changes between years, the model estimates
the carbon lost to the atmosphere over time when C. nodosa is disturbed.
In this model, net sequestration refers to the amount of carbon lost (emit-
ted) and gained (accumulated). Carbon yearly accumulation and initial
stock values were included in a biophysical table for each pool (Table 1).
It assumes that a disturbance event happens in the first moment of the
year in which the transition occurs and, after it, the disturbed carbon is
emitted over time at an exponential decay rate. The exponential decay func-
tion needs some inputs as the proportion of carbon disturbed fromC. nodosa
presence to its absence, and the carbon half-life in each pool (Table 1).
1 https://naturalcapitalproject.stanford.edu/software/invest-models/coastal-blue-carbon
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Finally, the model outputs were spatially displayed in several blue carbon
maps for the years 2000 and 2020.

2.3. Data collection

2.3.1. Spatial information
To map the habitat of C. nodosa meadows over time, all C. nodosa offi-

cial spatial information available were requested to the Biodiversity Service
of the Canary IslandsAutonomous Government. Six datasetswere delivered
by the technical authorities based on field monitoring campaigns with in-
situ techniques carried out between 2000 and 2018 (Barquín and Martín,
2011; Monterroso et al., 2016, 2018). The first dataset refers to the whole
Canary Islands archipelago and gathers the initial eco-cartographic studies
based on the acoustic SSS and ground truthing via underwater video tech-
niques, mostly conducted between 2002 and 2005, and included in the Bi-
onomic Atlas of the Canary Islands (Barquín and Martín, 2011). The
cartography of subsequent years (2005–2011) confirmed the presence of
C. nodosa in these areas and overlapped previous registers. Hence, the poly-
gons generated during 2000–2011were dissolvedwith ArcGIS Pro and con-
sidered as the C. nodosamaps for the entire archipelago for the initial year
(2000), as the initial time reference. We took 2000 as the “historical” base-
line, because there are no notable changes on the seagrass distribution in
the period in which the most significant cartographies were implemented,
i.e., the cartography in this period was very similar between 2005, 2002
and 2000.

The remaining five datasets corresponded to different islands and were
carried out between 2015 and 2018 in those locations where C. nodosa
presence had been verified in previous studies; the Bionomic Atlas of the
Canary Islands (2011) was used as a reference (Monterroso et al., 2015,
2016, 2018). The five layers are based on the acoustic tool SSS and ground
truthing via underwater video techniques and all of them provide informa-
tion on the level of substrate coverage (high, medium or low), unlike the
previous cartography, which did not include this local distinction attribute.
High coverage means that >50 % of the seabed is covered by seagrasses,
medium coverage refers to a range between 25 and 50%, and low coverage
refers to <25 %. Because there is no unified cartography for the whole ar-
chipelago, at the same year, those maps produced during the period
2015–2018 were considered as the C. nodosa distribution in 2018.

As a result, the years “2000” and “2018” were selected as the two time
periods to compare for this study. Maps from 2000 and 2018 were com-
pared using tools from ArcGIS Pro and regression rates were calculated be-
tween these years. Both maps were converted from shapefiles to raster
format, and a spatial resolution of 20 m of pixel size was used to maintain
the maximum resolution admissible for the InVEST Blue Carbon model.

https://naturalcapitalproject.stanford.edu/software/invest-models/coastal-blue-carbon
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2.3.2. Carbon estimates
The InVEST Blue Carbon V3.9.2 model calculated carbon stocks and se-

questration based on the changes in the distribution of C. nodosa over time,
and the carbon pools information referred to the entire Canary Islands. All
the carbon pools information was input via a biophysical table, which con-
tains the estimates of carbon stored in each pool, the rate of annual carbon
accumulation in the biomass and sediments, the impacts from human activ-
ities on carbon storage, as well as their level of disturbance,magnitude, and
timing of loss (Table 1).

