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Integrating nature-based
solutions for resilient
watershed management:
a comparative study in urban
and semi-urban watersheds
of Panama and Honduras
Laura Benegas 1*, Ney Rı́os Ramı́rez1,
Lı́ber Ilyá Fino Rodrı́guez1, Carlina Felicia Mosquera Ballejos1,2

and Ovidio Ibáñez López1

1Centro Agronómico Tropical de Investigación y Enseñanza (CATIE), Turrialba, Costa Rica, 2Ministerio
de Ambiente de Panamá, Panamá, Panama
This study explores the operationalization of nature-based solutions (NbS) for

watershed resilience in two contrasting Latin American contexts: the Caimito

watershed in Panama and the El Coyolar watershed in Honduras. The

methodological framework combined spatial multi-criteria analysis using GIS

tools, participatory mapping with local stakeholders, and the classification of

NbS based on ecological function and governance feasibility. Results show that

a total of 1,220 ha and 1,870 ha were prioritized for NbS interventions in Caimito

and El Coyolar, respectively. The most feasible practices included urban green

corridors, riparian buffer restoration, and agroforestry infiltration systems. Notably,

Panama followed an institutionally driven planning process, whereas Honduras

adopted a community-led strategy. The study highlights the importance of

integrating spatial tools with local knowledge to ensure effective and context-

sensitive NbS implementation.
KEYWORDS

water resource management, climate resilience, community and stakeholders
engagement, sustainable land use, governance
Introduction

Watersheds across Latin America are under increasing pressure due to unplanned

urban growth, intensive agricultural practices, deforestation, and the rise in extreme

hydrometeorological events. These stressors disrupt hydrological functions, threaten

biodiversity, and diminish the capacity of ecosystems to provide critical services,
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ultimately intensifying socio-environmental vulnerabilities

(Millennium Ecosystem Assessment, 2005; IPBES, 2019; Vogl

et al., 2017).

Nature-Based Solutions (NbS) have gained global recognition

for their potential to address such complex watershed challenges by

restoring and enhancing natural processes while providing

socioeconomic co-benefits (Cohen-Shacham et al., 2016;

Raymond et al., 2017; Kabisch et al., 2016). Examples of NbS

include forest and riparian restoration, agroforestry, green

infrastructure, and slope stabilization—all of which can be

strategically deployed to mitigate erosion, floods, and water

quality degradation (UNESCO World Water Assessment

Programme, 2018).

Effective planning and implementation of Nature-Based Solutions

(NbS) require spatially explicit, robust methodologies that integrate

watershed-scale assessments, land use suitability, and biophysical

criteria. According to Locatelli et al. (2015), combining climate

mitigation and adaptation objectives in forestry and agriculture

requires geographic tools capable of aligning interventions with

spatial variability in land capacity and environmental risks.

Similarly, Verdone and Seidl (2017) highlight the importance of

place-based analysis in achieving global restoration goals, stressing

that success depends on understanding ecological and socio-spatial

dynamics at the landscape level. These insights support the use of

geospatial techniques, such as digital elevationmodels (DEMs), terrain

and hydrological modeling, and land cover analysis, to guide the

prioritization and zoning of NbS at the watershed scale, enabling more

context-relevant and effective planning.

Studies exploring the planning and implementation of Nature-

Based Solutions (NbS) in urban and peri-urban watershed contexts,

such as those by Frantzeskaki et al. (2019) on urban sustainability

strategies and Narayan et al. (2017) on coastal wetland protection,

demonstrate the effective use of open-access and low-cost geospatial

platforms (including SAGA GIS, ArcGIS, and Google Earth Pro)

together with publicly available datasets like Sentinel-2, SRTM, and

ALOS. These tools were applied to generate actionable outputs,

including NbS zoning maps, ecological connectivity corridors, and

overlays of hydrological or flood risk. Critically, both studies highlight

the role of participatory validation and integration with local planning

instruments, underscoring how technically sound, stakeholder-

informed outputs can support municipal authorities in mainstreaming

NbS into climate resilience and territorial planning strategies.

Developing countries often remain sidelined in global NbS

research, despite the pressing need to advance context-specific

Nature-Based Solutions in these regions. Progress requires

attention to local priorities, restoration of biodiversity, and a

commitment to long-term sustainability. Achieving meaningful

results hinges on inclusive governance, robust capacity-building,

and adequate international funding—without which efforts are

unlikely to move beyond rhetoric (Zyoud and Zyoud, 2025). In

this light, the synthesis of spatial diagnostics, land capability criteria,

and NbS principles demonstrates how technically grounded,
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replicable approaches can guide watershed restoration and

sustainable land management in Latin America and beyond.

Despite the growing number of studies applying spatial

diagnostics and geospatial tools to NbS planning (Frantzeskaki et al.,

2019; Narayan et al., 2017; Mubeen et al., 2020), several

methodological gaps remain unaddressed. Many existing

frameworks are designed for data-rich or high-income contexts,

often overlooking the constraints and institutional fragmentation

present in developing regions (Kabisch et al., 2016; Wendling et al.,

2018). Notably, few methodologies offer integrated approaches that

align geospatial analysis with participatory governance tools, land-use

regulatory instruments, and institutional mandates (Meerow and

Newell, 2017). Furthermore, literature is scarce on practical

implementation pathways that bridge technical diagnostics with

municipal planning processes in peri-urban and rural watersheds of

Latin America. Finally, the cost or complexity of many methodologies

limits their application by local governments (Palomo et al., 2021).

This study seeks to fill this gap by proposing and testing a replicable,

place-based methodology that operationalizes NbS through spatial

diagnostics, zoning criteria, and actor engagement strategies tailored

to resource-constrained contexts.

