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ARTICLE INFO ABSTRACT

Keywords: Global and local biodiversity decline is prompting increased targets for protected area designation, including the
30 x 30 Global Biodiversity Framework's target of 30% protection by 2030. As nations look to expand protected area
Caribbean portfolios, regional approaches are often regarded as the most efficient pathway. However, prioritising regional
Equity trade-offs P . . . . . §
Marsan coordination over national-level planning can undermine equity between countries. Here, we assess the effi-

ciency and equity considerations of national and regional-scale approaches in the Insular Caribbean, utilising the
systematic conservation planning tool, Marxan.

We represented biodiversity with 343 habitat classes spanning terrestrial, freshwater, and marine realms
across over 3 million square kilometres and 29 political jurisdictions. At the time of analysis, baseline regional
protection, covering 19% of land and 10% of marine areas, was sufficient to meet representation targets for only
37 of 90 terrestrial classes, 18 of 72 freshwater classes, and 23 of 81 marine classes. To close these gaps, we
developed expanded reserve network solutions that achieved 30% coverage for all habitats, and compared results
from a fully collaborative, regional solution against those from a nationally-stratified solution.

We found that a regional approach offers the most cost-effective pathway, significantly reducing financial
burden on individual nations. However, this approach creates inequities as conservation burdens and benefits are
unevenly distributed, resulting in higher cost for some countries and complete exclusion for others. We conclude
that both regional and national pathways to conservation can be complementary, allowing a flexible approach to
protected area designation, and this multi-scale approach provides a transferable model for other regions.

Multi-realm conservation
Systematic conservation planning

sufficient and sustained financial resources. At the 15th Conference of
Parties to the CBD (COP15) in December 2022, delegates formulated the

1. Introduction

Anthropogenic impacts on the environment are driving widespread
biodiversity declines and disrupting essential ecosystem functions
(Jaureguiberry et al., 2022; Isbell et al., 2023). These ecological shifts, in
turn, have profound impact on the ecological goods and services
benefiting humans, from nutrient cycling to improving the wellbeing of
people (IPCC, 2023). The urgent call to halt biodiversity loss highlights
the need for holistic conservation strategies that are underpinned by
sound science, translated through enabling policy, and supported by

* Corresponding author.

Kunming-Montreal Global Biodiversity Framework which identifies
ambitious targets for protected area designation worldwide, with the
intention of halting and reversing biodiversity loss by 2030 (CBD, 2022).
Target 3 of the framework, to “Conserve 30% of Land, Waters and Seas”,
provides an opportunity to build on existing protected area systems and
enhance current biodiversity protection, providing a clear target for
nations and regions to work towards.

A key strategy to preserving biodiversity and minimising future
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losses is to implement protected areas across terrestrial (Ranius et al.,
2023), freshwater (Hermoso et al., 2016) and marine systems (Wilson
et al., 2020), allowing for nature recovery and maintenance (Maxwell
et al.,, 2020; Wauchope et al., 2022). A review of 216 marine pro-
tected areas found that fish biomass increased by 58% in strict no-take
areas and by 13% in mixed-use areas, compared to an unprotected
baseline scenario (Gill et al., 2024). In a similar analysis of population
trends of terrestrial mammals, species with an IUCN Red List status of
Threatened showed consistent population increases inside protected
areas, and decreases outside of those designated areas (Magoulick et al.,
2024).

Conservation practitioners and policy makers face challenges in
identifying the most appropriate areas to propose for protection. For
example, competing stakeholder priorities over land use can generate
significant conflict, since protected area declarations have the potential
to negatively impact livelihoods and disrupt the emotional, cultural, and
social values held by local people (Soliku and Schraml, 2018). Limited
conservation resources, including time, capacity, and financial support,
further constrain the ability to make effective and defensible decisions,
creating long-standing tensions around how to allocate limited resources
efficiently (Wilson et al., 2006). Systematic conservation planning
directly addresses these challenges by applying transparent, data-driven
methods to identify spatial solutions that maximise habitat representa-
tion whilst minimising costs and negative impacts on people (Giakoumi
et al., 2025). The systematic conservation planning approach builds on
existing protected area networks to ensure that new areas capture
unique or underrepresented habitats, respond to emerging threats, and
support ongoing ecological processes essential to biodiversity persis-
tence (Pressey et al., 2007). Outputs from systematic conservation
planning allow stakeholders to make science-based decisions that can be
evaluated alongside local knowledge and socio-cultural considerations,
ultimately enabling more equitable and biodiversity-optimising con-
servation outcomes (Baker et al., 2025).

Systematic conservation planning can be used across multiple spatial
and administrative scales, ranging from broad multi-regional to fine-
scale local assessments. Planning at a regional scale can maximise the
efficiency of solutions by enabling coordination among countries and
supporting balanced, transboundary prioritisation (Mazor et al., 2013;
Zhu et al., 2021; Hoffmann, 2022). Such coordination reduces redun-
dancy in the types of habitats protected and reduces total implementa-
tion costs through shared collaborative efforts (Delevaux et al., 2024).
Regional planning approaches have been successfully applied in a va-
riety of geographies, including the river Nile basin (Allan et al., 2019)
and the Mediterranean Sea (Kark et al., 2009), where they have
enhanced the maintenance of ecosystem processes, improved the
robustness of conservation networks, and delivered more cost effective
outcomes at broader scales (Leonard et al., 2017). However, regional
planning is not always desirable or beneficial to nations that need to
prioritise their own strengths and highlight locally unique biodiversity,
which can be overshadowed in regional approaches (Beger et al., 2015).
A regional lens may lead to a lack of balance between localities, reducing
the equitability of conservation solutions by concentrating conservation
burdens in some areas and reducing the benefits for others (Kabbadj
et al., 2018). Ideally, countries integrate both national and regional
goals to create a complementary, well-balanced protected area portfolio
(Beger et al., 2015; Allan et al., 2019). This integrated approach is
particularly beneficial for island regions, including the Insular Carib-
bean, where longstanding mechanisms for regional coordination already
exist (Mahadeo and Del Savio, 2023).