Most metrics included in the model were obtained from local field data
collections, which increases the accuracy of results, instead of using na-
tional or globally collected data elsewhere. The first parameter required
was the “biomass initial” and refers to the carbon stocks in the biomass
pools of C. nodosa in 2000, incorporating both above- and below-ground
compartments. It was calculated by multiplying the mean value of carbon
content in leaves and rhizomes-roots tissues (Tuya et al., 2013b) by the
mean dry weight per m2 of leaves and rhizomes-roots, respectively
(Máñez-Crespo et al., 2020). The “biomass-yearly-accumulation” was cal-
culated by adding the above- and below-ground biomass yearly accumula-
tion rates. The above-ground component was obtained by multiplying the
mean value of the annual leaf growth (per shoot) of C. nodosa in Gran
Canaria (Tuya et al., 2019) by the mean value of shoot density (Bañolas
et al., 2020) and by the mean value of carbon content in above-ground tis-
sues (Tuya et al., 2013b). The below-ground component was obtained by
multiplying the mean value of the elongation rate of rhizomes of
C. nodosa (Reyes et al., 1995) by the unit weight of rhizomes, and by the
mean value of carbon content in below-ground compartments (Tuya
et al., 2013b).

To calculate the initial soil carbon pool metric, the carbon stored in the
roots and rhizomes (initial below-ground biomass) was subtracted from the
value of carbon in the soil, obtained in situ by Bañolas et al. (2020). This
subtraction was performed so as not to double count the carbon in the
below-ground compartment. Additionally, the “soil-yearly-accumulation”
was calculated by multiplying the average carbon concentration obtained
in Bañolas et al. (2020) by the minimum sediment accumulation rates in-
cluded in Serrano et al. (2016) and by the dry sand density. The initial litter
Fig. 2. Conceptualization of plausible trends of C. nodosa distribution over time with
obtained.
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carbon pool was estimated as 20 % of the above-ground biomass and 10 %
of the below-ground compartment (Tuya & Espino, unpublished data).

The “Biomass-half-life” and “soil-half-life” metric values were taken
from the user guide recommendations for seagrasses (Murray et al.,
2011). Likewise, the “biomass-high-impact-disturb” and “soil-high-im-
pact-disturb” values followed user guide recommendations, which con-
siders that a high disturbance over the biomass pool achieve a 100 % of
carbon loss from biomass, while a high disturbance over the soil pool just
remove the top carbon (50 % carbon loss from soil).

Finally, all metrics were converted to CO2 equivalent (CO2 eq) units, by
multiplying by 3.67 due to the difference between the CO2 atomicmass and
elemental carbon.

2.4. Future scenarios

Future scenarios were conceptualized according to the plausible trends
of seagrassmeadows over time in the Canary Islands (Fig. 2). Four scenarios
were considered with a 2050 fixed time horizon: (i) “No Net Loss” scenario
(NNL); (ii) “Business-As-Usual” scenario (BAU); (iii) “Collapse scenario”
(COL); and (iv) “Intermediate” scenario (INT). In the NNL scenario, the cur-
rent seagrass area distribution was maintained from 2018 to 2050. In the
BAU scenario, C. nodosa decreases following the current degradation rate
(3 km2 y−1) until reaching 20 km2 in 2029 and then, the seagrasses distri-
bution is maintained from 2030 to 2050. In the COL scenario, the degrada-
tion rates of C. nodosa is constantly maintained until its completely
disappearance in 2036 (assuming a linear decline function). In the INT sce-
nario, an intermediate loss between the NNL and BAU scenarios is consid-
ered, which means that seagrass meadows decreases until 30 km2

approximately, and then the seagrass distribution is steady maintained
from 2030 to 2050.

To spatially represent the effect of each scenario in a map, we followed
González-García et al. (2022) and also considered different pressures that
alter seagrass meadows, based on those provided by Spanish marine au-
thorities (MITECO, 2019a, 2019b). Among the pressures that affect the Ca-
narian marine area, we selected those with a proven impact over C. nodosa,
discarding those with no demonstrated disturbance (e.g., underwater
timelines displaying the snapshot maps considered in the model and the outputs

Image of Fig. 2


Table 2
Pressures selected in this study, including description, thresholds, and associated sources.