To respond to the urgent need for grounded, context-specific

approaches to Nature-Based Solutions in watershed management, this

study examines and compares the implementation pathways of NbS in

two watersheds in Latin America: the Caimito River basin in Panama

and the El Coyolar subwatershed in Honduras. Drawing on spatial

diagnostics, stakeholder mapping, and governance analysis, the

research aims to: (i) identify and justify appropriate NbS options

through geospatial and participatory tools; (ii) delineate spatial

priorities for action within each watershed based on ecological and

land-use criteria; and (iii) construct practical, stepwise implementation

roadmaps that align with institutional, social, and territorial planning

frameworks. In doing so, the study contributes operational insights to

the broader field of NbS planning and implementation in data-

constrained and institutionally fragmented contexts, supporting the

integration of ecosystem-based strategies into policy and practice

across tropical watersheds.
Materials and methods

Study area and context

This research was conducted across three watershed contexts in

Panama and Honduras: the Caimito River Basin (Panama Oeste) and

the El Coyolar Sub-basin (Honduras), in Honduras (Figure 1). Each

study area represents distinct biophysical and socio-political

conditions but shares common challenges associated with

hydrometeorological risks, land degradation, and ecosystem service

decline. The watersheds are characterized by varying degrees of urban

pressure, deforestation, erosion, and vulnerability to floods

and droughts.
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Caimito river basin by Caimito river
watershed

The Caimito River Watershed, officially classified as Watershed

140 in Panama’s national hydrological system, is located within the

province of Panamá Oeste. The watershed spans approximately

454.7 km², with the Caimito River being the principal watercourse,

measuring 72.83 km in length and surrounded by a perimeter of

185.75 km. In addition to the Caimito River, key tributaries include

the rivers Martıń Sánchez, Congo, and Caimitillo. The urban growth,

especially in La Chorrera, has led to issues with urban runoff and

increased flood risk due to insufficient drainage infrastructure and

deforestation in upper areas. The watershed extends across three

major districts in Panamá Oeste: La Chorrera, Arraiján, and Capira

(Caballero et al., 2013). La Chorrera is the most extensive district and

includes the most urbanized areas, such as the Colón, Balboa, and El

Coco neighborhoods, which exhibit the highest urban population

densities—over 1,000 inhabitants per square kilometer (INEC, 2010).

The topography varies from flat lowlands in the southern and urban

areas to hilly terrain in the north. The highest elevation is found at

Cerro Trinidad in Capira, rising to 560 meters above sea level, which

also serves as the headwaters of the river. The average slope ranges

from 13% in the northwest to lower gradients near the coast

(Caballero et al., 2013).

The watershed is characterized by a tropical savanna climate

(Aw) under the Köppen classification, with annual precipitation
Frontiers in Conservation Science 03
below 2,500 mm and a dry season with less than 60 mm of monthly

rainfall. The average annual temperature is around 26 °C. Soils are

generally deep and clay-rich. Approximately 40% of the watershed

consists of non-arable soils (Class VI) suitable mainly for forests

and conservation, while around 14% (Class III) is suitable for

agriculture with significant limitations. The dominant land uses

include pastures (52%), secondary mixed broadleaf forest (26%),

and urban areas (16%). The watershed falls primarily within the

Tropical Humid Forest life zone (94%) and a smaller area of Very

Humid Premontane Forest (6%), supporting diverse flora and fauna

(Lopez, 2009). However, this biodiversity is under pressure from

urban expansion, agriculture, and infrastructure development.

The area has seen rapid demographic growth, particularly in

Arraiján and La Chorrera, due to internal migration from other

provinces. Economic activities include pineapple farming in La

Chorrera, fishing and agriculture in Vacamonte and Puerto

Caimito, and industrial development in Arraiján. However, urban

expansion has frequently occurred without comprehensive

planning, exacerbating environmental degradation and water

resource stress.
El Coyolar subwatershed

The El Coyolar subwatershed is located in the municipality of

Ojojona, within the Department of Francisco Morazán, Honduras.
FIGURE 1

Location of study sites: (A) El Coyolar subwatershed, and main panel A) general location of El Coyolar subwatershed in Honduras; (B) Caimito river
watershed, and main panel B) general location of Caimto river watershed in Panama.
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It forms part of the upper Choluteca River watershed, one of the

main sources of water for the capital city, Tegucigalpa (JICA (Japan

International Cooperation Agency), 2008; GWP Central America,

2021). El Coyolar lies within the subtropical highland zone and

includes part of the La Tigra National Park buffer zone, an area

critical for water production and ecosystem conservation. This

subwatershed is considered hydrologically strategic due to its role

in contributing to the Los Laureles Reservoir, a primary source of

drinking water for Tegucigalpa (Rodrıǵuez Cruz, 2022; JICA (Japan

International Cooperation Agency), 2008). The Coyolar River,

along with minor tributaries, flows from forested headwaters and

joins the larger Choluteca River system (GWP Central America,

2021). Its stream network is dense and dendritic, showing good

potential for water retention if sustainably managed. However,

some stream sections suffer from reduced baseflow and

sedimentation, indicating upstream degradation (Rodrı ́guez
Cruz, 2022).

Both the Caimito and El Coyolar watersheds exhibit a

pronounced tropical seasonality, characterized by a dry season

from December to April and a rainy season from May to

November. In the Caimito watershed (Panama), annual

precipitation ranges from approximately 1,600 to 2,000 mm, with

the highest rainfall occurring between September and November.

Mean annual temperatures vary from 25°C to 27°C. Similarly, in the

El Coyolar watershed (Honduras), annual precipitation is estimated

between 1,200 and 1,800 mm, with peaks between June and October

(FAO (Food and Agriculture Organization of the United Nations),

2023). Temperatures range from 24°C to 28°C. This climatic

seasonality significantly influences hydrological processes and the

delivery of ecosystem services in both watersheds. Soils are

primarily Inceptisols and Entisols, moderately fertile, but

vulnerable to erosion under steep slopes and with intensive use or

vegetation loss (Simmons and Castellanos, 1969; Baumann and

Jaco, 2024).

Land use in the subwatershed is a mix of: Forests (native pine-

oak and cloud forest fragments), which represent approximately

40% of the area, pastures and degraded lands with approximately

30%, subsistence agriculture (maize, beans, horticulture) covering

approximately 20% of the area and human settlements and roads

with around 10% (GWP Central America, 2021)Forest areas

provide essential ecosystem services, especially water regulation

and erosion control, but face threats from unregulated timber

extraction, grazing, and expanding agriculture.

