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Abstract
Context.

Mangrove protection and restoration are increasingly prioritized as nature-based solutions for climate mitigation, coastal resilience,
and livelihood support. However, implementation is often constrained by a lack of fine-scale, locally relevant evidence linking
ecosystem conditions to benefits for people. Integrating community knowledge with spatial modeling can improve the design and
investment readiness of nature-based solutions in coastal landscapes.

Objectives.

We developed and applied a collaborative framework to co-design mangrove nature-based solutions in Placencia, Belize, addressing
two objectives: (1) identify community-prioritized areas for mangrove restoration and protection, and (2) quantify the ecosystem
service benefits associated with these priorities.

Methods.

We combined participatory mapping across five stakeholder workshops with high-resolution habitat mapping and ecosystem service
modeling. Community-informed baseline maps of mangrove extent and condition were used to define three scenarios: local priority
restoration, local priority protection, and the proposed Placencia Lagoon Management Plan. We quantified changes in four ecosystem
services—blue carbon, spiny lobster fisheries, tourism and recreation, and sociocultural values—using INVEST models and spatial
analyses.

Results.

Communities in Placencia identified 83 ha of local degraded mangroves to prioritize for restoration and 174 ha of local healthy
mangroves to prioritize for protection. Restoring priority areas could sequester ~ 18,500 MgC over 10 years (= US$644,000), increase
lobster catch by ~ 640 Ibs yr—* (= US$5,000), and generate ~ US$32,000 yr-" in additional tourism expenditure. Protecting priority areas
could safeguard ~ 69,500 MgC over 10 years (= US$2 million) and maintain ~ 1,400 Ibs yr' (= US$11,000) of lobster production and ~
USS$5,400 yr-" in tourism expenditure. Conserving 752 ha of mangrove in the Placencia Lagoon Management Plan could safeguard ~
1.2 million MgC over 10 years (= US$32 million) and maintain ~ 10,000 Ibs yr-* (= US$80,000) of lobster catch and ~ US$23,000 yr-" in
tourism expenditure. Beauty and recreation were ranked the most important sociocultural values of mangroves in each scenario.

Conclusions.

Our results demonstrate that community-driven, fine-scale analysis can identify opportunities for mangrove restoration and protection
that deliver measurable ecological and socioeconomic benefits while aligning with local and national priorities. This integrated
approach enhances the relevance of ecosystem service assessments for spatial planning and supports the development of
investment ready, locally supported mangrove conservation and restoration strategies.

Introduction

Nature-based solutions — interventions that restore, protect, and sustainably manage ecosystems while addressing societal
challenges — are central to climate mitigation and adaptation strategies for coastal communities (Cohen-Schacham et al. 2016).
According to the International Union for Conservation of Nature (2016), nature-based solutions target societal challenges ranging
from climate change to food and water security while simultaneously benefiting people and nature. Protecting and restoring
mangrove forests is particularly important for improving climate resilience, as these ecosystems provide benefits that support
coastal livelihoods and reduce vulnerability to climate impacts (Arkema et al. 2015, 2023; Chen et al. 2024; Mutanda and Nhamo
2026). Locally, mangroves buffer coastal infrastructure from storm surges, provide nursery habitat that sustains commercially
valuable fisheries, filter land-based pollutants before they reach coral reefs, and offer recreational spaces supporting tourism
economies (Arkema et al. 2015; Carlson et al. 2019; Spalding and Parrett 2019; Sundaramanickam et al. 2021; Chen et al. 2024; zu
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Ermgassen et al. 2025). Globally, they help regulate climate by absorbing carbon and reducing net emissions in the atmosphere,
sequestering four to five times as much carbon as terrestrial forests (Alongi 2014, 2016, 2018, 2022).

However, mangroves are threatened by multiple stressors, including deforestation driven by coastal development, conversion for
aquaculture and agriculture, and climate change impacts such as sea-level rise and extreme weather events (Gilman et al. 2008;
Ashton 2022; Akram et al. 2023; Choudhary et al. 2024). Furthermore, coastal nations often struggle to secure adequate conservation
funding to implement nature-based solutions for mangroves; hence, to unlock climate and conservation finance for nature-based
solutions projects, they must demonstrate quantifiable social, economic, and environmental outcomes that meet investor
expectations for verifiable returns. Realizing the full potential of mangrove nature-based solutions requires recognition of their value,
understanding of spatial variation in benefits, and incorporating local knowledge through stakeholder engagement for effective
planning processes (Miteva et al. 2015; Sidik et al. 2018). The success of nature-based solutions is highly dependent on community
buy-in, thus emphasizing the need for an inclusive process in the design, implementation, and monitoring of projects that reflect local
goals and priorities (Coleman and Mwangi 2013; Boyland et al. 2022; Olander et al. 2022; WWF 2025a). Co-design of equitable nature-
based solutions improves livelihoods, ecosystem outcomes, and climate adaptation benefits.

Belize, a Small Island Developing State in the Mesoamerican Reef region, has emerged as a global leader in leveraging policy and
finance innovations to restore and conserve mangrove ecosystems as part of its sustainable blue economy development strategy.
The country has made ambitious international climate commitments under its Nationally Determined Contributions, initially setting
goals in 2021 to restore 4,000 hectares and conserve 12,000 hectares of mangrove by 2030 (Belize 2021). These commitments were
updated in June 2025 in Belize's NDC 3.0, raising total mangrove restoration and protection targets to 4,500 hectares and 14,000
hectares respectively by 2035 (Belize 2025). These targets align with goals established under Belize's landmark Blue Bond, launched
in 2021 through a pioneering debt restructuring that freed $4 million USD annually for marine conservation, including a commitment
to protect 30% of its ocean area by 2026 (TNC 2022, 2023). Central to meeting these objectives is the Belize Sustainable Ocean Plan,
a comprehensive marine spatial management plan developed under the Blue Bonds framework that identifies priority zones for
mangrove protection, coral reef conservation, and sustainable fisheries management (TNC 2022; McKenzie et al. 2025). In parallel,
the Resilient Bold Belize Project Finance for Permanence initiative, led by the World Wildlife Fund (WWF), aims to secure long-term
financing for protected areas, strengthen community-based co-management, and advance integrated ridge-to-reef management
(WWEF 2025b). Belize is also developing a national carbon policy and working with development banks and the private sector to
explore pathways for entering voluntary carbon markets, positioning mangrove blue carbon as a key revenue stream.