Pressures Descriptions Threshold (range) Threshold Source

Hydrographic alterations Construction of ports, marinas, and defence infrastructures (dikes) inducing
alteration in sediment dynamics, including resuspension and retention, discharges
of dredged port material, regeneration of beaches and creation of artificial beaches.

1.75 (0–2.25) Manent et al. (2020)

Nutrients Areas under large inflow of nutrients (nitrogen and/or phosphorus) due to dumping of
dragged material, aquaculture facilities, and urban wastewater discharges from
treatment plants.

1.61 (0–2.5)
Concentration units:
0.1 mg/L
(0.01–0.15 mg/L)

Tuya et al. (2013b)

Salinity Areas under salinity alterations due to the release of brine from desalination plants,
urban wastes and industrial wastes.

1.63 (0–3.25)
Concentration units:
38 (36–40 UPS)

Portillo (2014); Ruiz de la Rosa et al. (2015)
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noise). Three final pressures were considered: (i) hydrographic alterations,
(ii) nutrients, and (iii) salinity (Table 2). Each pressure is displayed in a
shapefile mesh of 9× 9 km of cell size, which includes an index calculated
by adding the drivers that generate the pressure. Then, a set of different
threshold values were selected based on previous local studies and local ex-
pert consultation. Nutrients and salinity thresholds were determined
through a change of scale between the range of values of the index in the
shapefile and the range of concentration values found in the local scientific
literature. Those cells with C. nodosa presence that exceed the threshold
value were removed from the C. nodosa distribution map in 2018 and the
new maps with areas of C. nodosa subtracted were those that describe fu-
ture scenarios (Fig. 2). To follow the tendencies conceptualized for each
scenario (Fig. 2), we increased the value of pressures in a 50 % for the
INT scenario and in an 80% for the BAU scenario to obtain a total C. nodosa
distribution area of about 30 and 20 km2, respectively. Finally, to generate
the map for the COL scenario, we considered that 2036 was the year in
which C. nodosa would completely disappear if the decline tendency was
linear. Each C. nodosa distribution map created according to the four future
scenarios was entered into InVEST, and carbon stocks and sequestration
maps were subsequently obtained.

2.5. Economic valuation

The economic valuation of coastal blue carbon was estimated using the
“Social Cost of Carbon” (SCC) of net carbon sequestration between 2020
and 2050. This approach monetizes the damage that an increase in CO2

emissions would cause in the future, and includes the costs to avoid natural
catastrophes, such as floods due to rising sea levels, rising temperatures,
etc. It is also an indicator of what society would be willing to pay now to
avoid the future damage caused by incremental carbon emissions (Liu
et al., 2022; Rennert et al., 2022; U.S. IAWG SCGG, 2021). The time lag be-
tween the causes and effects of climate change complicate efforts to tackle
the problem. The SCC fills that gap by bringing those future damages costs
to the present, in order to increase awareness about the impact of our cur-
rent actions and make informed decisions.