The population is rural, with subsistence farming and livestock

as primary livelihoods. Many households rely on community-

managed water systems (Juntas de Agua) for supply (JICA (Japan

International Cooperation Agency), 2008; GWP Central America,

2021). The community has limited access to public services and

faces pressure from upstream-downstream conflicts, particularly

regarding supply reliability for Tegucigalpa. There are local

organizations and environmental education efforts, but

institutional coordination remains weak, especially in integrating

watershed planning and conservation financing mechanisms.
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Data collection and sources

We used mixed-methods approach, integrating: a) Geospatial

data (high-resolution satellite imagery and GIS layers from national

cartographic agencies and open-access platforms), b) Analysis of

Institutional instruments (municipal land-use plans, zoning

regulations, watershed management plans, and risk reduction

frameworks), c) Field validation, with site visits, aerial photography

(drone-based in one case), and participatory mapping with

community stakeholders, d) Primary information collected through

semi-structured interviews with local government officials, water

users, and civil society actors involved in watershed governance.
Diagnostic assessment framework

To build a baseline for identifying areas of intervention and

understanding the drivers of ecosystem service degradation to

further propose site-specific NbS, we conducted multi-

dimensional diagnostics in each study case to evaluate: a)

Biophysical characteristics of topography, land use/land cover,

hydrology, soil capacity, slope, and vegetation, b) Socioeconomic

indicators including settlement patterns, exposure to hazards, land

tenure, and economic activities, and c) Identification of zones

susceptible to flooding, landslides, and drought using historical

records, drainage density, and slope analysis.
Identification and selection of nature-
based solutions

We selected specific NbS for each study site following a systematic

analysis of priority ecosystem services, particularly water regulation,

erosion control, and microclimate regulation. With the clear

identification of priority ecosystem services we add an analysis of

vulnerability hotspots where we included densely populated areas,

critical drainage corridors, and erosion-prone slopes. Finally, we

consider the alignment with local governance instruments such as

zoning ordinances, municipal landscape plans or watershed

management plans. Based in the watershed management approach

and NbS framework, we identify in a preliminary stage, a basic

typology of NbS to be considered fundamental for our study sites.

This typology covers five categories: 1) riparian and hillside

reforestation, 2) restoration of degraded riverbanks, 3) creation of

green and urban corridors and retention areas, 4) implementation of

permeable surfaces and bioretention infrastructure, and 5) watershed-

scale agroecological zoning.
Spatial analysis and zoning

We used QGIS and SAGA-GIS to generate slope, drainage and

land use overlays, to delineate micro-basins and floodplains, to
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prioritize intervention zones through multicriteria analysis, and to

develop zoning maps integrating NbS suitability and legal

constraints. Maps were validated with municipal technical teams

and community stakeholders to ensure feasibility and compliance

with planning instruments. Table 1 summarizes the tools and

analysis employed for each study site.

For El Coyolar subwatershed, a Digital Elevation Model (DEM)

of 30m x 30m resolution was obtained and used as the primary

source for generating contour lines and the hydrographic network.

The SAGA software was employed to process the DEM and extract

key terrain attributes: Slope, LS Factor (a combined topographic

factor related to erosion potential), and Terrain Ruggedness Index

(TRI). ArcGIS tools were utilized to calculate line density metrics,

specifically the density of contour lines and river networks, which

represent the spatial concentration of these features. A classification

scheme for susceptibility levels was created, categorizing areas into

Low, Medium, and High susceptibility based on the integrated

analysis. Standardization of diverse variables was performed using a

min-max normalization formula to bring all raster datasets to a

comparable scale (0 to 1). A composite raster was calculated by

summing the standardized values of the Terrain Ruggedness Index,

Slope, LS Factor, Contour Density, and River Density to produce a

final susceptibility map.

For the Caimito river watershed study we followed a geospatial

analysis process centered around the use of QGIS, complemented by

open-source tools (RSAGA). The analysis began with the acquisition

of a Digital Elevation Model (DEM) at 30x30 meter resolution,

sourced from official datasets provided by MiAMBIENTE. This

DEM was used to generate fundamental topographic products,

including contour lines and the hydrographic network, clipped to

the study area using QGIS raster tools. Hydrological and terrain

variables were then derived using the SAGA GIS interface within

QGIS, producing layers such as slope, the LS Factor (length-slope

factor, relevant to erosion potential), and the Terrain Ruggedness

Index (TRI), which captures terrain complexity.

In parallel, land use and vegetation cover data sourced from

MiAMBIENTE’s 2021 forest cover layer and cross-referenced

through high-resolution satellite imagery from Google Earth, were

digitized and classified into categories relevant to NbS planning,
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such as urban forest, green corridors, mangrove protection zones,

and river renaturalization areas. These layers served as the

foundation for the spatial delimitation of NbS zones. Each

polygon was digitized based on biophysical suitability, including

slope gradients and proximity to water bodies, with QGIS vector

tools, and areas were calculated using the field calculator. The final

raster layers, once standardized, were summed to produce an

integrated susceptibility map. This resulting raster was then

reclassified into three classes of susceptibility (low, medium, and

high), which helped guide the prioritization and zoning of NbS

interventions across the watershed.

The process concludes for both study cases, with the design of

cartographically coherent maps with ArcMap 10.6.1, displaying

spatial zones with corresponding color symbology, labels, and

metrics that support decision-making. In this study, the accuracy

of the spatial prioritization process refers to the degree to which the

geospatial data and derived products reliably represent the real-

world conditions of the study area. While no independent

quantitative accuracy assessment (e.g., confusion matrix or Kappa

coefficient) was conducted, reliability was ensured by using official

datasets from national cartographic agencies, cross-checking with

recent high-resolution satellite imagery (≤0.3 m) and aerial

photographs and validating the delineation of NbS zones through

field visits and participatory mapping sessions with local

stakeholders. This combination of authoritative sources and on-

site verification reduced potential errors in spatial representation

and classification. Figure 2 summarizes the GIS process employed

in both study cases.
Institutional and actor analysis

We did stakeholders and institutional mapping exercises in

each study case to identify key actors in watershed governance

(public, private, and community-based), to understand the roles,

mandates, and influence across the watershed governance structure,

and to assess gaps and opportunities for multi-level coordination

and participation in NbS implementation. We applied an interest–

influence matrix to visualize the roles and engagement potential of
TABLE 1 Summary of spatial tools, data sources, analysis and main results for each study site.