Through historical protected area designation and more recent ini-
tiatives such as the Caribbean Challenge Initiative (CCI) (Knowles et al.,
2015), the Insular Caribbean has achieved 10% ocean protection and
19% land protection (TNC, 2025). These levels were sufficient to meet
Aichi Target 11, of the Convention on Biological Diversity (CBD), which
called for protecting at least 17% of terrestrial and inland waters and
10% of coastal and marine areas by 2020 (CBD, 2010). However, the
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shift to the more ambitious 30 x 30 global target to protect 30% of
biodiversity by 2030 (CBD, 2022) requires a substantive update to
policy priorities and planning frameworks. This transition presents a
critical opportunity to adopt a regional multi-realm approach to
achieving 30% protection of marine, terrestrial, and freshwater systems
across the Caribbean. Since the spatial planning analysis that informed
the original CCI effort (Huggins et al., 2007), the region has seen major
advances in biodiversity collection and development of ecological
models, alongside the establishment of new protected areas and an up-
ward shift in political ambition from 20% to 30% protection.

In this context, we aim to identify updated portfolios of conservation
priority areas for terrestrial, freshwater, and marine realms across the
Insular Caribbean to support efficient and science-based pathways to-
wards achieving the 30 x 30 targets by 2030. These updated portfolios
will aid decision makers to distribute conservation responsibilities more
efficiently and equitably between nations, strengthen transboundary
collaboration, and promote shared objectives. They will also provide
standardised datasets that enhance regional data interoperability and
improve the consistency and transparency of future conservation plan-
ning across the Insular Caribbean. Specifically, in the work presented
herein, we:

1. Compared portfolios of conservation priority sites generated at
regional and national scales and identified the key priority areas for
protection at each scale.

2. Assessed how planning at alternative scales can alter the conserva-
tion burden on different countries.

3. Compared the proportion of features held in conservation planning
portfolios across terrestrial, freshwater, and marine realms.

We also developed a suite of resources to support key stakeholders in
making strategic decisions that advance progress towards achieving
30% targets in the Insular Caribbean. Our analysis provides a regionally
consistent framework that acknowledges existing conservation
achievements whilst offering guidance to inform science-based protec-
tion targets within each country's National Biodiversity Strategies and
Action Plans (NBSAPs). This science-driven approach to shaping policy
is aligned with the Roadmap for a Nature-Positive Caribbean by 2030
(CaribbeanRoadmap.tnc.org).

2. Methods

The Insular Caribbean is comprised of over 7000 islands and islets, of
which 27 countries and territories are included in this analysis. It is an
area of high natural biodiversity both on land and in the sea (Miloslavich
et al., 2010; Harvey et al., 2021), with endemism levels ranging from
26% of bird species to 100% of amphibians (Anadon-Irizarry et al.,
2012). However, despite its ecological richness, it is recognized as one
of the most threatened biodiversity hotspots in the world (Hurtado-
Valdivieso et al., 2025). The study area herein spans terrestrial, fresh-
water, and marine habitats across a vast pelagic ocean space, covering
more than 3 million square kilometres.

We conducted systematic conservation prioritisations across the
Insular Caribbean using Marxan v4.0.6 (Ball et al., 2009). The Marxan
algorithm solves a minimum set problem to select a portfolio of planning
units that meet conservation feature targets whilst minimising the cost
incurred (Ball et al., 2009). All scenarios were executed in R v4.4.1 (R
Core Team, 2024) within the RStudio environment. Spatial datasets
were compiled between February and July 2024 from publicly available
sources and modelled data products (Appendix A). Subsequent cleaning,
processing, and manipulation of spatial data were performed in ArcGIS
Pro v3.1.0 (ESRI, 2023).

We explored the conservation objectives of national versus regional
conservation area solutions by comparing a regional and national sce-
nario for each of the terrestrial, freshwater, and marine realms. To
ensure that our planning assumptions were realistic and aligned with
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stakeholder needs, we presented and discussed all conservation objec-
tives (scenarios), habitats for conservation (features), and their associ-
ated representation targets (proportion of features to conserve) during
an initial planning workshop with regional and local partners in April
2024. Biodiversity in each realm was represented using regionally
consistent, spatially explicit habitat types with additional spatial strat-
ification by bioregion to represent biodiversity turnover among nations
and between biogeographic areas (Table 1, also see Appendix B for
detailed data generation methods). Although integrated land-sea plan-
ning is desirable, it was not feasible in this study due to the absence of a
fully-coupled terrestrial-marine dataset.

In all Marxan scenarios, conservation feature targets were uniformly
set to 30% representation, with all features assigned equal penalty score
if targets were unmet. The cost parameter required for Marxan analysis
was represented as conservation implementation cost for terrestrial and
freshwater scenarios, and opportunity costs in the marine environment,
with all cost values weighted by the area of planning units (see Unit cost
development section for more details). To control the spatial compact-
ness of protected area configurations, we calibrated and applied the
Boundary Length Modifier (BLM) parameter, optimising its value to
produce solutions with both low overall area and minimal boundary
length (as described in Serra et al. (2020), see Appendix B for further
details). This approach is standard practice to avoid the generation of
scattered, fragmented conservation portfolios, instead producing cohe-
sive protected areas that are practical, efficient, and ecologically
meaningful. Following calibration, BLM values were set at 1 for marine
runs, and 0.01 for terrestrial and freshwater runs, accounting for the
difference in planning unit size and structure. Freshwater BLM values

Table 1

Summary of the conservation features included in Marxan scenarios, categorised
into administrative, terrestrial, freshwater, and marine types. Data layers within
each category contain between 1 and 56 individual habitat classes (features),
used as Marxan inputs. All features were set to a species penalty factor (SPF) of
10, with a representation target of 30%. Data sources are detailed in Appendix A.

