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Recent calls for ocean planning envision informed management
of social and ecological systems to sustain delivery of ecosystem
services to people. However, until now, no coastal and marine
planning process has applied an ecosystem-services framework to
understand how human activities affect the flow of benefits, to
create scenarios, and to design a management plan. We developed
models that quantify services provided by corals, mangroves, and
seagrasses. We used these models within an extensive engage-
ment process to design a national spatial plan for Belize’s coastal
zone. Through iteration of modeling and stakeholder engagement,
we developed a preferred plan, currently under formal consider-
ation by the Belizean government. Our results suggest that the pre-
ferred plan will lead to greater returns from coastal protection and
tourism than outcomes from scenarios oriented toward achieving
either conservation or development goals. The plan will also reduce
impacts to coastal habitat and increase revenues from lobster fish-
ing relative to current management. By accounting for spatial var-
iation in the impacts of coastal and ocean activities on benefits that
ecosystems provide to people, our models allowed stakeholders and
policymakers to refine zones of human use. The final version of the
preferred plan improved expected coastal protection by >25% and
more than doubled the revenue from fishing, compared with earlier
versions based on stakeholder preferences alone. Including out-
comes in terms of ecosystem-service supply and value allowed for
explicit consideration of multiple benefits from oceans and coasts
that typically are evaluated separately in management decisions.

coastal and marine spatial planning | integrated coastal
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Globally, oceans are at increasing risk of habitat degradation,
shifts in species distributions, and loss of ecosystem function

(1–4). With growth in human populations and in the intensity
and diversity of marine activities, more people are demanding
more benefits from ocean and coastal ecosystems (1, 5, 6). To
meet this challenge, governments and scientists are encouraging
innovative approaches to sustainable development. Ocean planning,
coastal zone management, and ecosystem-based management, for
example, recognize both human impacts and dependencies on eco-
systems (7–10). However, integrated approaches to management
have been met with some resistance. In the United States and
Northern Europe, leaders in more established sectors point to
added process complexity with little demonstration that further
transaction costs will lead to better outcomes (11–13). Although
such resistance is common, it has not hindered efforts in the
Central American country of Belize or in >25 other countries
around the world, where new ocean plans are on track for imple-
mentation by 2025 (14). The Belizean government’s pursuit of
pioneering coastal management over the past few years illustrates
the promise of accounting for multiple benefits in comprehen-
sive planning.
Ecosystem-service approaches can help inform coastal and

marine planning by modeling the likely outcomes of manage-
ment strategies for objectives expressed in terms of value to

people (15). If multiple objectives can be considered together
from the start of a process—with meaningful metrics that allow
people or sector representatives to speak the same language and
consider shared values—surprising synergies may occur, and fi-
nal decisions may reflect open debates about trade-offs (16, 17).
Modeling variation in ecosystem services across a landscape or
seascape can also illustrate the importance of considering space
allocation for impacts of human activities on services. Model
outputs show where and how different regions may contribute to
the flow of services on a larger scale (18).
Recent studies in terrestrial and freshwater ecosystems dem-

onstrate how estimating ecosystem services can inform spatial
planning decisions (19–23). Such success stories require methods
for assessing variation in a suite of services and forecasting
change under future scenarios. Until recently, these methods
were lacking for ocean environments (17, 24–27). Now, research
on numerous benefits provided by coastal and marine ecosystems
is accumulating (28). Advancements in risk-assessment and
cumulative impact mapping have increased our understanding
about where habitats and species that provide services are most
threatened by anthropogenic stressors (2, 29–31). Novel tools
that account for changes in social and economic factors (32,
33) are now available to assess trade-offs among services and
to develop the “business case” for ocean planning (5, 25, 26).
In this work, we present the next critical advancement: using
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the new science within an actual coastal planning process to test
the utility of ecosystem-service values given the reality and com-
plexity of policy-making and stakeholder engagement.
Engaging stakeholders is key to successful ocean planning (34).