GIS software & tools DEM & remote sensing sources GIS techniques and analysis

El Coyolar subwatershed
Arc Map 10.8,
Google Earth Pro
UAV photogrammetry,
QGIS 3.18 Zurich
QGIS 3.26 Buenos Aires
PIX4D Mapper
SAGA GIS

El Coyolar subwatershed
Drone-based DSM/DTM (sub-meter resolution)
FabDEM30*30
Georeferenced
Orthomosaic
(2.5cm*pixel, flight height 100m, frontal overlap
80%, lateral overlap 75%)
Contour lines

Morphometric analysis (slope, drainage), flood zoning, participatory validation
Land use and vegetation cover data—sourced from MiAMBIENTE’s 2021 forest
cover layer (for Caimito river watershed), and for Villa de San Antonio
Municipal Development Plan with a Territorial Planning approach for the
period 2017–2027 (for El Coyolar river subwatershed), and cross-referenced
through high-resolution satellite imagery from Google Earth—were digitized and
classified into categories relevant to NbS planning

Caimito river watershed
Arc Map 10.8,
QGIS 3.18 Zurich
QGIS 3.26 Buenos Aires
PIX4D Mapper
SAGA GIS
Google Earth Pro

Caimito river watershed
Digital Elevation Model (DEM) at 30x30 meter
resolution, sourced from official datasets such as
those provided by MiAMBIENTE
Forest cover 2021, provided by the Ministry of
Environment, Panama
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key actors across government, civil society, and the private sector,

following the participatory typologies of Reed et al. (2009) and the

SAS2 framework (Chevalier and Buckles, 2013).
Formulation of NbS proposals and
implementation pathway

We follow an iterative process to build the specific implementation

pathways of selected NbS in our study sites, combining field visits with

key stakeholders and expert consultations. The aim was not only to

define what will be implemented, but how and under what conditions

NbS interventions can be effective, legitimate, and sustainable. To build

such a pathway, we manage a series of key questions posed and
Frontiers in Conservation Science 06
answered through multidisciplinary dialogue, spatial analysis,

literature review, and stakeholder engagement. These questions were:

What is the landscape context we are working in? This includes

understanding the watershed’s ecological dynamics, social

structures, and governance frameworks. A base geospatial

framework was created, as described in section 2.5.

Who are the stakeholders that must be involved and what roles

do they play? Basic stakeholder analysis helps clarify whose

influence and interest shape or are shaped by NbS interventions.

Engagement activities are then planned to validate priorities,

address social acceptability, and integrate local knowledge into

technical planning.

What types of NbS are contextually appropriate and feasible to

implement? This involves evaluating technical options (such as
FIGURE 2

Summary of the GIS process for NbS selection in both study cases.
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reforestation, riparian restoration, or green infrastructure) against

ecological needs and operational constraints. It also requires

defining the enabling conditions: policy frameworks, funding

sources, technical capacity, and logistical feasibility. At this stage,

the pathway begins to take shape as a sequence of steps: preparation,

implementation, monitoring, and scaling.

How will implementation be monitored and improved over time?

Monitoring indicators must be chosen that reflect the goals of NbS

(e.g., erosion control, water retention, biodiversity enhancement),

and the means to collect and interpret data must be appropriate to

local capacities. Feedback loops should be integrated, so that field

data can inform adaptive management, policy decisions, and

potential replication in other sites.

How will learning be captured and shared for future application?

A robust pathway includes mechanisms for documenting lessons,

synthesizing findings, and evaluating performance—both

technically and socially. This allows for upscaling through

institutional learning, strategic partnerships, and the co-

development of roadmaps for broader territorial impact.
Results

Selection of NbS for The Caimito river
watershed and El Coyolar subwatershed

The proposed Nature-Based Solutions (NbS) across the two

watershed case studies exhibit varied typologies, spatial scales, and

strategic orientations, reflecting the biophysical context and

development dynamics of each site. Table 2 presents the synthesis

of main watershed management issues, critical ecosystems affected,

key drivers of degradation and corresponding NbS selected for both

study sites. The spatial quantification of NbS interventions (Table 3)

provides valuable insight into the prioritization logic and territorial

opportunities for ecosystem-based watershed management.
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In Caimito, an urbanized and coastal watershed, the prioritized

NbS (mangrove protection, green corridors, and urban forests)

respond directly to problems linked to urban expansion, flooding,

and loss of ecological connectivity. These measures enhance flood

regulation, support water purification, and restore key ecological

functions within densely populated areas. In contrast, El Coyolar,

characterized by steep topography and rural land use, focuses on

forest and riparian restoration alongside the application of

permeable pavements on unpaved roads. These interventions

target erosion control, sediment load reduction, and groundwater

recharge, aiming to sustain the hydrological integrity of upstream

water sources critical to urban water supply.

Despite their differing contexts, both study sites demonstrate

strategic NbS selection, rooted in local environmental diagnostics

and landscape functionality. The Caimito case highlights

opportunities for integrating NbS into urban planning and

disaster risk reduction frameworks, while El Coyolar presents a

model for rural restoration and water source protection.

In the Caimito watershed, the most prominent intervention was

the Mangrove Protection Zone, covering 165.98 ha or 52% of the

total area. This prioritization reflects the ecological sensitivity and

flood mitigation value of coastal and estuarine ecosystems in the

lower basin. The next most significant measures were the Urban

Forest (24%) and River Renaturalization accounted for 16%,

targeting degraded riparian zones, followed by Green Corridors

(14%), while Open Green Spaces (4%) addressed smaller public

land parcels, underscoring the growing urbanization of La Chorrera

and the need to improve ecological connectivity and urban

microclimates (Figure 3). The composition of NbS in this basin

reveals a strong emphasis on hybrid urban–ecological interfaces,

integrating flood control with biodiversity conservation and urban

resilience through green infrastructure.

The NbS proposals in El Coyolar were focused on targeted,

high-impact zones. Forest Restoration (88%) and Riparian

Restoration (82%) addressed specific micro-basins and erosion-
TABLE 2 Synthesis and rationale of selected NbS for the Caimito river watershed and El Coyolar subwatershed.