Data category Data No. Spatial
features data type
Administrative (85  Terrestrial ecoregions 25 Polygons
features) Freshwater ecological drainage 28 Polygons
units
Marine ecoregions 3 Polygons
Exclusive economic zones 29 Polygons
Terrestrial (190 Grassland habitats 43 Polygons
features) Herbaceous wetland habitats 33 Polygons
Pine habitats 32 Polygons
Shrubland habitats 38 Polygons
Tree cover habitats 43 Polygons
Mangroves 1 Polygons
Freshwater (72 Rivers and streams 56 Lines
features) Wetlands, marshes, flooded flats 6 Polygons
and swamps
Lakes and ponds 2 Polygons
Floodplains 7 Polygons
Blue holes 1 Points
Marine (81 Shallow benthic habitats: coral 10 Polygons
features) reefs, seagrasses, hardbottom
habitats & rocky zones
Coastal tidal flats 3 Polygons
Estuaries 3 Polygons
Deep ocean habitats combining 48 Polygons
depth zones, broad seafloor
structures (crests, depressions
etc.) and finer structures
Linear deep ocean features 11 Lines
(ridges, canyons etc.)
Knolls 1 Points
Seamounts 1 Points
Sea turtle nesting sites 1 Points
Seabird nesting sites 1 Points
Fish spawning aggregations 1 Points
Coral refugia sites 1 Points
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were further adjusted to account for longitudinal connectivity (Appen-
dix B). Marxan was set to 1000 runs for each scenario, ensuring robust
solution convergence and comparability across runs.

2.1. Spatial data collation and processing

Planning units form the basis of systematic conservation prioritisa-
tion, as areas which hold features and can be selected in a final solution
for protected area designation. Here, we created watershed-based units
(for both terrestrial and freshwater Marxan analyses) and hexagonal
marine planning units. Watersheds have been previously identified as
natural ecological units that are effective for conservation planning (Li
et al., 2025) and hexagons minimise edge effects and allow for
increased flexibility in solution creation (Nhancale and Smith, 2011).
The watershed-based units were created using HydroSHEDS hydrolog-
ically conditioned digital elevation models at 3 arc-second (90 m) res-
olution (Lehner et al., 2008). The delineation of the sub-watersheds used
herein resulted in a total of 12,822 terrestrial and freshwater planning
units, with a mean area of 19 km?. The same planning units were used
for terrestrial and freshwater scenarios, as the geography of these sce-
narios overlaps. For the marine realm, we created size-variant hexagonal
planning units across three depth zones, shallow (<30 m depth), shelf
(30-200 m), and deep ocean (>200 m) regions, with planning unit areas
of 1 km?, 5 km? and 10 km?, respectively. Coastal marine hexagons with
an area smaller than 0.5 km? (a result of intersection with the coastline)
were merged with their nearest neighbour, resulting in a total of
491,287 marine planning units.

We partitioned conservation analyses biogeographically and/or by
administrative boundaries, using a process called stratification to
maximise biodiversity representation (Anderson et al., 2023). Stratifi-
cation subdivides the region into distinct subregions, or strata features,
that serve as a proxy of biodiversity turnover in the absence of taxon-
level representations of biodiversity, since community compositions
and species identities have been shown to vary biogeographically (Olson
etal., 2001; Higgins et al., 2005; Spalding et al., 2007). Stratification can
also provide a level of redundancy in reserve design, by ensuring the
same ecological features are represented across multiple geographical
contexts, increasing the robustness of reserve networks to localised
disturbances and changes (Visconti and Joppa, 2015). Note that our
approach does not subdivide other conservation features (habitat clas-
ses) by strata, but ensures 30% representation of each strata feature. We
stratified all scenarios by the three major marine ecoregions in the
Insular Caribbean (Bahamian, Eastern Caribbean and Greater Antilles;
Spalding et al., 2007). In addition, terrestrial scenarios were stratified by
25 discrete ecoregions (Olson et al., 2001), and freshwater scenarios
were stratified by 28 discrete ecological drainage units (Higgins et al.,
2005). For the national scenarios, solutions were further stratified by
Exclusive Economic Zone boundaries (EEZs; Flanders Marine Institute,
2024). EEZ strata conservation features represent biodiversity in each
nation and allow generation of Marxan portfolios where each individual
country or territory has a goal of 30% land and sea coverage within the
bounds of that EEZ. This analysis covers 29 distinct EEZs (see Appendix
D for full list). In practice, this means that for each planning unit,
alongside holding conservation features (habitats), the unit is also
assigned to a marine ecoregion and a jurisdictional EEZ, and land-based
units have terrestrial ecoregion and freshwater drainage unit designa-
tions. By setting targets for these stratification features, we ensure even
biogeographic representation across the study area.

We incorporated existing protected areas into all analyses by
retaining them throughout the optimisation process (i.e. locking them
in) and selecting additional areas to meet conservation targets (Margules
and Pressey, 2000). For this purpose, we used an updated database of
protected areas in the Insular Caribbean provided by The Nature
Conservancy in September 2024 (TNC, 2024). Planning units with more
than 50% coverage by existing protected areas were classified as “pro-
tected” in all scenarios. We set all protected areas as providing equal
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benefits and levels of protection, because data on protection level and
enforcement status is inconsistent.