Due to the protection of C. nodosa in the Canary Islands and that
changes in carbon emissions are public policy responsibilities, the benefits
of zoning coastal areas for development against the social losses from car-
bon emissions (SCC) should be considered by decision makers. This valua-
tion tries to shed light on this question by providing data to avoid costs if
current C. nodosa is conserved and the social costs of emitting carbon if
other non-sustainable scenarios occur. To estimate the SCC, emissions cor-
responding to three periods were considered: from 2020 to 2030, from
2030 to 2040, and from 2040 to 2050. The SCC of the last year of each pe-
riod was multiplied by the amount of CO2 emitted in that period. As local
carbon emissions affect the atmosphere on a global scale, the SCC taken
in this study was considered at a global scale. The data source used is the
last Technical Support Document carried out by the US Interagency Work-
ing Group on the Social Cost of Greenhouse Gases2 (U.S. IAWG SCGG,
2 The US IWG SCGG has the commitment to ensuring that the SCC values estimates reflect
the best available science and methodologies
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2021). Among the discount rate available, a 2.5 % was selected because it
is into the 1–3 % range advised by experts who participated in 2015 in
the survey carried out by The Centre for Climate Change Economics and
Policy (CCCEP) and The Grantham Research Institute on Climate Change
and the Environment (Drupp et al., 2015). Finally, the selected estimation
of SCC was changed from dollars to euros (1 US $ = 0.91 €) resulting in
81 €/tonnes CO2 eq in 2030, 93€/tonnes CO2eq in 2040, 105€/tonnes
CO2 eq in 2050.

3. Results

3.1. Changes in the distribution and extent of seagrass meadows

Overall, seagrass meadows area in 2000 covered 106 km2 for the whole
archipelago; around 50% has been lost since then, with a regression rate of
3 km2 y−1 (Figs. 2 and 3.A). For the remaining 53 km2 that still exist now-
adays, just 7 km2 has a high seagrass cover (Fig. 3.A).

In 2000, the islands with the largest area were Gran Canaria (34 km2),
followed by Fuerteventura (32 km2) and Lanzarote (23 km2) (Fig. 3B). Te-
nerife, La Gomera and El Hierro had already reduced areas (13.1, 2.8 and
0.04 km2, respectively, Fig. 3B). El Hierro had a small seagrass meadow
(0.04 km2) in the east of the island. There is no record from La Palma Island.

In 2018, Gran Canaria was still the islandwith the largest area, followed
by Tenerife (instead of Fuerteventura) (Fig. 3B). Therefore, Fuerteventura
is the island that has lost the largest area from 2000 to 2018 (23.2 km2,
ca. 71.6 %, Fig. 3B). Lanzarote experienced ca. 56.6 % reduction in area
(13.2 km2) and Gran Canaria lost ca. 37.5 % and 12.9 km2 (Fig. 3B). Tene-
rife has lost ca. 19%, corresponding to 2.5 km2. Despite La Gomera just lost
about 1.2 km2, this was a considerable reduction (42.8 % loss), when com-
pared to 2000 (2.8 km2, Fig. 3B). There is no record fromElHierro in recent
times. Fig. 3.C shows a local example in the decay of C. nodosa seagrass
meadows through 2000 to 2018, as a consequence of an industrial port con-
struction.

3.2. Plausible future changes in the distribution and extent of seagrass meadows

Fig. 4 shows the spatial distribution of pressures under each plausible
future scenario, including a NNL scenario, where no meadows are lost
(Fig. 4.A). The zones affected by the INT and BAU scenarios are shown in
the Figs. 4.B and 4.C, with a remaining seagrass area distribution of 31.9
and 19.9 km2, respectively. Some of the orange areas where C. nodosa is
not present nowadays containedC. nodosa in the past, such as those located
in the north-east of Gran Canaria.

Fig. 5.A provides information on the islands in which the pressures
would cause the greatest losses in km2. Fig. 5.B-E show which cells are af-
fected by the current pressures, either in combination (5.B) or individually
(5.C, 5.D, 5.E). Nutrients only affects two cells that otherwise do not contain
C. nodosa (5.C), and coincide with the metropolitan areas of the two capi-
tals in Tenerife and Gran Canaria. On the contrary, hydrographic alter-
ations (5.D) and salinity (5.E) are the pressures that most cells containing
C. nodosa are disturbed. These cells are mostly concentrated around the
two most populated islands (Tenerife and Gran Canaria).



