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Abstract

Coastal protected areas can provide climate mitigation while simultaneously supporting biodiversity, livelihoods and coastal
resilience, yet their multifunctional value is rarely assessed within a common comparative framework. This study evaluates five
globally significant protected coastal systems as Nature-based Solutions for climate mitigation and coastal sustainability.
Using published estimates of organic carbon stocks and spatial boundaries, we calculated area-normalized carbon densities
and applied a scenario-based cost-efficiency framework to estimate carbon secured relative to management expenditure. A
qualitative matrix was additionally used to assess biodiversity, livelihood, fisheries and disaster-risk-reduction co-benefits,
complemented by a comparative SWOT analysis of management opportunities and constraints. Estimated carbon densities
varied substantially among sites, from 101 Mg C ha" in the Great Barrier Reef to 743 Mg C ha=" in Ses Salines Ibiza,
demonstrating the importance of ecosystem type and sedimentary characteristics rather than protected-area size alone. The
comparative economic scenarios indicated high apparent carbon-stock-to-management-cost ratios for coastal conservation
relative to the industrial carbon-capture benchmark used in this study. However, these estimates should be interpreted as
indicative rather than directly equivalent carbon-abatement costs because the underlying studies differ in carbon pools, spatial
boundaries and cost structures. Across the five systems, conservation also generated multiple co-benefits, particularly
biodiversity protection, fisheries support, livelihoods and coastal-risk reduction. The findings support the integration of blue-
carbon ecosystems and coastal protected areas into spatial planning, climate policy and sustainable financing frameworks,
while highlighting the need for standardized carbon accounting, dynamic sequestration measurements and site-specific
economic valuation.

1. INTRODUCTION
1.1 Climate change and coastal ecosystems

Anthropogenic greenhouse gas emissions have catalyzed global warming, causing severe socio-ecological anomalies on both
global and local scales (Al-Ghussain, 2019; IPCC, 2021). The continuous emission of greenhouse gases, predominantly carbon
dioxide, methane, and nitrous oxide, has disrupted the natural mass and energy balance of the planetary climate system. These
gases absorb outgoing longwave radiation, steadily elevating global surface temperatures and driving physical anomalies such
as prolonged droughts, intense storm surges, and erratic weather patterns (Arnell et al., 2016; Gettelman & Rood, 2016; Koll &
Cronin, 2018). Recent datasets indicate that global greenhouse gas concentrations continue to rise, exalting the vulnerability of
human communities and marine ecological systems alike (Ritchie & Roser, 2020).

Climate change is placing increasing pressure on coastal ecosystems and the communities and economic activities that
depend on them. Rising temperatures, sea-level rise, changing storm regimes, ocean warming, and acidification interact with
land-use change and other anthropogenic pressures to alter the structure and functioning of coastal systems (Arnell et al.,
2016; IPCC, 2021; Mukul et al., 2019). These interacting pressures are particularly important in protected coastal landscapes,
where ecological integrity, human livelihoods, resource use and institutional responsibilities frequently overlap.

1.2 Coastal protected areas as Nature-based Solutions

In response to these compounding risks, international climate agreements have prioritized rapid decarbonization and mitigation
frameworks (Cook et al., 2016; IPCC, 2021). While diverse technological innovations have been proposed, such as industrial
carbon capture and storage (CCS) and negative emission technologies, their deployment remains heavily constrained by high
capital costs, scalability limitations, and localized environmental trade-offs (Schmelz et al., 2020). These constraints have
prompted researchers and planners to investigate regenerative, low-input, and natural alternatives to bolster carbon storage and
climate adaptation.

Nature-based Solutions (NbS) encompass actions that protect, sustainably manage and restore ecosystems to address societal
challenges while providing benefits for human well-being and biodiversity. Coastal and marine ecosystems are particularly
relevant because mangroves, seagrass meadows, salt marshes and other vegetated coastal habitats can store substantial
quantities of organic carbon in biomass and sediments while providing additional ecosystem services (Serrano et al., 2019).
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These services can include habitat and biodiversity conservation, fisheries support, tourism and livelihood opportunities,
sediment stabilization and coastal-risk reduction.