2.2. Unit cost development

All systematic conservation planning uses cost metrics to represent
potential conflicts with users, management costs, and the opportunity
costs of conservation (Margules and Pressey, 2000). We quantified these
costs to represent the extent, patterns, and trends of human land and sea
use across the Caribbean. For terrestrial Marxan scenarios, we used a 90
m raster model of mapped human activities that directly or indirectly
alter natural systems, cause ecological stress, and contribute to habitat
degradation (Theobald et al., 2025). The resulting quantitative esti-
mates of human modification were rescaled to values between 0 and 1,
with values closer to 1 indicating a more heavily human-modified
environment (Theobald et al., 2025). For freshwater Marxan sce-
narios, we calculated the flow accumulated values of Theobald's model
for each planning unit that flows into a downstream unit based on flow
direction. In this way, the total accumulated value is calculated at the
coastal outlet, and the total upstream human impacts can be assessed for
each watershed (as in McPherson et al., 2008). To estimate opportunity
cost from potential marine activities, we used a 1 km-resolution global
model developed by Halpern et al. (2019) that includes fishing, climate
change, shipping, and land-based pollution, scaled to values between
0 and 1 (as before, 1 indicates highest impact). For each cost surface, we
chose the maximum value max(V) in order to heavily select against areas
of high human influence, and within each planning unit scaled it by the
unit area (km?) (Eq. (1)),

planning unit cost = (1 + max(V) ) x unit area. m

This approach resulted in the smallest planning units with minimal
anthropogenic impact having the lowest cost value in the Marxan al-
gorithm. Some coastal marine units did not have a cost value due to the
spatial resolution of the cost surface, so these units were given a mean-
imputed value. Using the maximum value (max(V)) within each plan-
ning unit may inflate the apparent cost of larger, heterogeneous units
that contain both degraded and intact areas. This can bias prioritisation
away from locations that still have some conservation potential (Adams,
2024). However, this approach is useful where the finer-scale impact is
unknown, such as when planning at coarser regional scales, since it
reduces the risk of selecting areas with high human impact that would
require high restoration or acquisition costs for conservation
(Carwardine et al., 2008).

2.3. Analyses to compare conservation priorities between national and
regional scenarios

To compare regional and national approach realms, we selected the
10 lowest scoring Marxan runs from each scenario, representing the top
1% of solutions generated in the conservation planning analysis. For
each EEZ zone (country or territory), we calculated the total cost across
all selected planning units for every run within each scenario. From this,
we subtracted the cost of any planning units assigned protected status, as
we assume the cost for these units has already been incurred, to give a
final cost for each nation in each run. We then calculated the percentage
cost change by calculating the difference between the regional cost and
the local cost, divided by the local cost, across the resulting 100 possible
pairwise national and regional cost comparisons (Eq. 2).

100

Y%change = Z

i=1

(COS tregional — COs tnational)
COStnational

x 100 2

The mean of this metric indicates the change in cost when moving
from planning nationally to planning regionally. If the cost is lower in a
regional scenario, then the percentage change will be negative, and if
the cost is lower in the national scenario, the change will be positive.
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When comparing percentage change in the cost parameter, we only
include results from newly declared protected areas (i.e., existing pro-
tected areas are removed from the total cost), ensuring that the previ-
ously incurred cost is excluded.

We illustrated the differences in spatial configurations between the
regional and national planning scenarios with difference maps (see
Alvarez-Romero et al., 2015b; Vercammen et al., 2019 for examples).
Combining the 1000 runs generated by Marxan for each scenario, we
created a selection frequency for each planning unit, indicating how
often each unit is selected as part of the final Marxan solution. Then, to
compare, we calculated the change in selection frequency for each
planning unit, starting with the regional scenario and subtracting the
selection frequency from the national scenario. Therefore, units selected
more frequently on a regional scale will have a positive value, and vice
versa for units selected more frequently on the national scale.

When visualising the changes in selection frequency, we not only
depicted the numerical change, but we also classified planning units that
have selection frequencies below 100 in both the national and regional
scenario as rarely selected, and those that always have a high selection
frequency as often selected. The cutoff for “high” varied with each realm,
and was selected based on visual inspection of histograms of selection
frequency (Appendix C). For the terrestrial and marine realms, units
were classed as often selected if both regional and national selection
frequencies were above 700. For the freshwater realm, this cutoff was
increased slightly to 800, as the distribution curve was slightly shifted.

2.4. Previous and ongoing stakeholder engagement

We presented preliminary scenarios results to project partners and
stakeholders (see Acknowledgements for full list) during workshops held
in October and December of 2024. These sessions provided an oppor-
tunity for participants to identify important areas that may have been
overlooked in the initial Marxan analysis and to flag areas that are
infeasible for biodiversity protection due to ecological, social, or polit-
ical constraints. Although no adjustments were needed at the regional
scale, the discussions helped clarify potential applications of the results
and highlighted opportunities for future collaboration. To broaden
accessibility and support decision-making, project results are currently
being disseminated through a user-friendly online dashboard (caribbea
n30x30dashboard.tnc.org) that enables stakeholders to explore national
and regional scenario portfolios without requiring extensive technical
expertise. This tool permits users to visualise and query various scenario
portfolios and conservation feature targets at the regional and national
level in order to support decision-makers in establishing protected areas
based on their specific goals.