Element of analysis Caimito river watershed, Panamá El coyolar subwatershed, Honduras

Main watershed
management issue

Urban flooding due to impervious surfaces- Encroachment on
riverbanks and mangroves
Fragmentation of urban green space
Pollution from settlements and runoff

Soil erosion from steep slopes
Sedimentation in water sources
Degraded riparian zones
Poor infiltration on unpaved rural roads

Ecosystem services at risk

Flood regulation
Water quality and purification
Urban cooling and recreation
Coastal ecosystem stability

Water supply protection
Erosion control and sediment regulation
Riparian habitat connectivity
Infiltration and aquifer recharge

Selected NbS

Mangrove Protection Zone
Urban Forest
Green Corridors
River Renaturalization
Open Green Spaces

Forest Restoration
Riparian Restoration
Permeable Pavement

NbS rationale

Enhance flood resilience with mangrove and river buffer recovery
Mitigate urban heat and increase infiltration via green corridors and
urban forests
Reconnect water and ecological flows through renaturalization

Reduce erosion and sedimentation by stabilizing slopes and
streambanks
Improve rural road permeability to enhance infiltration and
prevent gully erosion
Strengthen natural recharge and maintain stream flow quality
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prone hillsides. A particularly novel feature is the use of Permeable

Pavement, applied to 6.61 linear km of priority urban runoff areas,

aimed at reducing surface runoff and supporting aquifer recharge

(Figure 4). This case reflects a site-specific, decentralized approach,

where NbS interventions are proposed to complement ongoing

municipal zoning regulations and urban drainage priorities.
Frontiers in Conservation Science 08
Overview of stakeholder’s interest and
influence to contribute to NbS
implementing process

The stakeholder analysis for the implementation of Nature-Based

Solutions (NbS) in both the Caimito River watershed and the El
TABLE 3 Selected NbS and potential areas for implementation in each study site.

Case study Nature-based solution Combined areas for NbS Area (ha) % of total area under SbN

Caimito River, Panamá

Urban Forest Yes, with river renaturalization 74,96 24%

Green Corridors Yes, with urban forest 45,45 14%

Open Green Space No 13,86 4%

Mangrove Protection Zone Yes, with river renaturalization 165,98 52%

River Renaturalization
Yes, with mangrove zone and

green corridors
55,88 18%

Total área 453 km2, corresponding to 45,300 ha

El Coyolar, Honduras

Forest Restoration Yes, with riparian restoration 565,62 88%

Riparian Restoration Yes, with forest restoration 5255,83 82%

Permeable Pavement No
6.61 linear
km

Total area 6463
Some areas within each study site are suitable for the simultaneous implementation of multiple Nature-based Solutions (NbS); as a result, certain spatial units were classified under more than one
NbS category. This overlap leads to combined interventions and explains why the summed percentages may exceed 100% in some cases.
FIGURE 3

Location of selected NbS in Caimito river watershed, Panamá.
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Coyolar subwatershed reveals distinct yet complementary governance

dynamics that must be considered in planning and execution.

In El Coyolar (Honduras), the institutional landscape is strongly

anchored by the Secretariat of Natural Resources and Environment

and the Municipal Government of Villa de San Antonio, both of

which exhibit high levels of influence and impact. Their presence is

essential for setting policy, ensuring legitimacy, and aligning local

actions with national environmental priorities. Community-based

actors such as Water Boards, Lower Watershed Communities, and

the Irrigation District display moderate institutional influence but

hold a high degree of impact, particularly in the operational phase of

NbS. These groups are embedded in the territory and are crucial for

ensuring the long-term maintenance and social legitimacy of

interventions. Meanwhile, stakeholders like the Secretariat of

Agriculture and Livestock, international cooperation entities (e.g.,

AECID), and Municipal Emergency Committees have a more

specialized or indirect role, offering support functions that can

complement implementation if engaged appropriately (Figure 5).

In the Caimito River watershed (Panama), the actor configuration

reflects a slightly more urban and infrastructure-driven context.

MiAMBIENTE and the Municipality of La Chorrera emerge as the

most strategic allies due to their combination of high institutional

influence and strong interest in environmental action. Other institutions

with high influence but moderate interest, such as theMinistry of Public

Works (MOP), IDAAN (Water Utility), and the Ministry of Housing

(MIVIOT), control key elements of urban planning and infrastructure

but may require targeted engagement to prioritize ecosystem-based
Frontiers in Conservation Science 09
interventions. On the other hand, actors with high interest but lower

influence, including Community Water Committees (JAARS), Local

Farmers, and Environmental NGOs, are highly motivated to support

NbS but often lack the institutional authority to lead. Notably, Real

Estate Developers appear as high-influence yet medium-interest actors,

presenting both a challenge and an opportunity for alignment through

incentives, awareness, or regulatory mechanisms (Figure 6).

Across both sites, the analysis highlights a consistent pattern: public

institutions and municipalities possess decision-making power, while

communities and civil society actors carry the practical and ecological

knowledge needed for successful on-the-ground implementation.

Effective NbS strategies in these watersheds will therefore depend on

building coalitions that connect influence with interest, mobilizing

government support while empowering grassroots actors. This dual

engagement is critical not only to execute interventions, but to ensure

their long-term sustainability and adaptive management.
Implementing pathways for NbS for each
study case

El Coyolar subwatershed, Honduras: a
community-driven, implementation-centered
pathway

The participatory pathway in El Coyolar illustrates how rural

NbS implementation hinges on social mobilization and

local ownership.
FIGURE 4

Location of selected NbS in El Coyolar river subwatershed, Honduras.
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The El Coyolar subwatershed presents a pathway centered on

on-the-ground implementation and social mobilization, reflecting a

rural and conservation-oriented context. The process begins with a

participatory planning phase (P1: P&EC), involving early

coordination workshops, drone-based georeferencing, and the

creation of suitability maps through soil and vegetation

diagnostics. A strong emphasis is placed on community

socialization, co-design, and validation of local feedback. This
Frontiers in Conservation Science 10
leads into a highly operational second phase (P2: IP), which

includes precise demarcation of 52 hectares for forest restoration,

seedling production, and a structured planting campaign with

local labor.