Belize has over 15 years of experience using natural capital approaches, ways to pinpoint areas of the landscape and seascape that
provide benefits to people, through collaborations with the Natural Capital Alliance. Through this partnership, The Natural Capital
Alliance has developed an ecosystem services modeling approach to spatially link coastal and marine ecosystem health and extent
to the provisioning of ecosystem services benefits using the open-source Integrated Valuation of Ecosystem Services and Tradeoffs
(INVEST) toolbox (e.g., fisheries, coastal protection, and tourism) (Arkema et al. 2015). These natural capital approaches were
embedded into the 2016 Integrated Coastal Zone Management Plan and reiterated in the interim 2021 Integrated Coastal Zone
Management Plan (Arkema et al. 2015). Then, Arkema et al. (2023) adapted the methods for the NDC in 2021 to help identify areas
for mangrove nature-based solutions that provide the most benefits to people. In addition, Delevaux et al. (2024) expanded the
approach through the Smart Coast project to the Mesoamerican Reef region to inform land-sea integrated management. To refine
these national-scale blue carbon evaluations and ecosystem service assessments for Belize using remote sensing and spatial
modeling, there is a need to conduct field-based investigations that integrate local knowledge and community priorities (Arkema et al.
2023; Morisette et al. 2023; Delevaux et al. 2024). Our work demonstrates a collaborative framework to inform mangrove nature-
based solutions strategies that reflect both ecological potential and local values.

Our team, comprised of scientists from Stanford University's Natural Capital Alliance, community fellows from Placencia village
through the Strong Coasts project (hereafter the NSF Strong Coast Team), and practitioners at WWF Belize, collaborated to center
local Belizean values and priorities in mangrove nature-based solution designs. Lifting community voices can inform successful
nature-based solution strategies being led by government agencies, development banks, and conservation organizations. Our work
involved extensive engagement with a diverse range of stakeholders and villagers conducting work and/or living around Placencia
Lagoon, including resident fishing and tourism operators, NGOs, government members, and researchers (hereafter referred to as the
local community; see Table 1 for specific stakeholder sectors), to provide input focused on three questions: (1) Where does the local
community seek to prioritize mangrove restoration and protection nature-based solutions? (2) What benefits to people are enhanced
by restoring mangroves in those areas? (3) What benefits to people are safeguarded by protecting those mangrove areas?
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We selected Placencia as our field site for several strategic reasons aligned with national conservation goals and local management
planning. Located in southern Belize, Placencia is a fishing village that has transitioned into a major tourism economy and sits
adjacent to Placencia Lagoon, a large coastal wetland system supporting extensive mangrove and seagrass habitats, that play a
nursery role for commercially valuable fish and invertebrates species, and tourism-based livelihoods (Key & Pillai 2007; Wildtracks
2015). The lagoon provides critical ecosystem services including nursery habitat for commercially valuable species (e.g. spiny lobster
larvae), protection of coastal infrastructure from storm surge, opportunities for mangrove-based ecotourism, and sustenance for local
communities (Wildtracks 2015). Since 2012, the WWF and local NGOs have sought to protect the lagoon’s health and proposed the
Placencia Lagoon Management Plan 2015-2020. The plan explicitly identifies the need to reduce impacts on mangroves by
promoting replanting, establishing mandated buffer zones, and creating zoning schemes that balance conservation with sustainable
development (Wildtracks 2015). This existing management framework and demonstrated community interest in restoration and
protection efforts made Placencia ideal for co-designing nature-based solutions to build climate resilience.

To address these questions, we adopted a collaborative science approach combining participatory workshops and ecosystem service
modeling. We led five participatory mapping workshops over the course of two years in Placencia with local community participants
to identify local priority sites for implementing mangrove nature-based solutions. In order to quantify the expected benefits from
mangrove nature-based solutions at community preferred sites, we designed three scenarios evaluating the potential changes in
benefits to people: (1) mangrove restoration within community-identified priority sites — where degraded or cleared mangrove
ecosystems were restored to ecological function, (2) mangrove protection within community-identified priority sites — where existing
mangrove areas were protected from clearing, and (3) mangrove protection within the Placencia Lagoon Protection Plan — where
existing mangroves within the proposed management area were protected from clearing. To quantify benefits associated with the
three mangrove nature-based solutions scenarios, we mapped sociocultural values of currently present mangroves, and used the
INVEST software to model changes in tourism and recreation opportunities, spiny lobster fisheries production, and blue carbon
storage and sequestration—in both monetary value and sociocultural values. Our collaborative approach to identifying nature-based
solutions sites and conducting comprehensive valuation demonstrates the bankability of community-identified priority areas while
ensuring conservation strategies reflect local priorities, knowledge, and the lived experiences of people whose livelihoods and cultural
identities are deeply connected to mangrove ecosystems.

Methods
Collaborative research

To collaboratively design locally driven mangrove nature-based solutions, we hosted five workshops with the local community
between 2024 and 2025 to map mangrove health and extent, identify priority mangrove nature-based solutions sites, and map
sociocultural values of mangroves. We used outputs from these workshops to model and quantify ecosystem service benefits
associated with implementing mangrove restoration and protection. The first workshops had 20 participants and attendance grew in
subsequent meetings, with 100 participants in the final workshop (Table 1). Participants represented a diversity of local residents
from villages around Placencia Lagoon, representatives from key sectors (e.g., fishing and aquaculture, tourism, restaurants, hotels,
education), government, NGOs, and academic institutions (See Supplementary Table 2 for participant breakdown; Delevaux et al.
2024, 202543, b).

