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We modeled the coastal protection and blue carbon ecosystem services provided by
the mangroves of the Paz River Basin (El Salvador and Guatemala) using InVEST Coastal
Vulnerability and Coastal Blue Carbon Models, with the goal of supporting the Regional
Coastal Biodiversity Project of the International Union for the Conservation of Nature,
in determining potential priority mangrove areas for conservation and restoration. To
quantify the relative coastal protection that mangroves provide, we combined maps
of different aspects of vulnerability, including ecological, physical, and social data. We
also estimated carbon stocks, net sequestration, and the economic value of carbon
sequestration as a service in 2050 and 2100. We then developed a combined index
of coastal protection and carbon sequestration services to highlight potential priority
conservation and restoration areas for mangroves. We found that in Guatemala the
coastal protection service was provided in greater quantity in the province of Moyuta,
while in El Salvador this service was the highest in the provinces of San Francisco
Menéndez, Jujutla and Acajutla, which also had the greatest total carbon stock. In the
Paz River Basin, we estimate there are approximately 1,741 hectares of mangroves that
provide the highest coastal protection and carbon sequestration services. Furthermore,
we identified 318.9 hectares across both countries where mangroves could potentially
be restored.
Keywords: mangroves, ecosystem services, natural capital, coastal protection, blue carbon

INTRODUCTION
Mangroves provide a wide variety of ecosystem services that benefit society at local and global
scales (Millennium Ecosystem Assessment, 2005; Russi et al., 2013). These benefits have proven
to have a high economic value, although the majority are not recognized in current markets. For
example, Salem and Mercer (2012) provide mean economic values for services such as recreation
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and tourism ($37,927 ha−1 yr−1 ), fisheries ($23,613 ha−1 yr−1 ),
coastal protection ($3,116 ha−1 yr−1 ) and carbon sequestration
($967 ha−1 yr−1 ), among others. Other studies have estimated
the total economic value of mangroves, ranging from $13,819
ha−1 yr−1 (UNEP/GPA, 2003) to $22,526 ha−1 yr−1 (Chong,
2006). The economic value of mangroves from the Gulf of Nicoya
in Costa Rica represents 0.16% of the country’s GDP (HernándezBlanco et al., 2021), demonstrating that conservation and
restoration of these ecosystems is key to the livelihoods of coastal
communities in developing countries.
Nevertheless, the economic and social value of mangroves is
often not recognized, and therefore these ecosystems have been
significantly impacted by human activities such as agriculture,
aquaculture, forestry, and coastal development (Valiela et al.,
2001). As a consequence, 16% of mangroves species are
threatened with extinction, where both coasts of Central America
are of particular concern (Polidoro et al., 2010). The loss of
mangroves has both an ecological impact on the landscape due to
the loss of physical structure, as well as a socioeconomic impact
due to the loss of benefits provided to local communities (e.g.,
food, coastal protection) and the global population as a whole
(e.g., climate regulation).
Fortunately, stopping and reversing the loss of mangroves has
recently gained traction in different local and global development
agendas, specially under the nature-based solutions framework.
Nature-based solutions are defined as actions to protect,
sustainably manage, and restore ecosystems, seek to address
societal challenges and promote human wellbeing (CohenShacham et al., 2016). Mangrove conservation and restoration
as a nature-based solution has received attention specially to
tackle climate change’s dual challenge of reducing greenhouse
gases at the same time that society adapts to the unavoidable
effects of past emissions. In the Sindh Province of Pakistan,
communities have created mangrove management areas where
the extraction of fuelwood has been reduced or replaced with
solar power and have implemented a campaign to restore 42,000
hectares of mangroves. In Kwale County, Kenya, a communitybased mangrove restoration has been growing and replanting
mangrove seedlings along the coastline as an adaptation measure
to extreme weather events. In Costa Rica, a collaboration led
by Conservation International with women from the fishing
community of Chira Island in the Gulf of Nicoya have been
replanting mangroves and stablishing mangrove nurseries to
increase the habitat area of fish species that are of commercial
interest, at the same time other ecosystem services are restored
(Cohen-Shacham et al., 2016). Finally, in the provinces of
Artemisa and Mayabeque of Cuba, a country highly vulnerable
to climate change, a mangrove restoration project funded by
the Adaptation Fund and implemented by the United Nations
Development Program (UNDP) is reforesting mangroves along
an 84-km coastline, and at the same time increasing monitoring
and control, as well as conducting vulnerability assessments
to better understand how climate change is affecting coastal
communities (Almeida-Famada et al., 2020).
Moreover, an increasing number of countries is incorporating
mangrove conservation and restoration as mitigation actions in
their National Determined Contributions (NDC) under the Paris
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Agreement from the United Nations Framework Convention
on Climate Change (UNFCCC). 93% of countries that have
submitted NDCs contain at least one marine and/or coastal
ecosystem (Herr and Landis, 2016), and 43% of those focused
on mangroves (Seddon et al., 2019). Furthermore, Earth Security
(2020) found that there are more than 700,000 hectares of
mangroves globally with restoration potential, which could
capture 380 million tCO2 by 2040. This global restoration of
mangroves would require a total investment of US$ $11.1 over
a 20-year period (Earth Security, 2020).
A global restoration of ecosystems is the objective of the
UN Decade on Ecosystem Restoration 2021–2030, proclaimed
in March 2019 under Resolution 73/284, with the objective
to prevent, halt and reverse the degradation of ecosystems
worldwide. All initiatives within the UN Decade have a dual focus
on protecting as well as restoring ecosystems (UNEP, 2020). The
restoration of ecosystems and their services at the global level will
play an important role in achieving the Sustainable Development
Goals of the UN 2030 Agenda for Sustainable Development.
A key issue to the success of the Decade will be the promotion of
science-based initiatives (Science Task Force for the UN Decade
on Ecosystem Restoration, 2021).
This study is part of the research conducted under the
Regional Coastal Biodiversity Project (RCBP) of the International
Union for the Conservation of Nature (IUCN), focused on the
conservation and restoration of coastal and marine ecosystems
for the benefit of local communities in high biodiversity
areas in Central America, including the lower basin of the
Paz River (El Salvador and Guatemala), which is the focus
of our analysis. The aim of this study is to provide the
RCBP with a first approximation of where conservation and
restoration activities could potentially yield the highest provision
of ecosystem services. We modeled two ecosystem services,
carbon sequestration and coastal protection, and then identified
where these services had the highest combined levels.