In addition to reforestation, the pathway addresses erosion

control through fencing, riparian buffer delineation (43 ha),

debris cleanup, and the planting of native vegetation. Urban-rural

interface issues are managed through the identification and
FIGURE 5

Distribution of key stakeholders in the Interest/Impact and Influence matrix at El Coyolar river subwatershed, Honduras. Authors’ elaboration based
on field data. Methodologically adapted from Reed et al. (2009).
FIGURE 6

Distribution of key stakeholders in the Interest/Impact and Influence matrix at Caimito river watershed, Panamá.
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engineering design of 6.61 km of permeable pavements, followed by

procurement and installation. Phase three (P3: M&U) establishes a

participatory monitoring team, measures indicators such as

infiltration and vegetative recovery, and builds mechanisms for

external evaluation and replication planning (Figure 7).

Caimito river watershed, Panama: a territorial
planning and policy-aligned pathway

The implementation pathway designed for the Caimito River

watershed is deeply embedded within the institutional and planning

frameworks of Panama’s territorial governance. This approach is

characterized by a strong emphasis on policy integration, regulatory

alignment, and geospatial prioritization. The first phase (P1: DCRA)

focuses on validating spatial diagnostics using multisource remote

sensing data, including Sentinel-2, ALOS, and SRTM, with particular

attention to topographic wetness index (TWI), land use/land cover

(LULC), and mangrove presence. With these additional tools and

review of our initial identification of NbS allocation, updating and up

to date information will be prepared. The pathway incorporates

updates to flood and urban expansion risk geoespatial layers in

coordination with national agencies like SINAPROC and

MiAMBIENTE. Importantly, results are actively integrated into

territorial planning instruments such as Municipal Land Use Plans

(PMOT by its Spanish Acronym) for La Chorrera and Arraiján. Legal

compliance, particularly with RAMSAR and wetland regulations, is a

foundational principle.

The second phase (P2: TP–NbS) operationalizes these diagnostics

into actionable interventions. NbS are prioritized based on exposure to

flood risk and ecological value, with key targets including 165.98 ha of

mangrove protection zones, 120 ha for urban forests and green

corridors, and 55.88 ha for river renaturalization. The third phase

(P3: ICGD) focuses on institutional coordination, including the

establishment of an inter-institutional NbS working group

comprising MiAMBIENTE, IDAAN, MOP, CATHALAC, and local
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NGOs. Co-management roles are formalized through MoUs and

aligned with decentralization policies. Finally, the fourth phase (P4:

E&M) outlines short- and mid-term interventions, including urban

micro-park development, mangrove ecosystem reinforcement, and

hybridization of grey and green infrastructure, supported by open-

source monitoring systems like Google Earth Engine (Figure 8).

Despite their different territorial contexts and implementation

logics, both pathways share important structural and strategic

similarities. Each begins with a planning and diagnostic phase

grounded in spatial analysis and participatory engagement, ensuring

that the interventions are data-informed and socially legitimate. Both

approaches include zoning and prioritization based on ecological

vulnerability and land-use dynamics, and both emphasize the

importance of inter-institutional coordination, whether through

formal working groups or co-management arrangements.

Additionally, each case incorporates a clear focus on monitoring,

learning, and scalability. While the Caimito case leans more on formal

monitoring platforms and municipal integration, El Coyolar

emphasizes community-based oversight and local capacity building.

Finally, both pathways recognize the critical importance of linking

NbS to broader territorial development goals, whether by aligning

with regulatory frameworks (Panama) or by strengthening

community resilience and governance (Honduras).
Discussion

Pertinence of practical selection of NbS

Our comparative study presents results on the first step toward

implementing NbS. Through a geoespatial (GIS, and remote sensing

products) analysis and integrating theoretical rationale under

selection of NbS, our case studies provide a low-cost preliminary

estimation that informs policymakers on the possible NbS to solve
FIGURE 7

Implementation pathway of selected Nature-based Solutions (NbS) in the El Coyolar subwatershed. Starting with stakeholder coordination and
ending with monitoring and evaluation to prepare scaling up.
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their specific main watershed management problems. This practical

selection method corresponds to GIS tools employed to identify

areas with potential for NBS implementation in the drainage area of

a shallow tropical urban lake in Londrina, southern Brazil, where

ten NbS were proposed and tested (Alves et al., 2024).

Furthermore, similar parameters to assess watershed (e.g., land

use, topography, and land ownership) and community (e.g.,

demographics, social vulnerability, and social networks) specific

characteristics were also used to find suitable locations and

ecosystems for large-scale NbS (Seddon et al., 2020; Howarth et al.,

2025). Although, our study cases do not include social characteristics

within the geoespatial process, we used complementary basic methods

to capture social aspects, particularly of stakeholder analysis.

Similarly, the findings of Mubeen et al. (2020), when proposing

a GIS-MCA (multicriteria analysis) based methodology to

effectively integrate multidisciplinary criteria for spatial suitability

assessment of large-scale NbS in a river basin context, tested in a

case study Tamnava River basin (746 km²) in Serbia, revealed that

nearly all the tools which used similar inputs, including DEM, land

use, soil type, imperviousness, groundwater depth, and stream

characteristics is part of such identification process of NbS. GIS

combined with MCA to evaluate wetland effectiveness under

geomorphological, climatological, hydrological, and land use

factors was used in the study about a low-cost, preliminary

evaluation of wetland effectiveness for nutrient buffering at

watershed scale, exemplified with the case study of Grand River,

Ontario, Canada (Alamanos and Papaioannou, 2020).
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Our methodology is also in line with the tools used to identify

potential specific NbS opportunities and sites, conducted to identify

areas where NbS, referred to as “FloodWise” practices in the North

Carolina Coastal Plain to strategically reduce flooding and provide

water quality and habitat improvement. In this case, geospatial

analysis in ArcGIS Pro for spatially explicit application of integrated

remote sensing, scientific and professional knowledge, and extant

databases to screen diverse variables were combined (Baldwin et al.,

2022), corresponding to our approach to solve the first stages of

selection of potential NbS at watershed levels.

Methodological approaches grounded in multi-criteria analysis

integrated with Geographic Information are common even in

advanced process like “site selection software (SSS)”, where the

different geomorphometric and topo-hydrological factors that we

used in our study, were also considered and accounted for to

enhance the SSS identification of the best locations for check

dams (one type of NbS) including factors of topographic wetness

index (TWI), together with terrain ruggedness index (TRI),

topographic position index (TPI), sediment transport index (STI),

stream power index (SPI), slope, drainage density (DD), and stream

order (SO) (Rahmati et al., 2019).