Figure 1 shows the collaborative integration of community workshops, modeled nature-based solutions scenarios, and potential
policies our work can inform. In the initial two workshops, we conducted participatory mapping to validate and update existing
national scale maps of mangrove habitat health and extent, mark locations of local anthropogenic stressors, and map tourism and
recreation sites and attractions (Table 1, W1 & W2; Fig. 1a). We used a combination of the participatory mapping data, remote-
sensing data, and mangrove ground-truth data to create a high resolution, local baseline mangrove map (Fig. 1a). Subsequent
workshops used this baseline map to identify priority mangrove nature-based solutions sites (Table 1, W3; Fig. 1b) and map
sociocultural values associated with coral and mangrove ecosystems and fisheries value chain (Table 1, W4; Fig. 1c and 1d). We used
both spatial (e.g. mangrove extent, priority sites) and non-spatial data (e.g. lobster price) collected during the participatory mapping
workshops as inputs to three INVEST models (carbon, lobster fishery, tourism & recreation) to quantify and value mangrove
ecosystem service benefits (Fig. 1c and 1d). The team presented the nature-based solutions sites and benefits to the larger Placencia
peninsula community in October, 2025 (Table 1, W5; Fig. 1e).
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Table 1

Five workshops were conducted throughout the co-produced research to gather community input on mangrove health conditions,
anthropogenic stressors, social and ecological values, and preferred restoration and protection sites, and share findings with the
community for feedback.

Workshop Date Activities / Goals # of Affiliation

Participants

W1 2/2/2024 Participatory Mapping of 20 - Placencia Tour Guide Associations
Mangrove and Coral
Ecosystem Health - NGOs (Fragments of Hope, Crocodile Research
Coalition)
- Placencia Village Council
- NSF Strong Coast Team
W2 2/3/2024 Participatory Mapping to 20 - Placencia Tour Guide Associations
Inform the Modeling of
Tourism & Recreation and - NGOs (Fragments of Hope, Crocodile Research
Coastal Hazard Risk Coalition)
- Placencia Village Council
- NSF Strong Coast Team
W3 10/24/2024  Share Progress on Nature- 38 - Fishers / Fishing Guides
based Solutions Scenarios
and Benefits Modeling - Placencia Tour Guide Association
Participatory Mapping of - Village Councils (Monkey River, Placencia,
Mangrove and Coral Nature- National Garifuna)
Based Solutions Priority Sites
- NGOs (Fragments of Hope, Southern
Environmental Association, Wildlife Conservation
Society)
- Government Department (Forests)
- NSF Strong Coast Team
w4 10/25/2024  Participatory Mapping of 59 - Fishers / Fishing Guides
Social and Cultural Values of
Mangrove Forests and Coral - Restaurant Industry
Reefs
- Placencia Tour Guide Association
Mapping Fisheries Value
Chain - Village Councils (Monkey River, Placencia,
National Garifuna)
- No Occupation
- NGOs (Fragments of Hope, Southern
Environmental Association, Wildlife Conservation
Society, World Wildlife Fund, Humana Belize,
Wildtracks)
- Government Department (Forests)
- Development Bank
- NSF Strong Coast Team
W5 10/25/2025  Share Results and Key 107 - Fishers / Fishing Guides
Messages
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Workshop Date Activities / Goals # of Affiliation
Participants

- Village Councils (Monkey River, Placencia,
National Garifuna, Seine Bight, Independence)

- NGOs (Fragments of Hope, Southern
Environmental Association, Wildlife Conservation
Society, World Wildlife Fund, Humana Belize,
Crocodile Research Center, Healthy Reefs
Initiative)

- Government Departments (Fisheries, Forests,
Land and Surveys)

- NSF Strong Coast Team

Study area

Belize is a tropical Caribbean country on the Yucatan Peninsula known for its rich biodiversity on land and sea (Fig. 2a). Belize has
expansive mangrove forests (~ 76,300 hectares) throughout the country that support people by reducing coastal vulnerability to
storms and flooding, regulating climate, and providing habitat for valuable commercially important species and recreation (WWF
Mesoamerica 2025). However, Belize's mangroves are threatened by high deforestation rates (5.4% or 44 ha/year from 1980 to 2017)
and rapid coastal development, putting these ecosystems and the benefits they provide at risk (Cherrington et al. 2020). Coastal
communities, the Belizean government, and NGOs are working to strategically protect and restore mangrove ecosystems to maintain
their benefits to people through a combination of policy, finance, and climate commitments.

Here, we investigate the ecosystem service benefits of restoring and protecting mangroves located around the Placencia Lagoon.
Denser, uninterrupted swathes of mangrove forest are situated on the west side of the lagoon and patches of mangrove forest are
found on cayes and along the lagoon side of the Placencia peninsula, a flat sandbar facing the Caribbean Sea (Fig. 2b & c). There are
three species of mangroves found in Placencia and throughout Belize: red mangrove (Rhizophora mangle), black mangrove (Avicennia
germinans), and white mangrove (Laguncularia racemosa) (Morrissette et al. 2023).

Coastal communities along the Placencia peninsula are historically fishing villages that have transitioned to tourism, given their
proximity to major coral snorkeling and diving sites found among nearby cayes. The scenic beauty of this area has accelerated
development, exacerbating the consequences of coastal erosion and reduced coastal protection (Trotz et al. 2023). Placencia is
vulnerable to climate change impacts (e.g., increasing storms and flooding), risks which can be mitigated through nature-based
solutions, including restoring and protecting mangroves (IADB 2015). To address these pressures and ensure effective management
of the area, WWF, Southern Environmental Association, and Friends of Placencia Lagoon collaborated to conduct six consultations
with communities along the lagoon and a rapid assessment. Their work culminated in a proposed plan to integrate the Placencia
Lagoon in the National Protected Areas Systems of Belize as a wildlife sanctuary under the authority of the Forest Department
(Wildtracks et al. 2015). The Placencia Lagoon Management Plan (2015) demonstrates the lagoon’s potential to be a global model of
balanced community values, development, and conservation (Wildtracks et al. 2015).