METHODOLOGY
Study Area
The Río Paz Basin has an area of 2,647 km2 , of which 1,722 km2
(66%) belongs to Guatemala and 925 km2 (34%) to El Salvador.
The total extension of mangroves in the Rio Paz Basin is 57,000
ha (Figure 1). This and other coastal and marine ecosystems of
the basin are located along the Pacific coast in the departments
of Jutiapa and Santa Rosa in Guatemala, and Sonsonate and
Ahuachapan in El Salvador. Coastal communities in El Salvador
side are Mestizos, Lenca and Nahua-Pipil, and in Guatemala side
are Mayas, Xinka, and Ladinos (IUCN, 2019).
The principal economic activity in the study area is
agriculture. Coffee is the main permanent crop in the upper
part of the basin, cattle in the middle part, and staple grains
in the basin profile. These activities have had environmental
impacts on the local ecosystems, mainly the reduction in fresh
water flows due to its unsustainable use for sugar cane and cattle
grazing irrigation. Furthermore, climate change is projected to
reduce rainfall by more than 15%, as well as increase coastal
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FIGURE 1 | Mangrove cover (green) in the study area.

continental shelf, and population density) and (Tolman, 2009)
(i.e., wind and wave exposure). We calculated the Exposure Index
with and without mangroves present for every 250 m segment of
coastline. The difference between these two values was used to
locate where on the coast mangroves offered greatest protection.

vulnerability to inundation due to sea level rise and intensifying
coastal storms (IUCN, 2019).