Furthermore, illustrating the data sources and management,

coincidences with our practical methodological approach can be

found for identification of different target areas where urban flood-

related NbS measures can be implemented, mainly using secondary

data, including the location of rivers/water bodies, soil texture map,

Digital Elevation Model (DEM), and satellite (Landsat) image of the
FIGURE 8

Implementation pathway of NbS selected for Caimito river watershed. Starting with diagnostics validation and ending up with monitoring system.
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study area together with literature on specific urban flood-related

NbS measures (green roofs, vegetated swales, rain gardens,

rainwater harvesting, detention basins, and porous pavements),

altogether employed to derive desired design conditions in

building the NbS measures, with data obtained from government

and research institutions, and online platforms, combined with

interviews with urban flood management experts to rank the

criteria used in the SMCA (Spatial Multi-Criteria Analysis) (Asare

et al., 2023). This approach to combine official available data, as well

as expert consultation, was a crucial part of our practical

methodology to select potential sites for NbS.
Typologies of NbS contributing to build
resilient watersheds

The most studied type of nature-based intervention, accounting

for around one-third (34%) of studies in the database for scientific

literature (386 studies) on the effects of nature-based interventions

on climate impacts, involved the establishment or management of

created ecosystems (e.g., tree plantations or planting exotic fast-

growing grasses). Restoration interventions were the second most

reported (29%), followed by management interventions (20%).

Combination interventions were reported by 16% of studies, and

most (81%) of these included some form of ecosystem protection

(Chausson et al., 2020). This type of NbS is also reflected in our

study cases, where in both watersheds, it was selected forms of

protection (urban forest at Caimito river watershed, and forest

restoration at El Coyolar subwatershed).

Regarding the scale of intervention, the selection of watershed

scales for our study cases are in line with the findings of the global

analysis on the role of NbS on reduction of impacts of natural

hazards (Debele et al., 2023), where 92% of the case studies were

operationalized at local (50%) and watershed (46%) scales, with

63% of NbS used to deal with natural hazards, climate change, and

loss of biodiversity, while the remaining 37% addresses socio-

economic challenges (e.g., economic development, social justice,

inequality, and cohesion) Also, in line with these global tendencies,

our study cases correspond to NbS responding to flood regulation,

erosion control and sediment regulation which are related to

natural hazards, as one of the equivalent and common NbS

selected for both cases.

NbS for water management in peri-urban areas constitute

another type of NbS also selected in our study cases. From this

category, the systematic review of Ramıŕez-Agudelo et al. (2020)

showed that main selected NbS are wetland-related approaches

(natural and constructed), sustainable urban drainage systems

(SUDS), and green-roofs/walls, river parks, agroforestry, parks,

and permeable pavement, among other types. For our case study

in El Coyolar river subwatershed, we found permeable pavements as

a suitable peri-urban NbS. Furthermore, the systematic review of

Esraz-Ul-Zannat et al. (2023), focused on nature-based

infrastructures and their effectiveness for urban flood risk

mitigation, found 16 nature-based infrastructures, where the most

commonly mentioned NbS infrastructure for urban flood
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mitigation was green roofs (41%), followed by rain gardens,

bioswales, cisterns, and permeable pavements (between 25% and

35%), whereas green streets and blue roofs have the lowest

representation, and the rest were below 15% (detention ponds,

constructed wetlands, retention ponds, urban agriculture,

infiltration trench, riparian buffer, sand filters, urban forest, green

walls, green streets). Again, for NbS focused on urban flood risk

mitigation, some of our selected NbS are under this typology (urban

forest and green streets considered equivalent of green corridors for

Caimito river watershed, as well as permeable pavements and

riparian buffers as equivalent to riparian restoration for El

Coyolar river subwatershed).

Regarding coastal NbS, we identified mangrove protection zone

for study case in Caimito river watershed as the major area

potentially available for this type of NbS; accordingly, the review

of a decade of scientific research on the concept of NbS, focusing on

the role of coastal issues found that, among the mentioned coastal

ecosystems, mangroves are the most studied habitats, being targets

for nature-based and bio inspired strategies in the specific field of

coastal protection (Perricone et al., 2023).

Overall, NbS have already proven to be valuable in providing

sustainable, cost-effective, multi-purpose and flexible means for

hydro-meteorological risk reduction. Nevertheless, the effectiveness,

benefits and acceptance of NbS are dependent on the implementation

purpose, local context and cultural setting. While small-scale

interventions like swales or green roofs are ideal for urban flooding

and frequent, low-intensity storms, larger-scale approaches such as

river restoration or wetlands are better suited to address riverine and

coastal floods, droughts, and landslides, offering broader benefits by

integrating multiple functions across wider areas (Ruangpan et al.,

2020). In our study cases, we foresee gradual acceptance process, given

that our selected NbS also combines small and large scale

NbS typology.

Moreover, considering evidence for Latin America and the

Caribbean NbS, our case studies follow the tendency of the broad

range of NbS financing projects, which had helped to restore and

conserve LAC’s forests, grasslands, mangroves, floodplains, riparian

ecosystems, coral reefs, urban parks, and bioswales; creating

permeable pavements; and encouraging sustainable farming. In

this sense, most analyzed projects (80) focused on water quantity,

financing forest, agroforestry and silvopastoral systems as their

primary strategies, mostly aiming to benefit the water and

sanitation sector, with examples in Mexico, Colombia, Peru, or

Brazil, but there is still much room for further adoption of NbS

(Ozment et al., 2021).

NbS harnesses ecosystems’ inherent resilience and protective

qualities to reduce several disaster risk drivers and enhance

community resilience, which are also part of LAC challenges,

including the restoration of coastal ecosystems such as mangroves

and coral reefs, the implementation of green infrastructure systems,

and the promotion of agroforestry practices, offering multiple

benefits, from reducing coastal erosion and flood risks to

improving water management and biodiversity. Finally, NbS

provide social and economic co-benefits, such as sustainable

livelihoods, improved health outcomes, and enhanced ecosystem
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services (Lucatello and Alcántara-Ayala, 2024). These evidence-

based agreements support our contribution to the practical

selection of NbS methods, while highlighting that the next

essential steps in the implementation pathway involve the detailed

design and mandatory monitoring of their effects and performance.
Implementing NbS under phases

We proposed implementing pathways for selected NbS for each

study case, which share a common structure, but reflecting its own

specific context. Both begins with a planning and diagnostic phase

grounded in spatial analysis and participatory engagement, ensuring

that the interventions are data-informed and socially legitimate.