Mapping mangroves’ current extent and health

We created a mangrove extent and health baseline map of the broader Placencia Lagoon area using a combination of datasets,
collaborations, and community feedback. We began with compiling mangrove extent data. Cherrington et al. (2020) created a national
map of mangrove extent in Belize based on imagery from Landsat satellite data to track progress in sustainable management of
coastal forest ecosystems (30m resolution). In 2019, Fragments of Hope collected drone imagery of the inner cayes surrounding
Placencia Lagoon, which was processed by The Nature Conservancy (TNC) through hand-digitization to create a mangrove extent
map as part of its regional Caribbean mapping effort in 2021. This effort by TNC was conducted in partnership with the United
Nations Food and Agriculture Organization, using remote sensing techniques to map and monitor mangroves at fine scales (< 5m)
and create open-access mangrove data (Schill et al. 2021, 2024). For our baseline map, we combined the national and local-scale
mangrove extent data, then manually refined the map at a fine-scale (< 5m) to match the mangrove extent shown in 2023 Google
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Earth satellite imagery. We further refined the extent of the baseline map with mangroves presence and absence data and
coordinates collected from sites around the Placencia Lagoon (Baron-Aguilar et al. 2024 unpublished data).

We then added the mangrove health conditions to our baseline map by using the INVEST Habitat Risk Assessment (HRA) map
produced by the Natural Capital Alliance in partnership with the Coastal Zone Management Authority Institute for coastal and marine
planning (Arkema et al. 2015; Delevaux et al. 2022 unpublished; Natural Capital Alliance 2026; see Supplementary Methods for more
details). The HRA model is a tool that assesses the risk to ecosystems from human activities given their spatial overlap and known
impact. The HRA map of Belize illustrates the levels of risk to mangroves from coastal development, dredging, aquaculture,
agricultural runoff, marine transportation, oil exploration, marine recreation, and fisheries activities (Arkema et al. 2014, Arkema et al.
2015, Delvaux et al. 2022 unpublished, Supplementary Table 4). We overlayed the HRA map on our baseline mangrove extent map and
used the risk classifications as proxies for health conditions, assuming that habitat classified as high risk from human impact
equated to “cleared” mangrove (i.e., mangroves that have been mostly cleared or removed for construction and can no longer be
restored), medium risk habitat corresponded to “degraded” mangrove (i.e., mangroves impacted by anthropogenic and natural drivers
that can feasibly be restored to healthy levels if left undisturbed), and low risk habitat was equivalent to a “healthy” state of
mangroves (i.e., mangroves as those that are stable or undisturbed, showing no obvious anthropogenic or natural disturbances) (See
Supplementary Table 4 for further detail).

We conducted a participatory mapping workshop in February 2024 to solicit feedback on our mangrove baseline map (Table 1, W1).
We asked participants to validate whether our map accurately reflected mangrove extent and health (healthy, degraded, and cleared)
around the Placencia Lagoon, and to indicate where dredging among mangroves had occurred to capture local human impacts. We
digitized the community’s input and shared our revised baseline map with our partners at WWF to include in their national
assessment of mangrove health conditions. WWF integrated our baseline map into their national mangrove health assessment and
improved it using various remote-sensing, spatial analysis, field-verified data, and additional community participatory mapping
sources (e.g., Forest Department, Coastal Zone Management Authority Institute, Morrissette et al. 2023, etc.) to generate a baseline
mangrove extent and health map with seven classifications (Stable, Regeneration, Degraded, Transitioning, Cleared, Filled,
Construction, see Supplementary Table 4 for definitions) (Villarreal-Rosas et al. 2026 unpublished). We used WWF’s mangrove health
condition map as our final baseline map and to build scenarios by condensing the seven mangrove health classifications down to
three main health conditions (healthy, degraded, and cleared; see details in Supplementary Table 4).

Mapping mangrove nature-based solutions scenarios

We developed three scenarios to map mangrove nature-based solutions in Placencia: (1) community-priority restoration sites, (2)
community-priority protection sites, and (3) Placencia Lagoon protection. These scenarios built on national policies (e.g., Nationally
Determined Contributions mangrove restoration and protection targets, Belize Blue Bond conservation targets, Resilient Bold Belize
nature-based solution targets) and local management goals (participatory mapping, Placencia Lagoon Management Plan).

We created the community-priority restoration scenario by first mapping the mangrove nature-based solution restoration
opportunities. From our baseline mangrove map, we identified degraded mangrove as a target for restoration efforts given their
potential to become healthy mangrove under management or if left undisturbed by human and environmental stressors. We then led
a participatory mapping workshop with the local community (Table 1, W3) to identify a subset of the opportunity restoration area to
target with mangrove nature-based solutions; there was no constraint on the total area they could select. We constructed our
community-priority restoration scenario by converting baseline degraded mangrove within these community-identified restoration
sites to healthy mangrove to calculate the change in ecosystem service benefits. In this scenario we assume that restored areas
provide the same number of benefits as healthy mangrove ecosystems, 10 years after restoration (Arkema et al 2023, Delevaux et al.
2024).

To create the community-priority protection scenario, we first identified healthy mangrove in our baseline map as having nature-based
solution protection opportunities. We define “protection” as areas where healthy mangrove can be conserved and remain undisturbed
from human and environmental stressors. In our participatory mapping workshop (Table 1, W3), the community identified a subset of
protection areas to target with mangrove nature-based solutions, with no constraint on total area they could select. For the
community-priority protection scenario, we captured the present value of healthy mangroves by calculating the avoided loss of
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mangrove ecosystem service benefits. In the scenario, we cleared all baseline healthy mangrove within the community-identified
protection sites and calculated the total loss of benefits.

For the Placencia Lagoon protection scenario, we used the Placencia Lagoon Management Plan’s proposed management area which
covers the entire lagoon and inshore healthy mangroves on the west side (2015, Fig. 2c). For this scenario, we assumed all healthy
mangrove in the proposed management area has mangrove protection nature-based solution opportunities. We captured the present
value of healthy mangroves within the Placencia Lagoon protection scenario by calculating the avoided loss of mangrove ecosystem
service benefit. In the scenario, we cleared all baseline healthy mangroves within the management area and calculated the total loss
of benefits.

There is limited overlap between the two protection scenarios. The community prioritized protecting recently privatized mangroves in
the northern lagoon whereas the proposed Placencia Lagoon protection area encompasses the aquatic environment and associated
tributaries of the lagoon which are largely found on the southern half of the lagoon. Together, these two protection scenarios
complement each other by encompassing the majority of inland mangroves, thus allowing us to capture mangrove benefits
throughout the lagoon.