1.3 Blue carbon and multifunctional ecosystem services

The contribution of coastal ecosystems to climate mitigation should therefore not be considered independently from their
broader conservation and management functions. Protected areas can provide an institutional mechanism for maintaining
ecosystem extent and integrity, thereby helping preserve existing carbon stocks and associated ecosystem services. At the
same time, protected areas are not immune to climate change or local anthropogenic pressures. Coastal reclamation, pollution,
agricultural runoff, overfishing, aquaculture conversion and other forms of land- and resource-use change can reduce ecological
integrity even where formal protection exists (Ghosh, 2015; Hossain et al., 2021). Climate-driven pressures, including sea-level
rise, ocean warming and acidification, may further alter the persistence and function of coastal ecosystems (Mukul et al., 2019).

1.4 Research gap

A further challenge concerns how the value of coastal conservation is evaluated. Carbon-storage assessments often
emphasize ecological stocks or rates, whereas conservation and management assessments may focus on biodiversity,
livelihoods, fisheries, tourism or coastal protection. Economic analyses likewise frequently evaluate individual interventions
rather than the combined benefits of protected coastal ecosystems. This separation can obscure the multifunctional character
of coastal protected areas and make comparisons across ecosystems difficult.

Comparative assessments are particularly useful because coastal protected areas differ substantially in ecosystem type,
geographic extent, carbon-storage characteristics, governance arrangements and management pressures. A large protected
area may contain a large total carbon stock but a relatively modest area-normalized density, whereas a smaller seagrass or
wetland system may exhibit high carbon density. Consequently, spatial extent alone is insufficient to characterize the climate-
mitigation relevance of a protected coastal ecosystem.

1.5 Study objectives

This study addresses this gap through a comparative synthesis of five globally significant protected coastal systems: the Great
Barrier Reef in Australia, the Sundarbans in India and Bangladesh, Everglades National Park in the United States, Ses Salines
Ibiza in Spain, and the Wadden Sea across the Netherlands, Germany and Denmark. The analysis combines published organic-
carbon stock estimates, spatial normalization, an indicative management-cost framework, qualitative assessment of socio-
ecological co-benefits, and comparative management analysis.

The study has four objectives: (1) to compare published carbon stocks and area-normalized carbon densities across five
geographically diverse coastal protected areas; (2) to assess the indicative economic efficiency of coastal conservation using a
standardized, scenario-based management-cost framework; (3) to synthesize documented ecological and socioeconomic co-
benefits associated with the selected protected areas; and (4) to identify management opportunities, constraints and policy
implications for integrating coastal protected areas into climate and coastal-planning strategies.

The five sites are treated as purposively selected comparative cases rather than as a statistically representative sample of
global coastal protected areas. The objective is therefore to identify patterns and management implications across contrasting
systems rather than to estimate a global mean or establish universal cost parameters.

2. MATERIALS AND METHODS
2.1 Comparative case-study design

This study applies a comparative synthesis framework to five protected coastal systems representing contrasting ecosystem
types, geographic regions and institutional contexts. The analytical framework consists of five components: (1) case-study
selection and classification, (2) compilation and normalization of published carbon-stock estimates, (3) scenario-based
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economic assessment of management expenditure, (4) qualitative synthesis of socio-ecological co-benefits, and (5)
comparative assessment of management strengths, constraints, opportunities and threats.

The analysis is designed as a synthesis of published evidence rather than a primary field survey. Consequently, the results are
interpreted as comparative indicators derived from heterogeneous secondary datasets. The selected sites are illustrative cases
and are not intended to represent a statistically random sample of global coastal protected areas.

2.2 Selection and classification of coastal protected areas

The five sites (Fig. 1) were selected purposively based on three criteria: (1) established institutional or legal protection, (2)
representation of contrasting coastal or wetland ecosystem types, and (3) availability of published information on carbon
stocks and associated ecological or socioeconomic benefits.