3. Results
3.1. Existing protected areas

Of the 12,822 terrestrial planning units used in the Marxan analysis,
2846 units were classed as existing protected areas, covering 17.4% of
the available area. Of the 491,287 marine planning units, 74,931 units
were currently protected, representing 10.2% of available marine
habitat. Protected areas were present in 27 of the 29 exclusive economic
zones. The two areas with no existing formal protected areas are marine
spaces; one is a Joint Regime Area shared by Jamaica and Colombia
(Bajo Nuevo & Serranilla Cays), and the other is an area of overlapping
claim between Puerto Rico and Dominican Republic (Mouchoir Bank).
The current existing protected area network is not sufficient to meet
30% targets for all conservation features. In the terrestrial realm, targets
for only 37 of a possible 190 conservation features are already met with
protected areas. In the freshwater realm, targets for 18 from a possible
72 features are met, and in the marine realm 23 of 81 possible features
meet the 30% target (Table 2). Note that we do not compare results for
administrative features (Table 1) as these are included for stratification
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Table 2

Summarised results contrasting scenarios in the three realms, showing the per-
centage area selected, the number of features meeting their 30% target, and
mean coverage across all conservation features, for regional and national
planning objectives. Results from the top ten runs are summarised, with the
exception of the protected area (PA) baseline where there is only one run. Note
that we considered all protected areas to offer equal protection, and due to
variation in enforcement across the region, realistic area and feature coverage
may be lower than what is detailed here.

Realm Targets Scenario Percentage Number of Mean
set of available  features feature
(30% area meeting targets ~ coverage
for all) selected (30% (+ SD)
representation)
Terrestrial 190 PA 17.4% 37 19.8%
baseline (+£22.2%)
National ~ 41.0% 190 53.3%
(+0.5%) (+£18.7%)
Regional  40.6% 190 52.5%
(+0.4%) (+£19.0%)
Freshwater 72 PA 17.4% 18 24.1%
baseline (£22.6%)
National ~ 40.3% 72 59.2%
(+0.6%) (+£24.3%)
Regional  39.6% 72 58.7%
(+0.7%) (+24.0%)
Marine 81 PA 10.2% 23 20.7%
baseline (£16.4%)
National  37.8 81 50.8%
(£0.2%) (£16.1%)
Regional  36.5% 81 49.6%
(+0.5%) (+16.5%)

purposes only.

3.2. Cost differences when planning at the national and regional scale

We assessed how nations are represented in nationally-stratified and
regional scenarios by comparing cost in each exclusive economic zone
(EEZ) in the scenarios. We use cost as an indication of the presence that
each EEZ holds in a given Marxan solution, with a higher cost resulting
from more planning units being selected in that EEZ. In the regional
solutions, some EEZs were not included, but all EEZs were represented in
all national solutions across terrestrial, freshwater and marine realms,
and we now show changes that occur when moving from a fully repre-
sentative, nationally-stratified solution to a regional approach. Note that
overall, a regional approach results in a reduction in total area selected,
across the entirety of the geographic space, for all three realms (Table 2).
All conservation feature targets were met in all runs presented herein, at
both the regional and national scale (Table 2), which ensures fair
comparison between the scenarios.

In the terrestrial regional scenario, 21 of the 27 terrestrial economic
zones were represented in all the top ten regional runs. Six countries/
territories were absent in at least one of the ten best runs: Montserrat
(absent twice); Saba (absent eight times); Sint Eustatius (absent five
times); Sint Maarten (absent once); St Barthélemy (absent six times) and
Barbados (absent four times). Navassa Island contained only one
terrestrial planning unit which already holds protected status, so there
was no change in cost or representation for this area. When switching
from a national-focused to a regional objective, average cost decreased
for 15 EEZs (Fig. 1a; Appendix D), with a maximum decrease of —90%
(£3%) in Anguilla. The cost was similar in both scenarios for Puerto Rico
(mean change +0.2 + 1%), Martinique (mean change +0.6% =+ 3%) and
Cuba (mean change —0.7% + 0.4%). Eight countries/territories expe-
rienced an increase in cost in the regional scenario, with the maximum
increase occurring in Guadeloupe (increase of 132% + 23%). This in-
crease is likely due to Guadeloupe holding a high proportion of some
terrestrial habitat classes across the region, which are held in planning
units with high cost. Guadeloupe also showed high variation in the
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configuration of solutions at both national and regional scales.

In the freshwater regional scenario, 19 of the 27 available economic
zones were represented in all the top ten runs. Eight countries/territories
were missing from at least one of the top ten runs analysed: Montserrat
(absent five times); Saba (always absent); Sint Eustatius (absent eight
times); Sint Maarten (absent five times); Saint Martin (absent five
times); St. Barthélemy (always absent); Saint Lucia (absent four times)
and Barbados (absent four times). Cost decreased for 15 EEZs in the
regional scenario (Fig. 1b), with a maximum decrease of —100% for
both Saba and St. Barthélemy, due to these areas not being present at all
in the top ten regional runs. Saint Lucia had an average decrease in the
regional scenario of 90% (+2%). Cost was relatively similar for Cuba
(mean change —0.9% =+ 0.6%), Puerto Rico (mean change —2.2% =+
0.9%) and Martinique (mean change +2.9% =+ 1.5%). Eight EEZs
showed increases in cost in the regional scenarios, with a maximum
increase of 35.4% (+£13.3%) in Guadeloupe.

In the marine regional scenario, all 29 available economic zones
were represented in all top ten solutions. The change in overall cost
between regional and national scenarios was smaller for the marine
realm compared to land-based realms, with 24 EEZs showing lower cost
in the regional solution (Fig. 1¢), up to a maximum decrease of —18.6%
(£1%) in Mouchoir Bank. Saint Martin (mean change —0.5% + 2.3%)
and Grenada (mean change —0.7% =+ 0.9%) showed similar costs in both
scenarios, and three zones show increased cost in a regional solution, up
to a maximum of 24.1% (£6.3%) in Sint Maarten.

3.3. Conservation feature areas captured at the national and regional
scale

A regional approach can be more cost-effective (Fig. 1), but this
should not impact on overall feature representation. Here, we examine
how individual conservation feature targets are met across the national
and regional-scale scenarios, illustrating how some feature targets
overshoot due to spatial configurations. As is expected with all Marxan
results, all targets were achieved in both the national and regional level
scenarios, across all three realms (Table 2). On average between 30%
and 100% of features were selected across the top ten runs in all three
realms (Fig. 2). Most conservation features showed a similar level of
protection in both the national and regional scenarios, suggesting there
is little change in feature overrepresentation under a regionally collab-
orative solution (Appendix E). Not all features start from a 0% protection
baseline, which explains why some features are up to 100% protected
(Appendix E).