Ecosystem Service Modeling: Coastal
Protection
Using the Coastal Vulnerability model from the Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST, version
3.6) tool suite (Natural Capital Project; Sharp et al., 2016), we
created a relative index of exposure of the coast to erosion
and flooding caused by coastal storms and sea level rise. The
Coastal Exposure Index ranges from 1 to 5 (5 equals highest
exposure) and accounts for the combined influence of shoreline
geomorphology, presence of different habitat types, coastal relief,
winds, waves, storm surge potential, and trends in sea level rise
on relative vulnerability of each shoreline segment to erosion and
inundation (Silver et al., 2019). The Coastal Exposure Index can
be calculated with and without the presence of coastal and marine
habitats. The difference between these two values estimates the
relative influence of habitats on protecting the coastline, and it
identifies locations where that protection is highest along the
coast. To create this index, we first created a mangroves polygon
using national data from both countries. Specifically, data from
El Salvador was derived from satellite images from Landsat
1998, LIDAR 2014 and cadastral maps (Ministerio de Medio
Ambiente y Recursos Naturales [MARN], 2018), and the data
from Guatemala was based on satellite images from Landsat TM5
and TM7, AlosPalsar 2010 and Hyperion 2003–2010 (Ministerio
de Ambiente y Recursos Naturales [MARN], 2013).
We then produced a polyline layer of shoreline
geomorphology (e.g., rocky beach, sandy beach, cliff, etc.)
using Google Earth at a resolution that varied from 2.5 to 30 m.
Each geomorphology type received a rank from 1 to 5 (5 being
highest) depending on its level of susceptibility to erosion. We
created a polygon of sea level change using the Reference global
mean sea level (GMSL) map produced by SSALTO/DUACS in
collaboration with LEGOS and distributed by AVISO+. Due to
data constraints in the study area, the rest of inputs for this model
used global data from Sharp et al. (2016) (i.e., bathymetry, relief,
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Ecosystem Service Modeling: Blue
Carbon
We used the InVEST Coastal Blue Carbon Model (version
3.6, Natural Capital Project) to estimate future carbon stock,
sequestration, and economic value in 2050 and 2100. The Coastal
Blue Carbon Model is a raster-based, spatially explicit model that
adds annual carbon sequestration to existing carbon stock across
a landscape. The model calculates a monetary value (Net Present
Value) for the cumulative C sequestration and applies a discount
rate, such that monetary gains in the far future are assigned
a lower value than short-term gains. We valued carbon using
the Social Cost of Carbon metric, or the average global cost of
damages caused by each additional metric ton of carbon dioxide
in the atmosphere (Environmental Protection Agency [EPA],
2016). Value schedules for the Social Cost of Carbon were derived
from Sharp et al. (2016). 2020 was the start year for all model
runs. We estimated economic value of carbon sequestration in
2050 and 2100 using a 3% discount rate and a 5% discount rate.
The Social Cost of Carbon is traditionally expressed in terms of
cost per Mg CO2 equivalent. We converted this to cost per Mg C
by multiplying by a factor of 3.67 (i.e., the ratio of the molecular
weight of carbon dioxide to that of carbon). Using the Zonal
Statistics as Table tool in ArcMap 10.6.1 (ESRI), we found the
per hectare mean and standard deviation of carbon stock (Mg C
ha−1 ) across all map pixels within the study area at 2020, 2050,
and 2100. We also found the mean of carbon sequestration (Mg
C ha−1 ) and its Net Present Value (USD ha−1 ) from 2020 to
2050 and from 2020 to 2100. Standard deviation did not apply
to sequestration and net present value because all raster cells had
uniform input and output values. Additionally, we calculated the
sum of carbon stock, sequestration, and Net Present Value across
all mangroves in the study area at each time point.
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#1). We did not rank restoration groups based on Habitat
Role because we were assessing priority locations for creating
additional mangrove habitat, not the role played by existing
mangrove habitat.
The rank order of mangrove restoration groups by Coastal
Exposure Index did not change when habitats were removed
from the index, simplifying identification of locations offering the
highest existing coastal protection.
We scaled the ranks for coastal protection from 0 to 1 (1 =
least protection conferred) for each group of mangroves using the
following equation: (Ranked Habitat Role-1)/(Total number of
groups). We also scaled the 2100 carbon stock for each cell of the
2100 carbon stock raster from 0 to 1 as follows: (C stock of cell—
Mininum C stock)/(Maximum C stock—Minimum C stock). For
each cell of mangrove, we took the average of both scaled values
to determine the relative amount of ecosystem services provided.
We used the Slice function in ArcMap 10.5 to sort the results in
order from 1 to 100 based on the order of values in the raster,
with 1 corresponding to the highest intensity services provided
and 100 corresponding to the lowest intensity services provided.
To find the average rank for each mangrove group, we used
the Zonal Statistics As Table function to calculate statistics for all
the cells of the Combined service index raster for each individual
mangrove polygon.