Modeling, mapping, and valuing the benefits nature provides to people

To quantify the benefits that mangrove restoration and protection nature-based solutions provide to people, we considered four
ecosystem services: (1) blue carbon storage and sequestration, (2) lobster fisheries output, (3) visitation, and (4) sociocultural values.
The InVEST software (Version 3.16.0) was used to quantify and value the potential benefits from the restoration and protection
mangrove nature-based solutions scenarios: (1) blue carbon stock of mangroves, (2) change in lobster catch and revenue, and (3)
change in visitation and revenue from tourism. We collected data capturing sociocultural places of significance through a
participatory mapping workshop in October 2024 (W4 Table 1).

Blue Carbon Model

To quantify the blue carbon stock in local mangroves, in terms of biomass (tons) and market value ($ USD), we used the InVEST
carbon model to calculate the carbon storage and sequestration under each scenario. The model requires a land use cover map and a
biophysical table with carbon densities for four carbon pools (above-ground biomass, below-ground biomass, soil, and dead organic
material) to calculate the total sum of carbon in each land use type (Natural Capital Alliance 2026). The model calculates
sequestration and the net present value of carbon with an alternative land cover scenario and carbon market rate values, including the
price of carbon (8), annual market discount rate (%), and annual price change (%) (Natural Capital Alliance 2026). The model outputs
show the carbon stored in the baseline and alternative scenarios, the sequestration between the scenarios, and the calculated net
present value of carbon. We used our baseline mangrove extent and health condition map for the land use cover map and the
Morrissette et al. 2023 Belize mangrove carbon density data to calibrate the model (Supplementary Table 5).

To calculate the carbon stock and sequestration under each scenario, the model was run three times, each with the baseline land
cover map for current stocks and then the scenario’s land cover map for the future carbon stocks and sequestration (Fig. 3a, 4a, 5a).
In each model run, we set the price of carbon to $35 per metric ton of carbon dioxide equivalent with a discount rate of 5% and no
annual price change (Giangola et al. 2024). We selected the price of carbon based on market conditions in 2020 and a discount rate
of 5% in line with Belize's national debt discount rates (Green Finance Institute 2026; Natural Capital Alliance 2026). To calculate the
total carbon stock, sequestration, and monetary value of mangrove blue carbon in each scenario, we first calculated the baseline
stock of carbon. Then, we used the INVEST model to provide the blue carbon sequestration value and net present monetary value
(USS) by calculating the marginal change between the nature-based solutions scenarios and the baseline conditions. Lastly, we
conducted zonal statistics to obtain the total amount of blue carbon stock, sequestration, and monetary value from the community-
priority restoration sites, community-priority protection sites, and Placencia Lagoon protection area.

Spiny Lobster Model

We used the INVEST Lobster model to assess the impact of mangrove restoration on spiny lobster (Panulirus argus) catch in Belize in
terms of biomass (Ibs) and market value (USD $), following the modeling framework and parameterization established by Arkema et
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al. (2015) and leveraging inputs from fishers during workshop 4 (Table 1) (Arkema et al. 2019). The spiny lobster model is an age-
structured population matrix model, emphasizing age-based habitat dependencies, where the availability of nearshore nursery habitat
(e.g., mangroves and seagrass) and coral reefs influence survivorship and catch, respectively (Arkema et al. 2015, 2019). The model
uses lobster catch data, market values, and changes in lobster habitat (mangroves, coral reefs, seagrass) size to estimate the change
in the distribution and catch of spiny lobster. We kept the parameters from Arkema et al. (2019) in this analysis.

For each scenario, we recalculated the total lobster catch using the baseline catch rates from Arkema et al. 2019. In the INVEST
Lobster model, we computed the change in catch by comparing the total hectares of mangrove in the restored and conservation
scenarios to the baseline, estimating both absolute and percentage changes across Coastal Planning Units. These results inform how
restoration and conservation of mangroves can affect lobster fishery production. To capture the total change in lobster catch within
priority areas, we first calculated the density of lobster larvae among restored and conserved mangrove within 250m of the coastline.
We then performed zonal statistics to sum the change in lobster production within restoration and protection sites in each scenario.
We multiplied the change in lobster production by the whole lobster average sale price for Placencia (BZD $15.6/1b), which we
collected during interviews with fishers in the fourth workshop while mapping the fisheries value chain, to calculate the total monetary
value of the change in lobster production (Table 1, W4) (Olaya et al. 2026 in review). Complete methodological details, data
processing steps, and geospatial tools used are provided in the Supplementary Methods and Supplementary Table 6.

Tourism & Recreation Model

To quantify the contribution of mangroves in Placencia to tourism in terms of the number of visitors and revenue generated by
tourism ($ USD), we estimated the spatial distribution of visitation to Placencia using the social media-based approach in the INVEST
Recreation model (Arkema et al. 2015; Natural Capital Alliance 2026). The approach uses geotagged posts to Flickr and Twitter (from
2012 to 2017) as a proxy for visitation. Posts to these social media platforms are well-correlated with empirical visitation numbers
and are useful for filling in gaps in other visitation datasets (Wood et al. 2013; Sessions et al. 2016; Fisher et al. 2018; Arkema et al.
2021).

Based on the positive relationship between tourism and mangroves in our regression model, we predicted how visitation might
change with mangrove restoration and protection (see Supplementary Methods and Supplementary Table 7 for more methodological
details and data processing steps). These predicted values represent the marginal effect of mangrove habitat on tourism, holding all
other variables constant. We then calculated the difference between the number of tourists predicted under the restoration scenario
and the number of tourists predicted under the baseline (using the change in the proportional estimated visitation computed based
on the regression), for each grid cell. Additionally, we calculated the difference between the number of tourists predicted under both
the two protection scenarios and the baseline. Total tourism expenditure was derived by multiplying the change in the number of
visitors for each scenario by the 2024 average daily expenditure (US $227.71) provided by the Belize Tourism Board (2024). We used
zonal statistics to sum the change in benefits and their values within each nature-based solutions priority site.