3.4. Contrasting spatial configuration of regional and national priority
areas

Difference maps illustrate how conservation priorities compare be-
tween regional and national scenarios for all 29 EEZs (Appendix F).
Here, we present maps for three representative countries: Jamaica,
Dominica and Martinique (Fig. 3).

Jamaica has six major protected areas: Negril Marine Park & Negril
Environmental Protection Area (terrestrial and marine); Cockpit Coun-
try Protected Area (terrestrial); Black River Protected Area (terrestrial);
Portland Bight Protected Area (terrestrial and marine); Port Royal Pro-
tected Area (terrestrial and marine); and the Blue and John Crow
Mountains National Park (terrestrial), alongside many smaller protected
areas throughout the country, in total covering 23% of available
terrestrial space. Conservation priorities for the terrestrial and fresh-
water realms concentrated on expanding many of these major areas, and
avoided central Jamaica (Fig. 3a, d). In the marine realm, we highlight
some coastal areas to prioritise protection at intervals around the island
(Fig. 3g). Across Jamaica, we see some planning units that are more
frequently selected in the regional scenario (blue cells) and some units
which are more frequently selected locally (green cells). This represents
an example of the variation in solutions from different scenarios, and
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and a positive change indicates that more expense is required by that individual EEZ under the regional approach. Countries are ordered by number of available
planning units, increasing towards the top of the plots. Countries are represented by their standard ISO country codes, e.g. CU = Cuba, DO = Dominican Republic (see

Appendix D for full details).

how conservation priorities may change depending on whether objec-
tives aim at regional or national management.

There are currently two major terrestrial protected areas on the is-
land of Dominica: Morne Diablotin and Morne Trois Pitons (covering

21% of available terrestrial space), and two small marine protected
areas: Cabrits National Park in the north, and Soufriere or Scott's Head in
the south. Our analyses generally suggest avoiding the central area of
the island in favour of expanding either of the protected areas (Fig. 3b,
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e). For Dominica, unlike Jamaica, all planning units are selected more
frequently in the national scenario, suggesting that at a regional scale,
the conservation features held in Dominica can be represented else-
where at reduced cost. Therefore, Dominica may benefit more from
national-level planning, as regional plans can underrepresent their
biota. In the marine space, there is a great deal of flexibility across the
national and regional scenarios (Fig. 3h) — suggesting that beyond a few
patches around the northern coastline, marine protected area designa-
tion may be guided by other data sources.

Martinique is a major biodiversity hotspot, recognised by UNESCO
(OFB, 2023), and in reflection of this, the majority of the island has
already been designated as protected areas (57% of available space
already protected on land, and 99% of marine space). The Martinique
Regional Nature Park covers more than half of the island and is com-
plemented by the Caravelle Peninsula and Sainte Anne nature reserves,
as well as many smaller protected areas. Here, Martinique contributes
significantly to the regional priority selections, with all planning units
on the land being more frequently selected in regional scenarios,
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Fig. 3. Difference maps between selection frequencies (freq.) for national and regional planning objectives for terrestrial (a—c), freshwater (d-f) and marine (g-i)
realms, across Jamaica, Dominica and Martinique. Colours indicate how planning units are differentially selected when comparing the national scenario against the
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web version of this article.)

compared to national scenarios, as they represent unique or rare habitats
that cannot be substituted elsewhere (Fig. 3c, f). Martinique has existing
designated protected areas that cover all marine and coastal areas,
resulting in no identified changes by the Marxan algorithm (Fig. 3i).

4. Discussion

We identified a portfolio of conservation priority sites across the
Insular Caribbean, to provide decision support to governments across
the region working towards protecting 30% of terrestrial, freshwater,
and marine biodiversity by 2030. Our analysis shows that regional-scale
conservation planning offers a more cost-effective pathway for
achieving large scale protection targets than approaches focused at the
national level. However, prioritising cost-efficiency alone can create
inequities, concentrating conservation burdens and benefits in a subset
of larger countries, whilst leaving smaller nations with few or no priority
areas identified in regional solutions.

Collaborating across countries can be the most cost effective path
towards achieving conservation goals, whilst also delivering additional
benefits such as ecological connectivity, improved robustness and
resilience, and shared resources and expertise (Kark et al., 2009; Gordon
et al., 2013; Mazor et al., 2013; Leonard et al., 2017; Allan et al., 2019).
The results of this study reinforce these findings. We show that a
regional approach to protected area system design in the Caribbean
would result in reduced conservation costs for many countries in the
region compared to national planning, ranging from small reductions in

cost of less than 1%, to the entire removal of any conservation action,
depending on the nation and realm of interest (Fig. 1). These disparities
may, in some cases, offer benefits, as many Small Island Developing
States face acute financial and capacity constraints and are dispropor-
tionately vulnerable to climate-related hazards (Thomas et al., 2020).
Reducing conservation burdens for these smaller nations could therefore
be an important consideration for policy makers. Moreover, several of
these countries already participate in sub-regional inter-governmental
collaborations such as the Organization of Eastern Caribbean States
(Mahadeo and Del Savio, 2023) or benefit from regional initiatives such
as the Caribbean Biodiversity Fund (Caribbean Biodiversity Fund,
2024). These existing frameworks further support the practicality and
desirability of a regional approach to conservation planning in the
Insular Caribbean.