Data on blue carbon stocks and sequestration rate for
mangroves were compiled from existing literature. For carbon
stock in soils and in litter (fallen wood), we used data from
Cifuentes et al. (2018) in El Salvador and Rodriguez-Hernández
(2017) in Guatemala. We combined root carbon stock with
soil carbon stock for the purposes of this model. We used
rasters of aboveground biomass from Simard et al. (2019) to
calculate carbon stock. Aboveground biomass was converted to
aboveground carbon stock by multiplying by a factor of 0.475
(Hamilton and Friess, 2018). Where our mangrove footprint
did not overlap with the aboveground biomass rasters, we used
data from Cifuentes et al. (2018) in El Salvador and RodriguezHernández (2017) in Guatemala to calculate average biomass
carbon stocks. We used a uniform carbon sequestration rate
across both countries, which represented the best available data
for this study area (Murray et al., 2010; Maldonado and ZarateBarrera, 2015). This was an ecosystem-wide sequestration rate
combining estimated annual sequestration in mangrove soils and
biomass (Table 1).

Identifying Potential Mangrove
Restoration Areas With High Service
Provision
Finally, we identified potential priority areas for conservation and
restoration based on the two ecosystem services (i.e., areas where
mangroves provided the highest combined amount of benefits).
To create the restoration priority map, we used data on mangrove
extent for 1996–2016 from Global Mangrove Watch (Bunting
et al., 2018). Areas where mangroves had been present in 1996–
2015 but were no longer there in 2016 were considered locations
for potential mangrove restoration. We excluded any areas that
had been converted to urban, mining, or landfill uses by using
land use classifications from Guatemala and El Salvador.
To help land use planners set priority locations for mangrove
restoration, we evaluated mangrove restoration locations in
terms of their potential benefits to coastal protection (as carbon
sequestration was modeled as a spatially uniform rate across the
study area). To do this, we created a 500 m buffer around each
restoration polygon within 2,000 m of the coastline. Overlapping
buffers were dissolved into a single polygon. Restoration areas
sharing a contiguous buffer were considered a single group.
We found the average values of the Coastal Exposure Index
(with habitats) and Coastal Exposure Index without Habitat for
segments on the coastline directly in front each restoration group.
This allowed ranking of potential restoration areas based on
their proximity to coastline with highest Coastal Exposure Index
(mangrove restoration groups with highest exposure ranked

Assumptions and Limitations
The Coastal Vulnerability model’s outcomes are qualitative
reflections on risk and the relative role of mangroves in reducing
that risk; the model does not estimate absolute probabilities of
coastal flooding or erosion. The resolution of the exposure index,
250 m, does not allow estimating the risk at the site level. This
model assumes that the current coastline will remain the same
and that existing hard structures along the shoreline will remain
in place and that the protection they provide will not diminish
over time. Finally, the model determined the protection provided
by mangroves based on the distance from the nearest hectare
of mangrove, regardless of the number of hectares of mangrove
around it or the density of woody vegetation.
One of the main limitations of the Coastal Blue Carbon Model
is that the ability to predict potential carbon sequestration is
limited by the available estimates of carbon sequestration in El
Salvador and Guatemala. A uniform sequestration rate was used
for all mangroves based on regional averages. Our analysis also
assumes that mangroves currently present in the study area will
remain in place and maintain the same level of annual carbon
sequestration until 2100. It is unclear how future climate change
will affect carbon sequestration rates in blue carbon ecosystems
(especially changes in salinity, sea level rise and temperature)