Besides, they include zoning and prioritization based on ecological

vulnerability and land-use dynamics, and both emphasize the

importance of inter-institutional coordination, whether through

formal working groups or co-management arrangements.

Similar approach was proposed by Raymond et al. (2017), with

seven stages as part of his framework for assessing and implementing

the co-benefits of NbS, which include: 1) identification of problem or

opportunity; 2) selection and assessment of NbS and related actions; 3)

design NbS implementation processes; 4) implementing NbS; 5)

frequently engagement of stakeholders and communication of co-

benefits; 6) transference and upscale of NbS; and 7) monitoring and

evaluation of co-benefits across all stages.

Our implementing pathways are aligned partially with the

framework to plan NbS, proposed by Albert et al. (2020), with six

steps of planning: (i) co-define setting, (ii) understand challenges, (iii)

create visions and scenarios, (iv) assess potential impacts, (v) develop

solution strategies, and (vi) realize and monitor. Its implementation is

guided by five principles, namely place-specificity, evidence base,

integration, equity, and transdisciplinary. From this framework we

do not include steps iii and iv, because we rely on existing evidence

elsewhere, but also include monitoring as part of impact and specific

scenarios to be generated during proper implementation; and from

their five principles, we applied the place-specificity.

When comparing our implementation pathways with the

conceptual framework proposed by Pérez et al. (2024) for selecting

blue NbS, we found strong alignment. Their framework is structured

around four progressive steps: (1) identifying the societal challenge(s)

to address; (2) recognizing relevant ecosystem services and the

underlying biodiversity and ecological functions that can help meet

those challenges; (3) defining the environmental context of the

intervention—including spatial scale, ecosystem vulnerability, and

ecological condition; and (4) selecting suitable blue NbS interventions

tailored to the defined context. Although monitoring is not explicitly

addressed in their framework—as it is in ours—the general approach

is consistent. Moreover, our selected NbS adhere to the design

principles of maintaining, enhancing, restoring, or creating

ecosystem services through support for biodiversity. The

intervention portfolio in Pérez et al. (2024) includes marine

protection, restoration actions, and regulatory measures, which

align closely with the objectives of our proposed NbS.
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Governance and watershed planning
instruments for effective NbS adoption

Across our two study sites, public institutions and municipalities

possess decision-making power, while communities and civil society

actors carry the practical and ecological knowledge needed for

successful on-the-ground implementation. Effective NbS strategies

in these watersheds will therefore depend on building coalitions that

connect influence with interest, mobilizing government support while

empowering grassroots actors. This dual engagement is critical not

only to execute interventions, but to ensure their long-term

sustainability and adaptive management. Moreover, we propose

that results of implementing NbS must be actively integrated into

territorial planning instruments such as PMOTfor La Chorrera and

Arraiján, together with legal compliance, particularly with RAMSAR

and wetland regulations in Panamá. Similarly, the existing Villa de

San Antonio Municipal Development Plan, which already

incorporates a territorial planning perspective. As Longato et al.

(2024) observe, although urban planning has long acknowledged the

value of green spaces, older municipal plans often fail to reflect the

full potential of greening interventions or the policy tools available to

scale them effectively, underscoring the need to revise and update

these instruments in light of NbS strategies.

Our findings regarding governance and institutional instruments

are consistent with trends reported in the literature. For instance, a

global analysis by Debele et al. (2023) found that approximately 88% of

NbS implementations are supported by national-level policies, while

only 12% are grounded in local or regional frameworks. In the case

studies we examined (Panama and Honduras), governance and

management of NbS were observed to operate across multiple

territorial scales, including municipal, metropolitan, and watershed

levels. These interventions frequently required cross-jurisdictional

coordination and were enabled through formal agreements and policy

instruments, in line with observations from Ramıŕez-Agudelo

et al. (2020).

Moreover, integrating NbS into land-use planning frameworks

and regulatory instruments can significantly enhance their

implementation. This potential increases further when socio-

environmental justice and social cohesion are considered,

particularly through integrated governance approaches that

promote inclusive and transdisciplinary participation from diverse

stakeholders (Kabisch et al., 2016). Our stakeholder analysis

supports this perspective, revealing the predominant role of

public authorities in steering implementation processes, though

other actors—such as academia and industry—also play meaningful

roles in some contexts (Ramıŕez-Agudelo et al., 2020). To support

effective implementation, it is crucial to recognize key governance

enablers of NbS, including polycentric governance structures that

engage multiple institutional scales and sectors; co-design processes

that ensure stakeholder participation influences NbS design;

advocacy from pro-NbS coalitions; and financial mechanisms that

support community-led implementation and monitoring.

Additionally, the ability of NbS to contribute to multiple global

agendas—such as disaster risk reduction (DRR), climate change
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adaptation, and sustainable development—underscores their

relevance across all phases of the implementation pathways

examined in our study cases (Martin et al., 2021).

Overall, our results contribute with the value of operationalizing

NbS principles 2 “NbS can be implemented alone or in an integrated

manner with other solutions to societal challenges, 6 “NbS are applied

at a landscape scale”, such as watersheds, and 8 “NbS are an integral

part of the overall design of policies, and measures or actions, to

address a specific challenge, which will enable us to address societal

challenges at the scale needed. This will necessitate a high degree of

coordination amongst stakeholders, including the public and private

sectors (Cohen-Shacham et al., 2019).
Conclusion

This study demonstrates how tailored Nature-based Solutions

(NbS) pathways can effectively address watershed degradation and

climate vulnerability when grounded in spatial diagnostics, local

participation, and multiscale governance. In both case studies—El

Coyolar in Honduras and Caimito in Panama—NbS implementation

was shaped by contextual factors, with success hinging on community

engagement, institutional coordination, and alignment with territorial

planning instruments. The results highlight the value of participatory

design and governance structures that span administrative boundaries,

offering replicable models for scaling NbS in Latin America

and beyond.
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