The Great Barrier Reef represents a large-scale marine ecosystem protection context. The Sundarbans represents a
transboundary mangrove-forest system spanning India and Bangladesh. Everglades National Park represents a subtropical
wetland system containing seagrass and mangrove habitats. Ses Salines Ibiza represents a Mediterranean protected seagrass
system associated with Posidonia oceanica. The Wadden Sea represents a transboundary coastal wetland system involving the
Netherlands, Germany and Denmark.

The sites differ substantially in spatial extent, ecosystem composition, governance arrangements and ecological pressures.
These differences are treated as part of the comparative design rather than controlled statistically.

2.3 Carbon-stock data compilation and normalization

Published estimates of total organic carbon (TOC) were compiled from peer-reviewed literature. The primary sources utilized
are Serrano et al. (2019) for the Great Barrier Reef, Kaviarasan et al. (2019) for the Sundarbans mangroves, Thorhaug et al.
(2019) for the Everglades subtropical wetlands, Ouyang and Lee (2014) for Ses Salines Ibiza, and Mueller et al. (2019) for the
Wadden Sea salt marshes. Area-normalized carbon density is calculated mathematically as follows:

CD_i=C_i/Ai

where CD_i is the area-normalized organic carbon stock density for site i (expressed in Mg C ha~"), C_i represents the compiled
total organic carbon stock for site i (Mg C), and A_i represents the corresponding spatial extent for site i (hectares). This
calculation specifically isolates ecological stock density rather than dynamic annual sequestration flux.

2.4 Scenario-based economic assessment

To evaluate the relationship between carbon storage and management expenditure, initial establishment and annual recurring
maintenance cost parameters were obtained from McCrea-Strub et al. (2011). These parameters are scaled to the spatial
boundaries of the selected reserves. Crucially, McCrea-Strub et al. (2011) demonstrate that unit costs decrease nonlinearly with
increasing marine protected area (MPA) size. Accordingly, representative cost rates are assigned based on spatial scaling
classes:

For large-scale reserves (spatial scale ~ 50,000 km?: Great Barrier Reef, the Sundarbans, and Everglades National Park), the
establishment unit cost (CE) is set at USD 254 per km? and the annual maintenance unit cost (CM) is set at USD 33 per km?-
year. For smaller, highly-intensive European and Mediterranean reserves (spatial scale ~ 500 km?2: Ses Salines Ibiza and Wadden
Sea), the CE is assigned at USD 2,315 per km? and the CM at USD 1,253 per km2-year.

To provide a realistic temporal perspective, we separate one-time establishment expenditure from recurring annual
management costs and calculate cumulative management expenditure across four distinct time horizons (T =1, 10, 20, and 30
years):

C_cumulative,i(T) = (CE_i * Area_km2_i) + (CM_i * Area_km2_i * T)
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We derive two primary economic metrics: (1) the indicative carbon-stock-to-management-cost ratio (CSR, Mg C per USD spent),
representing the existing carbon stock maintained per dollar of cumulative management expenditure:

CSR_i(T) = C_i / C_cumulative,i(T)
and (2) the management cost per unit of existing carbon stock (MCR, USD per Mg C):
MCR_i(T) = C_cumulative,i(T) / C_i

Importantly, we note that these ratios do not constitute marginal abatement costs, as they evaluate standing ecological stocks
rather than newly sequestered incremental carbon. Finally, these ratios are contextually benchmarked against industrial
mechanical carbon capture and storage (CCS) systems, which operate at an average economic threshold of approximately 70
USD per Mg CO, (equivalent to 257 USD per Mg C) as reported by Schmelz et al. (2020).

2.5 Socio-ecological co-benefit assessment

To evaluate the secondary ecological, social, and physical services provided by these protected landscapes, we utilize a
qualitative evidence-synthesis matrix across four critical domains: (1) habitat and biodiversity protection, (2) local livelihoods
and ecotourism support, (3) sustainable fisheries support, and (4) disaster-risk reduction (e.g., shoreline sediment stabilization
and wave attenuation). Impact ratings are explicitly defined as: + represents limited or indirect documented benefits; ++
indicates moderate, clearly documented benefits; and +++ signifies strong, prominent, and repeatedly documented benefits in
peer-reviewed scientific studies.