TABLE 1 | Parameters used for the InVEST Blue Carbon Model.
Parameter
Soil carbon stock (Mg C

El Salvador
ha−1 )

Guatemala

Sources

515.24

422.1

Spatially variable

Spatially variable

Litter carbon stock (Mg C ha−1 )

0.75

0.63

Rodriguez-Hernández, 2017; Cifuentes et al., 2018

Annual carbon sequestration rate (Mg C ha−1 yr−1 )

1.63

1.63

Murray et al., 2010; Maldonado and Zarate-Barrera, 2015

Biomass carbon stock (Mg C ha−1 )
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be $5,953,902 and $11,224,040, respectively. If a discount rate of
5% is applied, net present values per hectare decreased to $966
and $1,535 for 2050 and 2100, respectively, and net present value
for the total area of mangroves will be $906,735 in 2050 and
$1,440,979 in 2100 (Figure 6).
We created a map with the mangrove areas that provide the
highest combined ecosystem services provision, and therefore
areas that should be prioritized for conservation in order
to provide these benefits to the local and global population
(Figure 7). We present the results using an index from 1 to 100,
with lower values being the priority areas. Because we used mean
values of each mangrove polygon, the value range goes from 14
to 86. Approximately 19% of the total mangrove area can be
classified as the highest priority, which is exclusively located in
El Salvador, and 24% of high priority area which is distributed
among both countries.
Finally, we identified mangroves that had been lost by 2016
based on a comparison of Global Mangrove Watch mangrove
maps from 1996, 2007, 2008, 2009, 2010, 2015, and 2016. From
these historical estimates, 318.9 ha were identified as meeting the
potential restoration criteria (Figure 8).
It is important to emphasize again that for the identification of
potential priority areas for restoration, we considered the coastal
vulnerability to erosion and storms as the main criterion, so
that the most vulnerable areas were prioritized for mangrove
restoration. Potential restoration areas were ranked below in
descending order according to their restoration range (which
is directly related to the Coastal Exposure Index). The lower
rank represents priority sites. El Salvador contained the highest
ranking restoration areas, although it contained only 70.48
ha of the total. Restoring these sites could improve coastal
protection in case of high risk. Guatemala contained 248.42 ha
of potential restoration area, but much of it had a lower average
Coastal Exposure Index.

(Morris et al., 2002; Macreadie et al., 2019). Finally, the net
present value is sensitive to the discount rate used. A 3% discount
rate was used, which is appropriate for low to intermediate
levels of uncertainty about the future existence of mangroves.
Discount rates should increase as uncertainty increases. A higher
discount rate would disproportionately lower the estimated value
of carbon sequestration in 2100 in comparison to 2050.
The restoration potential estimated also has limitations. For
Global Mangrove Watch (GMW) spatial coverage data, Landsat7 ETM + scan line error affects classification in certain areas,
resulting in streaks in the data. It is important to note that
data derived from global scale data set, generated with a unique
methodology applied to all regions, and therefore, the accuracy of
the map can vary between locations.