Fig. 3.A) Overall temporal changes in seagrass meadows area between 2000 and 2018, B) seagrasses meadow area by islands between 2000 and 2018, C) a local example of
seagrass meadow degradation from Granadilla in Tenerife.
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For the INT scenario, Gran Canaria and Tenerife would show the largest
losses with ca. 38 and 69 % loss, corresponding to 8.1 km2 and 7.3 km2 in
absolute terms, respectively. For the BAU scenario, these losses would add
up to ca. 73 and 76 % loss (15.6 and 8.1 km2), respectively. La Gomera
would not suffer changes under the INT scenario, whereas for the BAU sce-
nario, it would be the most disturbed island and would lose all C. nodosa
meadows (ca. 1.6 km2). Seagrass meadows from Fuerteventura would suf-
fer the same impact for both the BAU and INT scenarios (3.7 km2, a ca.
7

40 % loss). Meadows from Lanzarote would decrease ca. 20 % more in
the BAU, in relation to the INT scenario, with a loss of ca. 2km2 and
4.2 km2, respectively.

3.3. Changes in coastal blue carbon overtime

Fig. 6 shows an example of spatial changes in carbon stocks over time,
according to the different future scenarios and past records (in tonnes

Image of Fig. 3


Fig. 4. Spatial distribution of pressures under each plausible future scenario: A) NNL- there are no pressures that overcome the thresholds and C. nodosa area is maintained
until 2050; B) INT- some cells overcome the thresholds and C. nodosa is removed from them; C) BAU- C. nodosawas removed in those cells in which pressures exceeded the
thresholds. Green cells are those in which thresholds are exceeded and contain C. nodosa. Orange cells are those in which thresholds are exceeded, but C. nodosa is not
currently present. On the right, an example where coloured red surface shows areas where C. nodosa has been removed in each scenario.
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CO2 eq per ha). For this pilot case, a total of 318 t CO2 eq per ha were ob-
served in 2000, with continuous decreases onwards in those zones where
C. nodosa has disappeared (light green), while carbon stocks have increased
until 635 t CO2 eq per ha (dark green) in those areas where C. nodosa has
been maintained.

Fig. 7 accounts for the total carbon stocks, in Mega tonnes CO2 eq, for
the whole archipelago and each scenario, as well as the carbon fluxes or
net sequestration between four time periods (2000–2020, 2020–2030,
2030–2040 and 2040–2050). The stocks for 2000 and 2020 were the
same for all scenarios, because the difference between scenarios were intro-
duced in 2029. Fig. 7 displays how, as the scenario became more
unfavourable, carbon stocks concurrently decreased in the same year. For
the NNL scenario, an increase was detected over time, becoming constant
during the last 2 periods (2030–2040 and 2040–2050). The carbon stock
reached 3.9 Mt. CO2 eq in 2050 and the amount of carbon accumulated,
and emissions avoided was 0.75 Mt. For the INT scenario, carbon stocks
8

decreased substantially between 2020 and 2030, while slowly increasing
from 2030 onwards; specifically, 0.05 Mt. between 2030 and 2040, and
0.20 Mt. during the following 10 years, reaching 3 Mt. CO2 eq in 2050
and a net flux of −0.11 Mt. This means that 0.11 Mt. would be emitted
from 2020 to 2050 for this scenario. In contrast, for the BAU scenario, an
exponentially decreasing trend would be observed, with a considerable
drop from 2020 to 2030 (−0.59 Mt. CO2 eq) and a considerable drop the
following ten years (−0.10 Mt). From 2040 to 2050, a slight accumulation
would be registered again to finally reach 2.58 Mt. in 2050. The net emis-
sions over time, for the BAU scenario, would be 0.57 Mt. Similarly, the
COL scenario would imply a drastic decline from 2020 to 2040 and a
minored decrease from 2040 to 2050, with a maintained value of 1.7 Mt.
CO2 eq in this period. Finally, the net amount emitted from 2020 to 2050,
for this COL scenario, would be 1.43 Mt. CO2 eq.