2.6 Comparative management assessment

A structured, qualitative SWOT (Strengths, Weaknesses, Opportunities, and Threats) analysis was completed to systematize
operational bottlenecks and expansion opportunities across the selected programs. This assessment bridges natural carbon-
accounting dynamics with localized regulatory and administrative realities.

2.7 Uncertainty and limitations

This comparative study is subject to several systemic limitations, including differences in sampling methods, varying
sedimentary depths and carbon pool definitions in the primary sources, currency fluctuations, the static nature of standing
organic carbon stocks, and the challenges of direct spatial boundary harmonization.

3. RESULTS
3.1 Characteristics and carbon stocks of the five sites

The five protected coastal systems encompass highly diverse spatial scales and ecological typologies. While large-scale
reserves hold massive total organic carbon pools, the area-normalized analysis reveals varying concentrations of stored organic
carbon. Table 1 summarizes the details of the core spatial parameters and total organic carbon stocks compiled across the
sites.
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Table 1
Spatial parameters, total organic carbon stocks, and calculated densities across the evaluated coastal systems.

NBS Program Geographic Primary NbS Area Covered TOC Stock Normalized Density
Location Classification (ha) (Mg C) (Mg C/ha)

Great Barrier Australia Marine Ecosystem 4,963,700 502,045,690 101

Reef Protection

The India/Bangladesh Mangrove Forest 1,027,700 168,000,000 163

Sundarbans Protection

Everglades USA Seagrass & Mangrove 1,992,200 400,000,000 201

Park Protection

Ses Salines Spain Seagrass Protection 55,795 41,427,788 743

Ibiza

Wadden Sea Trilateral Coastal Wetland 63,114 11,231,673 178
Protection

3.2 Area-normalized carbon density

Our area-normalized carbon density modeling indicates a wide variation across the evaluated ecosystems, ranging from 101 Mg
C ha~" in the Great Barrier Reef to an exceptional 743 Mg C ha~" in the Mediterranean seagrass meadows of Ses Salines Ibiza
(Table 1, Fig. 2). Significantly, the high density in Ses Salines Ibiza reflects the unique sedimentological capacity of Posidonia
oceanica meadows to lock organic carbon deep within anoxic sedimentary soils, highlighting that reserve size does not dictate
local organic carbon storage concentration.

3.3 Scenario-based economic assessment

By addressing the mixed-unit calculation error present in earlier literature, where unit costs expressed per square kilometer were
erroneously scaled as if they were per hectare, this study provides the first mathematically consistent scenario-based cost
assessment for these coastal protected areas. Table 2 illustrates initial and recurring annual costs, demonstrating the non-
linear economies of scale where larger reserves require substantially lower management expenditures per unit area.

Table 2
Economic parameters and scenario-based cumulative management costs.

NBS Area CE CM Y1 Y10 Y20 Y30
Program (km?) (USD/km?)  (USD/km2-  Cumulative Cumulative Cumulative Cumulative

yr) (USD) (USD) (USD) (USD)
Great 49,637.00 254.00 33.00 14,245,819.00 28,988,008.00 45,368,218.00 61,748,428.00
Barrier
Reef
The 10,277.00 254.00 33.00 2,949,499.00 6,001,768.00 9,393,178.00 12,784,588.00
Sundarbans
Everglades 19,922.00 254.00 33.00 5,717,614.00 11,634,448.00 18,208,708.00 24,782,968.00
Park
Ses Salines  557.95 2,315.00 1,253.00 1,990,765.60 8,282,767.75 15,273,881.25  22,264,994.75
Ibiza
Wadden 631.14 2,315.00 1,253.00 2,251,907.52 9,369,273.30 17,277,457.50  25,185,641.70
Sea

Using these corrected cumulative expenditures, Table 3 details the indicative carbon-stock-to-management-cost ratios (CSR)
alongside management costs per unit of existing carbon stock (MCR). As the scenario time horizon increases, the cumulative
maintenance costs naturally accumulate, driving a gradual rise in unit carbon costs. Nonetheless, even at the 30-year horizon,
unit carbon costs remain extremely competitive (Fig. 3): ranging from 0.06 USD per Mg C in Everglades National Park to 2.24
USD per Mg C in the Wadden Sea.
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Table 3

Indicative carbon-stock-to-management-cost ratios (CSR, Mg C/USD) and management costs per unit of existing carbon stock
(MCR, USD/Mg C).