RESULTS
The outcomes maps from the INVEST Coastal Vulnerability
model of coastal exposure, geomorphology, relief, natural
habitats (based on the mangrove cover map), wave exposure,
wave potential, and sea level rise, were used in combination
to estimate the coastal exposure index which shows the most
vulnerable areas of the Río Paz area to erosion and flooding
during storms (Figure 2). The coast of Guatemala has mostly
low and medium coastal exposure in the Municipality of Moyuta,
while the coast of El Salvador has a high coastal exposure,
especially in the area of Los Cóbanos.
The difference between the Coastal Exposure Index with and
without habitats determines the coastal protection ecosystem
service that mangroves provide by reducing threats of coastal
erosion and flooding. Mangroves of Guatemala provide this
service in greater levels in Moyuta, while on the El Salvador
side, this service is higher in the municipalities of San Francisco
Menéndez, Jujutla and Acajutla (Figure 3).
The InVEST Blue Carbon Model produced maps of present
and future carbon stocks for 3 years: 2020, 2050, and
2100 (Figure 4). The total carbon stocks varied significantly
throughout the mangroves of the study area, but mangroves in
El Salvador had the highest total carbon stock, mainly because
these mangroves store in soils on average almost 100 Mg C ha−1
more than Guatemala’s mangroves (Table 1).
Total carbon stock for the Río Paz Basin was 457,496 Mg C in
2020, and it is projected to be 503,392 Mg C in 2050 and 579,886
Mg C in 2100, assuming a constant carbon sequestration rate
and that no disturbances to the ecosystem occur. Mean carbon
sequestration for 2050 and 2100 was 50 Mg C ha−1 and 130
Mg C ha−1 , respectively, with total sequestration of 45,896 Mg
C and 122,390 Mg C within the study area, respectively. Due to
the spatially homogeneous carbon sequestration rate we used, the
net carbon sequestration was homogeneous throughout the study
area (Figure 5).
Regarding the economic value of the carbon sequestered in the
mangroves of Río Paz, using a discount rate of 3%, the average net
present value is projected to be $6,344 ha−1 in 2050 and $11,959
ha−1 in 2100. In total, the net present value of the mangrove
blue carbon stocks for the years 2050 and 2100 is projected to
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DISCUSSION
Maps from the Coastal Vulnerability model identify areas with
the highest relative exposure to flooding and erosion by coastal
storms. They also identify places where mangroves play the
most important role in reducing that exposure. Policymakers
can use these maps to prioritize the protection of mangroves
that provide the greatest coastal protection. For example, in
2017 El Salvador launched the Restoration Action Plan for
ecosystems and landscapes under a climate mitigation and
adaptation approach, which considers the restoration of 2,000 ha
of mangroves that would represent a net benefit of $4,000 per
hectare (MARN, 2017).
These maps can also be combined with maps of relative
socioeconomic vulnerability. Not all coastal populations will be
able to respond to climate disasters equally (Arkema et al., 2013).
Mangroves that protect large numbers of low-income families
could be identified in future analyses. Critical infrastructure can
also be incorporated into these maps to identify where mangroves
protect socially important features, such as high-usage roads,
power plants, hospitals, and airports (Dobson et al., 2021).
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FIGURE 2 | Map of coastal exposure index values for each 250 m coastline segment for the entire study area. The index is a relative measure of exposure to coastal
flooding and erosion based on geomorphology, proximity of mangroves, exposure to waves, exposure to wind, relief, storm surge potential, and rates of sea level
rise.

FIGURE 3 | Map of the difference between the Exposure Index including mangroves and the Exposure Index without mangroves for each 250 m coastline segment
for the entire study area. The role of habitats is a relative measure of how mangroves reduce exposure to coastal flooding and erosion.

budgets also helps each country maintain its commitment to the
Paris Agreement (United Nations, 2015).
Historically, the negative consequences of land use change
(e.g., reduced ecosystem function) have been difficult to measure
on the same terms as benefits (e.g., financial reward). Our analysis
allows the comparison of those costs in the same financial units,
at least for carbon sequestration. Estimates of the social cost
of carbon reflect the average economic value of the damage
that would occur from climate change if that carbon were in
the atmosphere rather than stored in mangroves. Therefore,
this amount represents a cost savings generated by preserving
existing mangroves. The social cost of carbon can be compared
to the income from land uses that would destroy mangroves.
For example, converting mangroves to aquaculture ponds will