The most notorious differences between scenarios, in relation to carbon
stocks, took place in 2040 and 2050 (Fig. 7.A), whereas the most relevant

Image of Fig. 4


Fig. 5. A) Total area covered by C. nodosa in each island according to each scenario; B-E) Cells where pressures currently overcome the thresholds (in orange and green) and
cells where the current C. nodosa distribution is being affected by current pressures (in green). For future prioritization, zones with C. nodosawhere current pressures overlap
are highlighted in red.
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differences between net sequestration values were during the 2030–2040
period (Fig. 7.B).

3.4. Economic valuation of coastal blue carbon

The monetary value of the blue carbon stock in the Canary Islands, in
2020, is 218.4 million €, corresponding to 0.56 % of the Canary GDP.
Fig. 7.C shows the social cost of carbon based on net carbon sequestration
for each scenario in the 2020–2050 period. Positive values of the net se-
questration refer to the accumulation of CO2, while negative values refer
to emissions. Otherwise, negative values of SCC obtained refer to avoided
costs, while positive values of SCC refer to social costs caused by the dam-
age that an increase in CO2 emissions would cause in that future scenario.
The NNL scenario is the only one that reached a net accumulation of CO2

eq and the consequent avoided social cost, estimated at 73.59 M€
(0.19 % of the Canary GDP). On the contrary, emissions caused by the
INT, BAU and COL scenarios would suppose costs of 3.6 M€ (0.01 % of
9

the Canary GDP), 44.8 M€ (0.11 % of the Canary GDP) and 126.3 M€
(0.32 % of the Canary GDP), respectively.

4. Discussion

4.1. Decline of C. nodosa and carbon storage

This study has quantified a decline of ca. 50 % of the seagrass meadows
area from2000 to 2018 in the Canary Islands, at an annual rate of ca. 3 km2.
By contrast, global seagrass losses (29 % according to Waycott et al., 2009)
and the global rate of seagrasses declines (1.4 % according to Short et al.,
2011) is much lower than that registered in the archipelago. These consid-
erable losses in the Canary Islands result from several factors: (i) the fast in-
crease in population and tourist pressures on the coasts since the 70s
(Espino et al., 2008; Tuya et al., 2014b), (ii) the large vulnerability of
C. nodosa in the Canary Islands, due to its low genetic variability (Alberto
et al., 2006) and associated low resilience to human impacts (Tuya et al.,

Image of Fig. 5


Fig. 6. Spatial representation of coastal blue carbonmodel outputs over time inMaspalomas (Gran Canaria), as a pilot case.Maps from2000 and 2020 are carbon stocks based
on C. nodosa field records. Maps from 2030 and 2050 denote changes in carbon stocks over time through the different scenarios considered (NNL-No Net Loss, INT-
Intermedium, BAU-Business as usual, and COL-collapse).
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2019, 2021), (iii) the exposure of meadows to an additional natural pres-
sure: large, highly energetic, oceanic swells of the Atlantic Ocean
(Portillo, 2014), and (iv) the effect of global warming, which is causing
the proliferation of opportunistic species with greater tropical affinity,
such as the cyanobacteria Lyngbya majuscula that has periodically covered
and asphyxiate a large part of seagrass meadows in the easter islands of
the archipelago (Martín-García et al., 2014).
10
If we translate the loss of seagrass meadows into coastal blue carbon es-
timations, a total amount of 0.21 Megatonnes CO2 eq emitted was esti-
mated. Comparing the outcomes of this research with those obtained by
González-García et al. (2022), at the national level for Spain, the carbon
stock in 2020 in the Canary Islands is 3.16 Megatonnes CO2 eq, which is
similar to the 3.17 Mt. CO2 eq provided by this study. This occurs because
the average carbon stock considered by González-García et al. (2022) in

Image of Fig. 6


3 http://www.gobiernodecanarias.org/cmsgobcan/export/sites/hacienda/dgplani/
galeria/Presupuestos/2022/proyecto_de_ley/TOMO-3-Resumenes.pdf

Fig. 7. Coastal blue carbon stocks and net sequestration over time under the four future scenarios. The “Social Cost of Carbon” is based on net carbon sequestration. NNL: No
Net Loss, INT: Intermediate scenario, BAU: Business-as-usual.