NBS Program  TOC Stock CSR Y1 CSR CSR CSR MCR Y1 MCR MCR MCR

(Mg C) (Mg Y10 Y20 Y30 (USb/MgC) Y10 Y20 Y30
C/USD)

Great Barrier 502,045,690 35.24 17.32 11.07 8.13 0.0284 0.0577 0.0904 0.1230

Reef

The 168,000,000 56.96 27.99 17.89 13.14 0.0176 0.0357 0.0559 0.0761

Sundarbans

Everglades 400,000,000 69.96 34.38 21.97 16.14 0.0143 0.0291 0.0455 0.0620

Park

Sbes Salines 41,427,788 20.81 5.00 2.71 1.86 0.0481 0.2000 0.3687 0.5374

Ibiza

Wadden Sea 11,231,673 4.99 1.20 0.65 0.45 0.2005 0.8342 1.5383 2.2424

3.4 Socio-ecological co-benefits

A qualitative synthesis of secondary ecosystem services confirms that habitat and biodiversity protection is a highly successful
primary outcome across all sites, directly linked to the environmental conservation mandates under which these reserves were
established (Fig. 4 provides the qualitative matrix of secondary co-benefits). Socio-economic spillovers are also prominent,
driven by ecotourism in the Great Barrier Reef (+++) and sustainable fisheries support in the Sundarbans (+++). In contrast,
wave attenuation and shoreline protection (disaster risk reduction) are historically under-represented in the literature reviewed
for these specific sites..

3.5 Management strengths, constraints, opportunities and threats

Table 4 presents our comparative management assessment (SWOT), aligning cross-site findings with concrete coastal-
management and spatial planning implications.

Table 4
Comparative management assessment (SWOT) and planning implications.
Dimension Cross-site Finding Management & Planning Implication
Strengths Existing legal protections and institutional bases preserve  Strengthen active enforcement and
massive core carbon pools while safeguarding localized ecological monitoring systems.
biodiversity.
Weaknesses Jurisdictional overlaps and administrative fragmentation Improve inter-agency coordination and
among municipal, regional, and national agencies dilute harmonize cross-boundary policies.
enforcement.

Opportunities  Mainstreaming blue carbon assets into regional planning Develop blue finance schemes tied to
can unlock innovative, private conservation finance verifiable, long-term ecological outcomes.
mechanisms.

Threats Escalating coastal land-use conversion, agricultural run- Integrate strict ecosystem conservation
off, and sea-level rise threaten habitat extent and targets directly into coastal spatial planning
structural integrity. frameworks.

4. DISCUSSION
4.1 Variation in carbon-storage potential among coastal protected areas

The comparison demonstrates that the total carbon stock and area-normalized carbon density of a protected coastal system
provide different forms of information. The Great Barrier Reef has the largest reported total carbon stock among the five cases,
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reflecting its extensive spatial footprint, whereas Ses Salines Ibiza has the highest reported carbon density at 743 Mg C ha~".
This contrast indicates that spatial extent alone cannot be used to identify coastal blue-carbon priorities.

The high reported density associated with Ses Salines Ibiza is consistent with the importance of seagrass ecosystems as
carbon-storage environments, particularly where organic matter is retained in underlying sediments. However, the comparison
should not be interpreted as evidence that seagrass ecosystems universally store more carbon than mangroves, salt marshes,
coral-reef-associated systems or other coastal habitats. The estimates originate from different studies with different
boundaries, carbon pools and methodological approaches. Therefore, the principal implication is methodological as well as
ecological: blue-carbon planning should consider carbon density and ecosystem characteristics alongside total protected-area
extent.