Given these considerations, the most cost-effective regional solution
may not always be the most equitable across countries. In a regional
approach, some countries have increased responsibility, with an
expectation to protect what may be considered more than their “fair
share” of the conservation burden, translating into higher financial costs
for these countries (Armstrong, 2019; Shen et al., 2023). However,
countries that contribute more may also reap greater long-term benefits
from expanded protected area systems, such as increased nature-based
tourism (Thapa et al., 2022), enhanced fisheries spillover in the ma-
rine realm (Lynham and Villasenor-Derbez, 2024) and improvements in
livelihoods, wellbeing, and public health (Jones et al., 2020). Whilst
smaller nations may have fewer resources and greater vulnerability to



M. Rae-Seaman et al.

environmental and economic shocks (Thomas et al., 2020), it may be
deemed inequitable to completely exclude them from regional solutions.
National-scale planning has further advantages, such as more closely
aligning with domestic legal and policy frameworks, preserving national
autonomy in decision making, and often allowing for more efficient
implementation because it involves fewer stakeholders and avoids the
complexity of regional negotiations (Eckert et al., 2023; Ferraro and
Failler, 2024).

We suggest that presentation, consideration, and comparison of both
regional and national solutions is essential for maximising flexibility in
decision making, enabling each country or territory to prioritise areas
most critical to its own ecological, social, and policy context. Although
management decisions are typically made at the national scale (Wyborn
and Bixler, 2013), they are informed by multiple factors, such as
research priorities, available funding, and public policy (Martin-Lopez
et al,, 2009), in addition to regional considerations (Beger et al.,
2015). A major advantage of juxtaposing national and regional solu-
tions is the ability to identify locations containing regionally rare or
spatially limited habitat types that warrant protection under both ap-
proaches. For example, Jamaica holds more than 60% of all available
area of the terrestrial habitat class of calcareous tree cover with a very wet
climate regime, and more than 40% of the same habitat class under a wet
climate regime. Similarly, Martinique holds almost 80% of the available
habitat for igneous volcanic herbaceous wetlands under a very wet climate
regime. Ultimately, final decisions on conservation designation will be
context dependent, and shaped by national priorities, so both regional
and national pathways can act as viable and complementary
approaches.

We begin the presentation of our results with a brief discussion of the
existing protected area network, which is insufficient to meet a 30%
coverage goal for 165 of the 243 conservation features included in the
analysis. An important point to highlight is that this may be an inac-
curate picture of the current protected area network, since many pro-
tected areas are capacity limited, resulting in lower levels of realised
biodiversity protection (Gill et al., 2017). Therefore, our analysis likely
overstates the number of features already sufficiently covered in the
existing protected area network, and the realised coverage of protected
areas themselves. Whilst a sensitivity analysis to address this quantita-
tively would be desirable, our regional-level protected area database
lacked consistent information on management level, making sensitivity
analyses unfeasible in this case.

For terrestrial and freshwater realms, the priority sites exhibit clear
variation in selection frequency across the landscapes (Fig. 3 & Ap-
pendix F). These patterns may indicate intuitive priority sites for pro-
tection and suggest natural next steps for decision makers. In contrast,
selection frequencies in the marine realm, especially at deeper offshore
depths, are less distinct, reflecting higher uncertainty. This uncertainty
likely arises from a lack of data in the open ocean (Webb et al., 2010) or
from the presence of uniform habitat patterns that recur across space.
Future spatial planning could help resolve this uncertainty through the
inclusion of additional datasets, such as improved seabed and substrate
data, marine mammal and migratory corridors (Sahri et al., 2022),
ocean currents, and indicators of primary productivity (Santora et al.,
2017). Strengthening our understanding of pelagic ecosystems is
particularly important because the deep ocean is historically under-
represented in marine protected areas (Game et al., 2009). A targeted,
marine-specific prioritisation may therefore be a valuable avenue for
future work. A potential interim solution to the missing marine data may
be a form of dynamic management, whereby protected areas are not
fixed in space and can move as human needs and environmental con-
ditions change (Maxwell et al., 2015; Briscoe et al., 2016). However,
such approaches pose legal and governance challenges (Westholm and
Argiiello, 2023) and uncertainties related to practical implementation
(Welch et al., 2024). Additionally, because of the three-dimensional
nature of marine systems, marine protected areas often confer uneven
levels of protection to different marine species and benthic habitats. For
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example, a marine mammal sanctuary may protect surface-dwelling
species, but offers little to no protection to coral reefs, seagrasses, or
deep ocean habitats on the seafloor. Future work could focus on eval-
uating management objectives of individual parks to evaluate protection
status of specific habitats within them, as well as evaluating level of
implementation and enforcement.

In this analysis, we generated Marxan solutions separately for
terrestrial, freshwater, and marine realms, which limits our ability to
produce a fully integrated, multi-realm conservation strategy. This
approach was motivated by practical considerations, such as the need
for different planning unit designs and realm-specific Marxan parame-
ters (notably for boundary length modifiers). Whilst cross-realm inte-
grated conservation planning can improve biodiversity outcomes (Leal
et al., 2020), there are ecological reasons for treating realms indepen-
dently. Terrestrial, freshwater, and marine systems are governed by
fundamentally different processes, connectivity pathways, and scales of
ecological interaction, meaning a combined optimisation can obscure
important trade-offs and potentially misallocate conservation effort
(Adams et al., 2014). Further, integrated outputs may be less readily
actionable within existing governance frameworks or management
structures, where terrestrial, freshwater, and marine management are
typically administered through separate institutions (Beger et al., 2010;
Alvarez-Romero et al., 2015a).