Sociocultural Values

In addition to community-identified priority areas for nature-based solutions, we also captured social and cultural values associated
with the coastlines of Placencia. Through participatory mapping workshops (Table 1, W4 & W5), we asked community members to
place different colored stickers that represented different types of social and cultural connections: these connections were beauty,
sense of community, heritage, education, and recreation/relaxation. The workshop consisted of 31 participants representing a
diversity of local occupations (see Supplementary Information for more information). The sticker placements were digitized into
points and summed by area to represent a range from lowest to highest frequency of points (or areas of low to high levels of social
and cultural importance). To adjust for local spatial scales of social and cultural connections in Placencia, spatial autocorrelation was
used to determine the distances of pattern clustering, which was then used to determine the suitable area in which the points were
summed (see Supplementary Information and Supplementary Fig. 1 for more information). Sociocultural values were captured by
summing the frequency of different types of connections to mangroves throughout the Placencia Lagoon area to identify the places
with the greatest levels of cultural importance to the local community. We then clipped and quantified the sociocultural values
intersecting with each scenario.

Results
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Community-priority sites for mangroves nature-based solutions

Through the third participatory mapping workshop (Table 1), the community identified a total of 83 hectares of degraded mangrove
for the community-priority restoration scenario (Fig. 2b) and 174 hectares of healthy mangrove for the community-priority protection
scenario (Fig. 2c). These restoration sites are all found on the peninsula where there is more development whereas the protection
sites are found in the undeveloped northern inland side of the lagoon and on cayes around the entrance of the lagoon. In the
Placencia Lagoon protection scenario (Fig. 2d), there are 752 hectares of healthy mangrove, largely found on the undeveloped west
inland lagoon side. The community-identified protection sites do not overlap with the Placencia Lagoon Management Plan area
except for one patch of inland mangrove north of Maya Beach (Fig. 2c).

Restoration nature-based solutions benefits to people

Our results reveal that mangrove restoration throughout the Placencia peninsula would enhance all ecosystem service benefits. The
83 hectares of mangrove identified for restoration could potentially sequester 18,500 metric tons of carbon over 10 years (Fig. 3a),
valued at $644,000 USD ($1.3 million BZD) in net present terms. Second, restoring these mangroves could yield 640 pounds of lobster
annually and generate an additional $5,000 USD ($10,000 BZD) in wholesale revenue to local fishers (Fig. 3b). Third, mangrove
restoration efforts in these priority sites could attract approximately 140 additional visitors (Fig. 3c). Collectively, these visitors could
contribute an estimated $32,000 USD ($64,000 BZD) in annual tourism expenditure. Finally, we found that natural beauty and
recreational opportunities are the most important sociocultural values that mangroves within community-priority restoration sites
provide to the local community, particularly within Placencia Caye and Village (Fig. 3d). The community and educational value of
mangroves have a medium-level of sociocultural importance; these values are concentrated among mangroves in Maya Beach and
Cocoplum.

Protection nature-based solutions benefits to people

Under both protection scenarios, mangrove protection would safeguard all ecosystem service benefits modeled in this study. Within
the community-priority protection sites, the 174 hectares of healthy mangrove identified by the community could protect 69,500
metric tons of carbon over 10 years (Fig. 4a), valued at $2 million USD ($4 million BZD) in net present terms. Second, protecting these
mangroves could maintain 1,400 pounds of lobster catch annually, worth $11,000 USD ($22,000 BZD) in wholesale revenue to local
fishers (Fig. 4b). The greatest production of lobster (940 pounds of lobster per year) that could be preserved comes from the north
inland side of the lagoon. Third, protecting mangroves in these priority sites could sustain approximately 24 additional visitors

(Fig. 4c), with the greatest density of visitors from Placencia Caye. Collectively, these visitors could contribute an estimated $5,400
USD ($10,800 BZD) in annual tourism expenditure. Lastly, recreation, beauty, and community are the most important sociocultural
values provided by mangroves within the community-priority protection sites, particularly from mangroves in Placencia Caye and
Village (Fig. 4d). The heritage value of mangroves has medium-level of sociocultural importance and is emphasized among
mangroves on the northern inland side of the lagoon.

Under the Placencia Lagoon protection scenario, protecting 752 hectares of inland mangroves would safeguard 1.2 million MgC of
blue carbon, valued at $32 million USD ($64 million BZD) over 10 years (Fig. 5a). Next, protecting these mangroves could maintain
10,000 pounds of lobster catch annually, worth $80,000 USD ($160,000 BZD) in wholesale revenue to local fishers (Fig. 5b).
Furthermore, conserving these mangroves could help support the visitation of about 100 people in the area, corresponding to
approximately $23,000 USD ($46,000 BZD) in annual tourism expenditure (Fig. 5¢c). Lastly, beauty, recreation, and community are the
most important sociocultural values safeguarded by protecting lagoon mangroves, particularly among mangroves in Placencia Caye
and Village (Fig. 5d). Mangrove areas in Maya Beach represent medium levels of sociocultural importance and would protect
community values. Mangrove areas on the inland lagoon side, across from Cocoplum and north of Maya Beach, show medium levels
of importance, with greater emphasis on education, recreation, and aesthetic value.

Discussion

This study demonstrates how collaborative science — conducting fine-scale habitat mapping and ecosystem service valuation with

local communities — improves nature-based solutions design for real-world decision making. Publicly available global and national

mangrove maps often lack information on ecosystem health, which can be sufficient for national target setting, but they are often too

coarse to support site selection, landowner engagement, or project-level monitoring and verification. Here, we improved the spatial
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fidelity of mangrove extent and condition data by integrating participatory mapping of mangrove health, manual digitization from
high-resolution imagery, local ground-truth points, and a habitat risk assessment. This approach breaks down the scale of policy
ambition (e.g., national targets) to the scale at which nature-based solutions projects are negotiated and implemented (e.g., parcels,
community, municipality). By having a fine scale map of mangrove ecosystem health, we were able to create our nature-based
solution scenarios, in which community participants identified 83 ha of degraded mangrove as restoration priority areas and 174 ha
of healthy mangrove as priority protection areas. The proposed Placencia Lagoon Management Plan (PLMP 2015) encompasses a
larger protection footprint with 752 ha of healthy mangrove. Across all three scenarios, every ecosystem service benefit was
enhanced by mangrove restoration or safeguarded by mangrove protection. Blue carbon potential could help create a stream of
revenue in Placencia (via carbon markets) to support mangrove habitat (Arkema et al. 2023). These nature-based solutions could
enhance fisheries and tourism benefits, the main sources of livelihoods in the area, while also conserving multiple socioculturally
important areas. Community-led mangrove nature-based solution design could therefore contribute to climate resilience, create
pathways to conservation finance, while protecting sociocultural values and ways of life by securing local livelihoods, wellbeing, and
ecosystem health.