Finally, maps of coastal property value or asset value can be
analyzed to identify where mangroves protect major financial
interests (Arkema et al., 2013). Frequently, the locations of highvalue properties and socially vulnerable populations are different,
requiring discussion on how to adequately protect both.
Considering the climate regulation ecosystem service of
mangroves, these ecosystems and other “blue carbon” coastal
ecosystems have historically been overlooked as a strategy for
carbon sequestration, though they are beginning to receive
sustained attention in national and sub-national climate
adaptation strategies around the globe (Moritsch et al., 2021;
Wedding et al., 2021). The results of this research highlight the
potential of mangroves to contribute to the emission reduction
goals of Guatemala and El Salvador. Inclusion in national carbon
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FIGURE 4 | Total carbon stocks in mangroves in 2020 (a), 2050 (b), and 2100 (c), the start year of the modeling period. Soil carbon, fallen wood, and aboveground
biomass were added to produce total metric tons of carbon per hectare.
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FIGURE 5 | (A) Carbon stocks over time. (B) Total carbon sequestration over time.

FIGURE 6 | Net present value of blue carbon sequestration using a 3 and 5% discount rates.

generate income, but the financial gains will be offset by the cost
of climate-related damage (Pendleton et al., 2012). Furthermore,
the removal of mangroves will disturb soils, leading to the release
of more than 40% of the carbon already stored in the atmosphere
as carbon dioxide (Lovelock et al., 2017). The cost of these carbon
emissions must be combined with the lost opportunity of carbon
sequestration to account for the climate-related damage that
occurs when mangroves are removed.
We present key practical considerations when considering
mangrove conservation and restoration projects. According to
Worthington and Spalding (2018), first of all, it is vital that
local communities inform decisions about where and how to
restore mangroves. This includes local ecological and physical
conditions, but also social, legal, and economic influences.

Frontiers in Ecology and Evolution | www.frontiersin.org

Moreover, mangrove restoration can be greatly hampered if
land tenure is not understood and respected. Community
involvement and support can ensure long-term security for
restoration projects. Equitable benefit sharing can prevent
further degradation and provide an example that, in turn, takes
advantage of additional restoration efforts.
As a starting point for mangrove restoration, it is prudent to
consider placing them in places where they have been recently
lost, as long as it is possible to prevent the loss from occurring
again and local conditions remain adequate (e.g., appropriate soil,
tidal and elevation conditions for restoration, proximity to other
mangrove patches) (Worthington and Spalding, 2018). In many
cases, restoration is accomplished largely through restoration of
the physical hydrological process. Restoring the connectivity of
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FIGURE 7 | Identification of potential priority mangrove conservation areas taking into account the combined provision of coastal protection and blue carbon storage.

FIGURE 8 | Restorable areas for mangroves classified according to the Coastal Vulnerability Index. Areas in dark blue are those that should have a higher Index and
therefore are a priority.

(PES) schemes, which ideally could be capable of incorporating
environmental externalities (positive externalities in the case of
services provided by mangroves, and negative externalities in the
case of drivers of loss and/or degradation), in which beneficiaries
of these services pay ecosystem stewards to conserve, enhance
or restore ecosystems in order to maintain the flow of services
(Muradian et al., 2010; Tacconi, 2012; Schomers and Matzdorf,
2013).
Broadly speaking, there are three key elements of any
PES scheme: (1) the seller(s), (2) the buyer(s), and (3) the
financial mechanism (Engel et al., 2008; Hernández-Blanco,
2019). Moreover, it is important to consider that ecosystem
services can be sold under a “stacking” or “layering” approach, in
which separate payments are made for each ecosystem service; or
they can be sold under a “bundling” approach, in which payments
are made for multiple ecosystem services grouped together into
a single package of conservation and restoration outcomes (Lau,
2013). A final consideration is that payments can be made directly
on the bases of the ecosystem service provided (i.e., outputbased payments) or per activity implemented per spatial unit

tidal flows and the appropriate elevation of the land facilitates
the natural transport of mangrove propagules, and over time the
regeneration of mangroves can occur without planting. Planting,
by contrast, can help accelerate recovery rates in places where
natural recruitment can be reduced. Ecological knowledge is
critical; the right species must be placed in the right elevation
ranges. To increase the chances of a successful restoration,
long-term monitoring and management of the site should be
incorporated into the project protocol.
Considering the public ownership nature of both ecosystem
services assessed here, and the fact that they are not part of any
market that can account for their value to human wellbeing,
these benefits are often overlooked in cost-benefit analyses that
prioritize the construction of built capital over natural capital
conservation (Balmford et al., 2002). Furthermore, and in part
due to this non-market and public nature of these services,
funding is often insufficient to secure the health of mangroves
to keep proving benefits at the national and global scale. One
solution that has proven to be successful to address these issues
to protect natural capital is the Payment for Ecosystem Services

Frontiers in Ecology and Evolution | www.frontiersin.org

9

March 2022 | Volume 10 | Article 843145

Hernández-Blanco et al.