M. Montero-Hidalgo et al. Science of the Total Environment 872 (2023) 162244
2020 (470.93 t CO2 eq/ha) was comparable to the regional average of CO2

obtained by our study at the same year (440.6 t CO2 eq/ha). The average
carbon stock provided by González-García et al. (2022) was between 104
and 1224 t of CO2 eq h−1, depending on C. nodosa locations, which indi-
cates the importance of carrying out studies with local data, as we here
have implemented.

Given that carbon storage by C. nodosa in Spain is 29.5 Mt. CO2 eq and
by all seagrass species is 227Mt. CO2 eq (González-García et al., 2022), the
Canary Islands carbon stock accounts for ca. 11 % of the total carbon stor-
age by C. nodosa across the entire coasts of Spain and ca. 1.5 % of the
total carbon storage by all seagrasses. This shows the relevance contribu-
tion of Canarian seagrass to the national climate regulation service.

On a worldwide scale, Fourqurean et al. (2012) estimated that the
global seagrass carbon stock was between 15,372 and 30,744 Mt. CO2 eq;
therefore, the carbon stock in the Canary Islands in 2020 (3.2 Mt. CO2 eq)
is ca. 0.015 % of the global carbon storage by seagrasses.

4.2. Which are the viable future scenarios for coastal blue carbon?

The Paris Agreement states that it is essential to reduce emissions by a
45 % in 2030, and achieve zero net emissions by 2050. In this sense, coun-
tries are urged to accelerate their climate action and to review and increase
their 2030 goals before the end of 2022. In this context, our study contrib-
utes to the approach of a NNL scenario and provides useful information to
act on the pressures and areas that favour carbon sequestration by the
seagrass C. nodosa. The NNL scenario was the only one where an increase
of carbon was detected over time (the amount of carbon accumulated,
and emissions avoided was 0.75 MT) and, therefore, it is the only scenario
that would comply with the Paris Agreement.

According to our outcomes, to reach a NNL scenario would imply to di-
rectly act on several human pressures in areas where such pressures cur-
rently overcome thresholds considered to guarantee a healthy state of the
11
seagrass. According to the thresholds selected for each pressure, the current
distribution of C. nodosawould be seriously affected if management actions
are not implemented. Specifically, Tenerife and Gran Canaria would be the
islands suffering the greatest impacts, as both islands would lose ca. 50 %
and 30 % in the area covered by the seagrass, respectively. Most of the
cells that exceeded the thresholds belong to salinity and hydrographic pres-
sures. Human activities, such as water treatment and coastal works, are re-
sponsible of these impacts. Nutrients from waste discharges mainly affect
the two capital cities (Santa Cruz de Tenerife and Las Palmas de Gran
Canaria), but there are currently no seagrass meadows in any of the cells
that exceeded these thresholds. In the past, however, there were sparse
seagrass records in Las Palmas de Gran Canaria, which disappeared in the
last cartography.

4.3. Economic valuation and trade-offs

The NNL scenario is the only one that would avoid the social costs asso-
ciated to emissions in the future and would save 73.59M€, which is 0.19%
of the Canary Islands Gross domestic product (GDP) and 2.7 times the bud-
get dedicated, in 2022, to this item by the “General Directory to Fight Cli-
mate Change and Ecological Transition” of the Canary Islands (Canarian
government budgets 20223). On the contrary, the emissions caused by the
INT, BAU and COL scenarios would suppose costs of 3.6 M€ (0.01 % of
the Canary GDP), 44.8 M€ (0.11 % of the Canary GDP) and 126.3 M€
(0.32 % of the Canary GDP), respectively.