Conservation and nature-based solution projects rarely attract multi-million-dollar investments from international finance institutions
because they lack demonstrated “bankability” — measurable outcomes, predictive models, and automated monitoring enabling risk
assessment and results-based disbursement (Sheikh et al. 2025). Our study helps translate nature’s benefits to people in metrics that
resonate with investors. Carbon sequestration dominates the estimated monetary benefits across all restoration and protection
scenarios (ranging from ~$1-32 million USD), suggesting that developing blue carbon finance mechanisms could be the most direct
route to acquire funding for large-scale nature-based solutions interventions. These blue carbon values provide localized data to
support projects that can help Belize reach its Project for Finance Permanence (PFP) conservation targets, Belize NDC 3.0, and
sustainable development goals (Belize 2021; McKenzie et al. 2025; TNC, 2022; Arkema et al. 2023; Delevaux et al. 2025c). Carbon
credits can provide revenue to small land holders or community-owned land, and current standards prioritize projects that support
both livelihood and environmental benefits (Perera et al. 2024; Plan Vivo 2026). However, many blue carbon projects fail without
community buy-in and equitable benefit sharing, thus emphasizing the need for policies and practices to include clear disclosures on
direct community benefit sharing (monetary and non-monetary) from the start (Perera et al. 2024). Successful examples, like
mangrove restoration and reforestation in Kenya, have helped communities pay for infrastructure and supplies such as school
construction projects, books, and water pumps (Wylie et al. 2016).

While carbon credits can yield many benefits, obtaining them can be challenging at best. From a blue carbon finance perspective,
mangrove restoration is more straightforward than conservation due to additionality requirements — evidence that healthy mangrove
forests will face imminent threat (e.g., logging, fire) if they are not protected (Mason and Plantinga 2013; Purushotham et al. 2026).
However, local conservation practitioners indicated that protecting mangroves was a more realistic pathway forward given the long
time horizon and feasibility challenges of restoring mangroves. High costs for validation and verification, minimum scale
requirements, and revenue benefit sharing linked to land ownership may also bar small-scale projects or communities from being
eligible for receiving carbon credits and their revenue (Perera et al. 2024; Plan Vivo 2026; Purushotham et al. 2026). Furthermore,
avoiding “bad” actors who intentionally exploit carbon schemes to prioritize commodification over conservation requires governance
of blue carbon projects, primarily through establishing national level legislation frameworks, increasing local community participation,
and institutional accreditation of stakeholders involved (Rosli et al. 2025, Purushotham et al. 2026). The Belizean government is
currently in the process of setting up its national carbon policy which could establish a community sharing benefits framework (PMI
2026). Our methodologies and findings could help create a blueprint for integrating community participation in blue carbon projects in
Belize.

Mangrove nature-based solutions can also help support fisheries and tourism, the main economic sectors that support coastal
livelihoods in Belize. Tourism alone contributed to an estimated 33% of Belize's GDP and 46% of employment in 2025 (World Travel &
Tourism Council 2025). Belize's wild capture fisheries contribute to nearly 2% of the GDP as of 2022 and employ approximately 3,000
fishers, aiding in local food security and production for consumption in the tourism industry (Gachot et al. 2024). Spiny lobster is the
most productive and main income-generating capture fishery in Belize, exporting most products to the US market (Gachot et al.
2024). However, these key GDP sectors are vulnerable to climate impacts, through storms that can damage infrastructure, change in
SST that can impact fisheries productivity and coral habitat health. To help make these sectors more resilient, Belize has developed a
National Sustainable Tourism Master Plan (as part of the Belize Blue Bond), in which diversifying livelihoods is a resilience strategy -
tourism provides alternative livelihoods in seasons when fishing is closed and low tourism periods coincide with the opening of the
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lobster and conch fishing seasons (Europraxis Consulting 2011; Murray 2021). Within Placencia, our analysis revealed that combining
restoration and protection can benefit both tourism and fisheries, which is important from a local perspective because community
members in Placencia typically live on tourism and fishing based on the season. Thus, restoring and protecting mangroves
ecosystems that underpin these sectors critically supports these sectors and related jobs. Capturing the value of these sectors locally
with nature-based solution scenarios grounded in local priorities can also help communities access funding for implementation from
initiatives like WWF’s Project for Finance Permanence (WWF 2025a, b).

Mapping sociocultural values provides an additional layer of information increasingly sought out by investors and granting agencies
that is not captured by market metrics (Maia de Rocha et al. 2017; Sangha et al. 2025; WWF 2025a). In Placencia, mangrove
landscapes are integral to the community’s sense of place by providing spaces for recreational opportunities, educational
development, and cultural activities. These sociocultural values, while not monetizable, can foster local stewardship commitments
needed for successful long-term mangrove protection and restoration implementation. Blending biocultural metrics with biophysical
and economic metrics also provides a pathway to blend indigenous knowledge and western science (Sangha et al. 2025). Pairing
biophysical dimensions with socio-cultural indicators, local knowledge, and societal health outcomes can help communities engage
in decision-making that informs effective conservation and management outcomes which increase their resilience to climate impacts
(Neef et al. 2018; Nand et al. 2024; Sangha et al. 2025). For example, places of knowledge transfer and cultural heritage or identified
as living playgrounds and central to community life may warrant priority habitat protection given their importance to supporting
mental wellbeing, physical health, and social resilience in the face of coastal disasters (Maia de Rocha et al. 2017; Neef et al. 2018;
Nand et al. 2024; Sangha et al. 2025).