Mangrove Ecosystem Services Modeling

services. In the case that the study area does not yet have
high demand for tourism, this modeling framework could assist
decision makers at local and national scale with identifying
new job opportunities based on the sustainable use of this blue
natural capital.
Also, our biophysical assessment of the coastal protection
service provided by mangroves estimates not only the supply of
the service, but the demand, which is often absent in highly used
economic valuation methods such as benefit transfer (Navrud and
Ready, 2007). In this method, our estimates can help adjust the
transfer of values and therefore significantly reducing its error.
Finally, for future modeling of ecosystem services such as the
one conducted in this paper, we also recommend implementing
a scenario planning process, in which stakeholders (e.g., local
community, government, academia, and non-governmental
organizations, among others) can develop a set of different
plausible scenarios for natural capital management, this will
help identify how ecosystem services such as blue carbon can
change in the future, as well as the best conservation and
restoration interventions that can provide the highest resilience
to mangroves and therefore to the communities that benefits
from its services.

(i.e., input-based payments). In the case of the mangroves from
the Paz River Basin in El Salvador and Guatemala, in order to
reduce the transaction cost of the PES scheme, we propose a
scheme that pays for the total bundle of services, not only the ones
assessed here, as well as paying in relation to the conservation and
restoration activities implemented.
Therefore, under this type of scheme, the sellers could
be both the government as well as those “implementers”
(e.g., community associations, NGO’s, research institutions) that
conduct the conservation and restoration activities. Regarding
buyers, the PES scheme should target those who benefit the most
from the presence of mangroves in the Paz River Basin (e.g.,
property owners, fishermen, wood collectors, tourists) and those
who represent a threat for these ecosystems (e.g., aquaculture,
coastal development). Finally, the financial mechanism could
be made up by the funding sources (i.e., the buyers mentioned
before, plus others financial instruments such as fees, taxes,
and compensation credits) and the funding destinations (i.e.,
mangrove conservation and restoration activities).
If it is preferred by the authorities in both countries to make
payments specific to certain services (i.e., stacking approach),
then the scheme could create two types of instruments based on
our results. First, blue carbon credits could be sold as a mitigation
measure of stakeholders looking to compensate their greenhouse
gases emissions in El Salvador and Guatemala, as well as in any
other country, which could create a blue carbon market. Second,
the coastal protection service assessed here could be sold as an
adaptation strategy to local stakeholders that depend on this
service, such as property owners along the coastline in the Paz
River Basin, including sectors such as real state, agriculture, and
infrastructure, among others.
Finally, our results are key to establish differentiated payments
in relation to the areas that provide the highest quantity and
quality of ecosystem services, which would increase the “natural
rate” of the investments made on conservation and restoration
activities. We recommend complementing our results with a
threat analysis to have a combined index of prioritization that
ensures the additionality of the payments made.
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CONCLUSION
We applied a relatively simple modeling approach for the
identification of key conservation and restoration mangrove
areas in two Central American countries that host a high
level of coastal biodiversity. Our results can improve the
efficacy and efficiency of the use of limited financial resources
from governmental and international agencies dedicated to
environmental protection, among other stakeholders that invest
in sustainable development.
Although we focused on two ecosystem services, this approach
could be expanded to cover more services, especially those that
are key for coastal communities. In particular, food production is
an important service to consider, since mangroves are a habitat
for species of commercial interest such as mollusks, white shrimp
and several species of corvinas (Hernández-Blanco et al., 2021).
Recreation and ecotourism could be evaluated as potential new
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