For conservation planning, area-normalized carbon density can help identify candidate ecosystems where relatively small areas
contain substantial existing carbon stocks. However, carbon density should be considered together with ecosystem condition,
permanence, vulnerability, biodiversity, restoration feasibility and social context. A high carbon stock that is highly vulnerable to
disturbance does not necessarily represent a secure long-term mitigation asset.

4.2 Economic interpretation and implications for conservation
investment

The economic analysis provides an indicative comparison between published carbon stocks and management expenditure. The
principal advantage of the revised framework is that it separates establishment costs from recurring management costs and
makes the time horizon explicit. This avoids treating a one-time establishment investment and an annual management cost as
if they were incurred over an undefined period.

The results should nevertheless be interpreted as a comparison of existing carbon stocks with management expenditure rather
than as a conventional marginal abatement-cost analysis. Protecting an ecosystem that already contains a large carbon stock
does not mean that the entire stock is newly sequestered as a consequence of the management expenditure. The economic
value of protection lies partly in preventing future loss, degradation or emissions, but the avoided-emissions component would
require a counterfactual baseline that is not developed in the present study.

This distinction is especially important when comparing coastal conservation with industrial CCS. Industrial CCS is generally
evaluated in terms of the cost of capturing, transporting and storing additional CO2, whereas the present coastal analysis
begins with an existing ecosystem carbon stock. The two metrics therefore address related but different questions.
Accordingly, the CCS comparison is best interpreted as contextual benchmarking. The analysis can demonstrate that coastal
conservation may have a highly favorable relationship between management expenditure and the quantity of carbon already
stored in an ecosystem, but it cannot by itself establish that coastal ecosystems remove carbon at a particular multiple of the
cost of industrial CCS.

The principal contribution of this study is not to establish a universal cost advantage of coastal Nature-based Solutions over
industrial carbon capture, but to demonstrate how protected coastal ecosystems can be evaluated as multifunctional climate
and conservation assets by jointly considering stored carbon, management expenditure and documented socio-ecological
benefits.

4.3 Multifunctionality and ecosystem-service co-benefits

The co-benefit assessment highlights a central characteristic of coastal NbS: they are multifunctional systems unlike a single-
purpose engineered intervention wherein a protected coastal ecosystem can simultaneously conserve biodiversity, support
fisheries, provide livelihood opportunities and contribute to coastal-risk reduction.

The Great Barrier Reef illustrates the importance of tourism and livelihood benefits associated with protected coastal
ecosystems while the Sundarbans illustrates the connection between coastal ecosystem conservation and fisheries resources.
Across the five cases, habitat and biodiversity conservation represent a consistent outcome of protection.
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However, the disaster-risk-reduction dimension requires particular caution. The present matrix identifies documented protective
benefits, but the literature reviewed for the selected cases does not provide a harmonized quantitative estimate of wave
attenuation, sediment stabilization or avoided storm damage. The lack of comparable monetary values should not be
interpreted as evidence that the benefits are absent, but instead, indicates a measurement gap to estimate how habitat extent
and condition affect wave attenuation, erosion, flood exposure and storm-surge damages under different climate scenarios.

4.4 Governance and implementation constraints

The comparative management assessment identifies several recurring constraints: overlapping jurisdictions, land-use change,
pollution, runoff, overfishing and climate-driven ecosystem degradation. Transboundary systems such as the Sundarbans and
Wadden Sea demonstrates the importance of coordination across administrative and national boundaries. Protection on paper
may not produce effective conservation if enforcement, monitoring and financing are fragmented.

The results also reinforce the importance of site-specific restoration as coastal ecosystems are shaped by hydrology, sediment
supply, salinity, geomorphology and biological interactions. Restoration approaches that ignore these characteristics can
produce ecological incompatibilities or fail to deliver expected ecosystem functions.

Implications for coastal planning and climate policy

1. Carbon-storage information should be incorporated into spatial planning to help identify potential blue-carbon hotspots, but
it should be combined with ecosystem condition, vulnerability and conservation feasibility.