Given the protection of C. nodosa in the Canary Islands and that
minoring carbon emissions are public policy responsibilities, the benefits
of zoning coastal areas against the social losses from carbon emissions
(SCC) should be considered by decision makers. This valuation tries to

http://www.gobiernodecanarias.org/cmsgobcan/export/sites/hacienda/dgplani/galeria/Presupuestos/2022/proyecto_de_ley/TOMO-3-Resumenes.pdf
http://www.gobiernodecanarias.org/cmsgobcan/export/sites/hacienda/dgplani/galeria/Presupuestos/2022/proyecto_de_ley/TOMO-3-Resumenes.pdf
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shed light on this question, by providing data as the avoided costs if current
C. nodosa is conserved, and the social cost of emitting carbon if other non-
sustainable scenarios occur. It is important to highlight that the economic
value estimated by this study does not include the total value of C. nodosa
seagrass meadows, for which the rest of the services thatC. nodosa provides
should have been evaluated, such as the fisheries support value (Tuya et al.,
2014a). Rather, this study provides an economic approximation to just one
service. Still, this is a useful way to insert the value of C. nodosa into
decision-making.
4.4. Study limitations and future research

Some study limitations should be considered in future research. For ex-
ample, sediment rates or trapping rates due to seagrass canopies should be
further studied. We took information from other regions and these rates are
dependent on species and location. For instance, bays and lagoons have
higher rates than islands exposed to energetic seas, and the capacity of
seagrasses to trap sediment might be lost under extreme flow conditions
in wave-exposed environments. In addition, detritus generated annually
by C. nodosa should be quantified, because there is a lack of current local
information.

This study does not consider the carbon sequestration by species living
in close association with C. nodosa, such as epiphytic algae or other benthic
species (e.g.. the green algae Caulerpa prolifera, (Tuya et al., 2014b)), due to
a lack of data on their distribution and accumulation rate. Therefore, their
effect on carbon storage should be further studied.

Future research is needed on the relation between seagrass condition
and blue carbon storage and sequestration. The ecosystem condition4 inclu-
sion in blue carbon assessment would be positive to ease the implementa-
tion of marine nature-based solutions (Watson et al., 2022).

The seagrass distribution maps used in this study were subjected to
ground-truthing via underwater video techniques. Extensive ground-
truthing for seagrass distribution has been recently demonstrated by even
camera-equipped tiger sharks (Gallagher et al., 2022).

Besides, only direct anthropogenic pressures were considered when fu-
ture scenarios were created. Indirect anthropogenic pressures on seagrass
meadows, such as rising sea level and increasing temperature were not in-
vestigated, and further studies are required in this sense (Dahl et al.,
2023). Additionally, we didn't explored how the results of this study can
be used to promote the potential of the Canary archipelago seagrass
meadows to national and international agencies as a practical scheme for
nature-based solutions for climate change mitigation (Stankovic et al.,
2021). Finally, a restoration scenario has not been fully explored (Tuya
et al., 2017) due to, among other reasons, the exposure of local meadows
to large, highly energetic, oceanic swells travelling the Atlantic Ocean
(Portillo, 2014), but it may be considered in future research.
5. Conclusion

This study has demonstrated a severe decline (ca. 50 %) in the area cov-
ered by seagrassmeadows, from2000 to 2018, in the Canary Islands. This is
the first study that has quantified and spatially represented the past, actual,
and plausible future scenarios of C. nodosa and its associated blue carbon
with a high spatial resolution (20 × 20 m). We have identified the areas
and pressures that need to be acted upon, and created plausible future sce-
narios, to communicate the impacts on C. nodosa according tomanagement
decisions. A monetary valuation according to different scenarios was car-
ried out to make the outcomes understandable for decision-makers and
the general public. Importantly, the reproducibility of our methodology
elsewhere guarantees its applicability across coastal ecosystems for conser-
vation planning, particularly in promoting further research on seagrass
meadows in other regions.
4 According to Maes et al. (2018), ecosystem condition refers to the physical, chemical and
biological condition or quality of an ecosystem at a particular point in time.
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