Our modeled results reflect limitations and simplifying assumptions that should be considered when reviewing these ecosystem
service benefits. First, global and national habitat maps can be limited in their local scale resolutions and require further inputs to
refine for participatory mapping. Second, our condition mapping collapses mangrove structure and function into discrete classes,
which does not capture variability in carbon density among different mangrove species, habitat quality, or habitat type. Third, we
assumed that all degraded mangrove is restored to healthy mangroves after 10 years, simplifying recovery outcomes. Fourth, the
lobster model simplifies nursery function by relating catch to mangrove area and proximity to shore; it does not represent fine-scale
differences in larval supply and distribution from mangrove patch structure, lagoon currents, and fishing pressures. Fifth, the tourism
model uses only X/Twitter and Flickr social media-derived visitation patterns and estimates the marginal effect of mangroves on
visitation while holding other predictors constant. This approach may underrepresent local recreation and domestic visitation (more
locals share photos on Facebook), or the cultural importance of mangroves that is not expressed in geotagged posts. Further, this
model does not tell us why people are visiting specific sites nor what they are doing there (e.g., wildlife ecotourism, fishing),
information that would be useful for informing sustainable and equitable ecotourism development. Despite these limitations, the
strength of these INVEST models lies in the relative spatial patterns they illuminate rather than the absolute values, which provide a
sense of magnitude of impact to compare to field observations and establish a baseline for valuation (Hamel et al. 2015).
Additionally, the simplicity of the models allows for local engagement and reiteration to embed local values into scenarios and
improve outputs for nature-based solutions projects, hence our multiple workshops to ground the research and findings in local
priorities.

Several extensions would increase both the scientific robustness and the practical utility of this study. Not measured here but
important to evaluate in future work is the coastal protection mangroves provide against storms and flooding in the area. Mangroves
are the habitat most effective at protecting the coast under storm and non-storm conditions, as demonstrated in national level
studies in Belize (Arkema et al. 2013, 2015; Gaunnel et al. 2016). Localized information on where Placencia’s communities are most
vulnerable, and where mangroves best shield developments and protect eroding coastline, is critical for avoiding loss of life, major
infrastructure damage, and economic consequences. Adding this ecosystem service benefit in future analysis can inform more
strategic policy and coastal development decision-making. Next, for the carbon model, field measurements of biomass and soil
carbon in the Placencia Lagoon area would improve carbon estimates and reduce uncertainty for project-level accounting
(Morrissette et al. 2023). Ecological monitoring of restoration sites could better constrain timelines for benefits recovery.
Furthermore, incorporating cost and feasibility layers (e.g., hydrologic constraints, permitting, and restoration costs) would enable
cost-effectiveness comparisons among sites. For example, investigations on private landowners’ willingness and incentives to
protect mangroves and participate in benefit-sharing mechanisms would assist in determining the feasibility of these nature-based
solutions efforts (Dario et. al in prep; Marsan 2004; Wildtracks et al. 2015; Gloss et. al, 2019; Rasheed et. al, 2025). With this additional
information, future scenarios could explicitly test how benefits change under sea-level rise, storms and flooding, parcel-level
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willingness, and land-use change. They could also account for ridge-to-reef interactions that influence lagoon water quality and
mangrove conditions.

A major contribution of this work is the methodological pathway to reproduce and scale this work in other communities. Importantly,
we placed community expertise at the center of the workflow and from the onset of the study (e.g., site identification, value elicitation,
feasibility) and iteratively returned results to the community for feedback and refinement. By combining community-led mapping, fine-
scale habitat baselines, and ecosystem service benefit valuations, this study provides an actionable pathway for designing mangrove
nature-based solutions that both protect local livelihoods and are functional for policy and finance audiences. Our results show that in
Placencia, community-identified restoration and protection priorities sites improve carbon sequestration, fisheries, tourism, and
sociocultural benefits, and that a lagoon-scale protection plan can substantially increase total climate and fisheries benefits. This
approach breaks down the scale of policy ambition (e.g., national targets) to the scale at which nature-based solutions projects are
negotiated and implemented (e.g., parcels, community, municipality). Further, our results can help provide communities with language
to speak with investors as well as a budget for project implementation and local benefit sharing, a practice which is not conducted in
most carbon and conservation projects. This study contributes to evidence that workflows integrating community participation and
fine-scale habitat mapping are replicable and valuable for co-designing nature-based solutions that are implementable, locally
supported, and aligned with Belize’s evolving national climate and ocean commitments. Nature-based solutions projects with high
social buy-in are also more likely to succeed due to the long-term commitment of the community, who are the stewards of these
places.
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Figure 1

Collaborative research framework to co-design mangrove nature-based solutions (NbS) using a combination of workshops and
ecosystem service modeling. (a) We developed the mangrove health baseline scenario by combining existing mangrove extent spatial
layers and modeling habitat health based on participants’ inputs, human stressors, and development impacts on mangroves (W1 &
W?2). The baseline map was presented in a third workshop (W3) to (b) identify community-preferred nature-based solutions sites for
the mangrove restoration and protection scenarios as well as sociocultural values (W4). We modeled (c) and quantified (d) changes
in mangrove benefits under nature-based solutions scenarios using INVEST software (indicated with an asterisk). We shared key
findings back with the Placencia community in a final workshop (W5).
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Figure 2

Mangrove conditions and scenarios. (a) Map of Belize with an inset of the study area (black rectangle). (b) Community-identified
restoration sites intersecting with degraded mangrove for the community-priority restoration scenario (1). (c) Community-identified
protection sites for the community-priority protection scenario (2) and the proposed Placencia Lagoon Management Plan area for the
Placencia Lagoon protection scenario (3) intersecting with healthy mangroves.
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Figure 3
Change in nature-based solutions restoration benefits between the baseline and community-identified mangrove restoration scenario.

(a) Blue carbon sequestration (MgC/ha), (b) lobster biomass increase (Ibs/yr), (c) tourism visitation increase (number of visitors), and
(d) sociocultural value (level of importance).
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Figure 4
Change in nature-based solutions protection benefits between the baseline and community-identified mangrove protection scenario.

(a) Blue carbon sequestration (MgC/ha), (b) lobster biomass decrease (Ibs/yr), (c) tourism visitation decrease (number of visitors),
and (d) sociocultural value (level of importance).

Page 21/23



a

C Coastal Tourism

Figure 5

Change in nature-based solutions protection benefits between the baseline and mangrove Placencia Lagoon Management Plan
protection scenario. (a) Blue carbon sequestration (MgC/ha), (b) lobster biomass decrease (Ibs/yr), (c) tourism visitation decrease
(number of visitors), and (d) sociocultural value (level of importance).
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