2. Coastal protected areas should be incorporated into climate mitigation and adaptation planning simultaneously. The same
ecosystem may store carbon while reducing coastal hazards and supporting livelihoods.

3. Sustainable financing mechanisms should recognize multifunctionality and should not rely exclusively on carbon credits.
Where feasible, financing frameworks should also recognize biodiversity, fisheries, tourism and coastal-protection benefits.

4. Monitoring systems should move beyond static inventories with repeated measurements of carbon stocks and fluxes are
required to determine whether ecosystems are accumulating, maintaining or losing carbon over time.

5. Coastal policy should strengthen coordination among environmental agencies, spatial planners, local governments,
resource users and communities.

5. CONCLUSIONS

The comparative assessment demonstrates how coastal protected areas can function as multifunctional NbS by
simultaneously supporting carbon storage, biodiversity conservation, livelihoods, fisheries and coastal resilience. Across the
evaluated systems, reported carbon densities varied considerably, highlighting the influence of ecosystem characteristics and
sedimentary conditions rather than protected-area size alone. The highest reported normalized carbon density was associated
with the seagrass ecosystem of Ses Salines Ibiza, while the Great Barrier Reef contained the largest reported total carbon stock
among the evaluated systems.

The scenario-based economic assessment provides an indicative perspective on the relationship between existing ecosystem
carbon stocks and management expenditure. However, the resulting carbon-to-cost ratios should not be interpreted as direct
marginal costs of carbon sequestration or as evidence that management expenditure caused the entirety of the measured
carbon stock.

The assessment also demonstrates that the value of coastal protected areas extends beyond carbon and consider biodiversity
conservation, fisheries, tourism and livelihoods, together with coastal-risk-reduction functions. These co-benefits contribute to
the multifunctionality of these ecosystems that strengthen the rationale for incorporating coastal protected areas into
integrated climate and coastal-management strategies.

Limitations

While this assessment highlights the multi-benefit value of coastal NbS, the paper acknowledges inherent limitations such as
organic carbon density calculations relying on heterogeneous secondary datasets compiled across different sampling design
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frameworks. The scenario-based economic assessment uses generalized historical management cost parameters derived from
McLeod et al. (2011), does not reflect the dynamic, site-specific realities of conservation finance or direct marginal carbon
abatement costs. The economic model also operates on static carbon stock estimates and lacks a dynamic representation of
real-time carbon dioxide flux, permanence, leakage, or potential feedback emissions. The qualitative evaluation of co-benefits is
based on a synthesis of documented outcomes rather than primary field measurements, and the purposive selection of five
flagship protected areas limits the statistical generalizability of these findings. Lastly, the economic analysis lacks a
counterfactual baseline, which is a prerequisite for establishing the precise quantity of carbon emissions avoided through
conservation enforcement. Future research should develop harmonized these limitations to provide a stronger evidence base
integration of coastal NbS into national climate strategies, protected-area planning, coastal spatial planning and sustainable-
finance mechanisms.
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Figure 1

Global geographic distribution and localized inset maps of the five evaluated coastal Nature-based Solutions (NbS) initiatives.
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Ses Salines Ibiza Seagrass Meadows Hold the Highest Organic Carbon Density

Ses Salines Ibiza 743 Mg C/ha
Everglades Park 201 Mg C/ha
Wadden Sea 178 Mg C/ha
The Sundarbans 163 Mg C/ha
Great Barrier Reef 101 Mg C/ha
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Figure 2

Published area-normalized organic carbon stocks across the five evaluated coastal protected areas.

Coastal Conservation Offers Far Higher Carbon Returns Per Dollar Spent Than CCS
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Scenario-based comparison of cumulative management expenditure and indicative carbon-stock-to-management-cost ratios
across the five protected coastal systems.

Multifunctional Ecosystem Co-Benefits and Radial Signatures of Coastal Protected Areas
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Figure 4

Multi-dimensional evaluation of secondary socio-ecological and protective co-benefits across five global coastal protected
areas.
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