Whilst previous spatial plans have used species distribution models
(SDMs) as features, we chose to model abiotic habitats rather than
species ranges. Regionally consistent and reliable SDMs were not
available for this work, but the habitat-modelling approach we have
taken aligns with the theory of protecting the “stage” of biodiversity and
evolution, rather than specific “players” (Lawler et al., 2015). By pro-
tecting a diversity of habitat types and environmental conditions, the
natural evolutionary processes and ecological dynamics that shape
species assemblages over time can continue throughout the land and
seascape (Hanson et al., 2020). This allows for a whole-ecosystem,
functional approach to conservation, and avoids placing too much
emphasis on static community compositions and specific species, which
may be ineffective (Leuzinger and Rewald, 2021). Secondly, specific
species ranges are subject to shift over time (Voskamp et al., 2021), and
so by protecting a significant baseline of 30% of all habitat classes, we
ensure variable and well-represented landscapes across space. This
strategy promotes redundancy and a diversity of well-represented
habitat types that can buffer the effects of climate change, even if the
specific habitat classes within the network evolve (Schneider and Bayne,
2015).

We chose a moderately high boundary length modifier (BLM) to
encourage the generation of spatially “clumped” solutions, resulting in
priority that expand existing protected areas and promote the creation of
larger, contiguous reserves. This approach reflects both practical and
ecological considerations as it is generally more straightforward from a
management perspective to increase existing reserves than set up new
ones. This approach also promotes strengthening existing protection,
which can be more effective than the generation of new isolated parks
(Zeng et al., 2023). Further, larger reserves encompass broader gradi-
ents of environmental conditions, fostering long-term species persis-
tence and buffering ecological processes against environmental change
(Ranius et al., 2023). However, the relationship between reserve size
and conservation benefit is not linear. In some contexts, networks
comprising many smaller reserves may provide increased connectivity
and cover more discrete habitat types for the same overall area, than one
large reserve (Fahrig et al., 2022). For this reason, designation of re-
serves and decisions on network configurations should be made on a
case-by-case basis. The results presented here can be viewed as an initial
decision-support framework - one that can guide, but not predetermine,
the final design of protected-area systems as planners integrate ecolog-
ical, social, and governance considerations. We also note that adjusting
the BLM value an order of magnitude either side of the calibrated choice
did not result in a change to the pattern of our cost comparison results
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(Appendix B).

Within our study area, we utilise a large number of planning units,
particularly in the marine space, which can make finding a mathemat-
ically optimal solution challenging due to a large decision space (Serra
et al.,, 2020; Appendix G). An alternative method, such as integer
linear programming (ILP) algorithms may be able to find truly optimal
solutions (Beyer et al., 2016; Teschke et al., 2026), with different ab-
solute cost values, but the overall pattern of our results would likely
remain consistent. We chose to continue to use Marxan with a smaller-
scale planning grid to allow for flexibility and realism in the national-
level approaches. In addition, Marxan has previously been used suc-
cessfully in other large-scale cases, including in Australia (Klein et al.,
2009), and more recently across the entirety of Chile (Martinez-Harms
et al., 2021). Further, it is important to emphasise that any Marxan re-
sults are not prescriptive and should not be interpreted as the definitive
“right answer” to a conservation problem, rather, they serve as a
decision-support tool to guide future action (Game et al., 2013). Each
country will have finer-scale and updated data which may be highly
relevant to that specific country's biodiversity action plan, which was
not included in the regional analysis, but is essential for implementation
(Adams et al., 2019). We therefore recommend that individual countries
and territories apply their best judgement and incorporate these Marxan
results as insights to evaluate and include regionally important areas
when developing or revising national biodiversity plans. Local enabling
conditions, such as political will, social acceptance, land tenure, and
feasibility, will ultimately shape which areas can realistically be pro-
tected (Zuercher et al., 2022). By working collaboratively with stake-
holders from across the region, we ensured that the questions addressed
in this study are relevant, actionable, and an effective use of time and
resources. This approach helps avoid common pitfalls in conservation
planning, including biased allocation of effort, poorly framed or irrele-
vant questions, flawed analyses, inaccessible outputs, and inadequate
reporting (Buxton et al., 2021). This study was designed as a regional
biophysical prioritisation to inform progress towards the 30 x 30 targets
and does not prescribe protected area designation or governance out-
comes. In the Insular Caribbean, proposed conservation priorities may
intersect with Indigenous territories, community held lands, and areas
supporting customary and subsistence livelihoods. Consequently, any
application of these results must occur through rights based, participa-
tory processes, including free, prior and informed consent (FPIC) where
applicable. Our outputs are intended to support locally led planning,
negotiation, and co-design of conservation actions consistent with na-
tional law and community self-determination.

In conclusion, we propose that both regional and national pathways
to conservation are necessary and have the potential to be successful in
the Insular Caribbean. Whilst regional planning offers clear advantages
such as cost-effectiveness, collaborative actions, and enhanced ecolog-
ical coherence, it risks concentrating conservation responsibilities on a
subset of nations, whilst limiting the contributions of others. National-
scale planning, by contrast, allows each country to align conservation
decisions with its own priorities, governance structures, and feasibility
constraints. Providing multiple pathways towards shared conservation
objectives, as we have done here, maximizes flexibility and increases the
likelihood of effective and equitable implementation. Our multi-scale
spatial planning approach is broadly applicable to other regions where
regional-level prioritisation must be complemented by national-level
options to ensure fairness, feasibility, and political uptake. As coun-
tries seek to expand their protection levels over the next four years in the
face of escalating anthropogenic impacts on biodiversity, these analyses
provide an actionable, science-based framework to support governments
and conservation practitioners on the ground. These results are there-
fore directly contributing to informed decisions that advance meaning-
ful, robust protection in the Insular Caribbean.
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biocon.2026.112010.

Data availability

Data layers and outputs from the prioritisation analysis are publicly
available for viewing and download at caribbean30x30dashboard.tnc.
org.

Code to reproduce the analysis is available at https://doi.
org/10.5281/zenodo.21233457.
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