Coproduction of information maximizes the chances that scientific
results will be salient, credible, and legitimate (35, 36). Processes
that incorporate active participation, information exchange, trans-
parency, fair decision-making, and positive participant inter-
actions are more likely to be supported by stakeholders, meet
management objectives, and fulfill conservation goals (37). Our
work in Belize represents the outcome of a unique collaboration
between scientists and managers to coproduce ecosystem-service
information that effectively integrates stakeholder interests, val-
ues, and local knowledge into a comprehensive plan.
Here we describe, to our knowledge, the first effort to apply

the largely theoretical science of ecosystem services to design a
coastal and marine spatial plan. Our results informed the first
Integrated Coastal Zone Management (ICZM) Plan for Belize,
to be reviewed by the national legislature in 2015 (38). We used a
suite of ecosystem-service models to ask: Where should we site
coastal and ocean uses to reduce risk to marine ecosystems and
enhance the benefits they provide to people? We quantified
ecosystem-service returns now and under three future coastal
and marine management scenarios by assessing risk to habitats
from a suite of human activities (31), using our risk results to
estimate potential change in habitat area, and integrating these
results into models that map and value benefits from nature in
biophysical and economic metrics (Materials and Methods and SI
Appendix, Fig. S1). We improved candidate plans through iteration
of ecosystem-service modeling and stakeholder feedback. Struc-
tured feedback from diverse stakeholders explicitly changed the
management scenarios, resulting in a fully integrated analysis
reflecting coupled human-natural systems in Belize.

Estimating Ecosystem Services to Inform Coastal Zone
Management in Belize
Along the coast of Belize stretch hundreds of kilometers of
mangrove forests, extensive seagrass beds, the largest unbroken
reef in the Western Hemisphere, and >300 cayes. These eco-
systems support a diversity of estuarine and marine species and
provide numerous benefits to the Belizean people, 35% of whom
live along the coast. Renowned snorkeling and diving draw
>800,000 tourists to the region annually, and several commer-
cial, recreational, and subsistence fisheries are a source of in-
come and sustenance for local people (39). Although tourism,
fisheries, and several other ocean and coastal sectors underpin the
economy and support livelihoods, they paradoxically threaten the
very ecosystems that make these activities possible. Lack of in-
tegrated management has led to conflicts among sectors and
recently put the Belize Barrier Reef on the United Nations
Educational, Scientific and Cultural Organization’s list of World
Heritage Sites in Danger (whc.unesco.org/en/danger/).
To minimize ecological degradation, the government passed vi-

sionary legislation in 1998 calling for cross-sector, ecosystem-based
management of coastal and marine ecosystems (40). It established
the Belizean Coastal Zone Management Authority and Institute
(CZMAI) and gave it the legal mandate to create a spatial plan.
The plan was to integrate scientific expertise and local knowledge to
ensure the sustainable use of the environment for the benefit of
Belizeans and the global community (38, 40). Despite overwhelming
support for the initial legislation, CZMAI faced several challenges:
limited capacity, insufficient funding, changing political interests,
and the lack of a science-based approach for reducing conflicts
among ocean sectors and risk to ecosystems. When a window of
opportunity opened in 2010 to renew the planning process, CZMAI
partnered with The Natural Capital Project to use an ecosystem-
service approach and models to design a spatial plan. It would be
national in scope, but support social, economic, and ecosystem dif-
ferences between nine coastal planning regions (SI Appendix, Fig. S2).
We embarked on an extensive stakeholder engagement pro-

cess that involved scoping objectives, gathering information, and
securing feedback through coastal advisory committees, com-
posed of local representatives from diverse sectors and interests,
public consultations, and expert reviews. Based on communica-
tion with stakeholders and government agencies, we identified

eight categories of human activities to include in the zoning scheme
(SI Appendix, Table S1 and ref. 38). We gathered data on the
spatial extent of these activities and conservation areas to create a
baseline set of zones for 2010 that we refer to as the Current
scenario of coastal and marine use (Fig. 1 and SI Appendix, Fig.
S3).* Next, we developed three future scenarios for 2025 in which
the extent and location of the zones differed based on stakeholder
visions, government reports, and existing and pending legislation
(Fig. 1; SI Appendix, Figs. S4–S6; and ref. 38). The Conservation
scenario represents a vision of long-term ecosystem health through
investment in conservation and restrictions to coastal development.
The Development scenario presents a vision of rapid economic
development and urban expansion. The Informed Management
scenario blends strong conservation goals with current and future
needs for coastal development and marine uses. This scenario was
refined over time through iterations of ecosystem-service modeling
and stakeholder review (SI Appendix).
We identified three ecosystem services for evaluating manage-

ment goals that stakeholders agreed were of high economic and
cultural importance: catch and revenue from the spiny lobster
fishery, visits and expenditures by tourists, and land protection and
avoided damages from storms. We used a classic risk-assessment
approach (30–31 and refs. therein) to identify the location and
type of activities that pose the greatest threat to three habitats that
deliver these services: coral reefs, mangrove forests, and seagrass
beds (SI Appendix, Figs. S1 and S7; ref. 31). Next, we estimated
expected changes in area and other characteristics of these habitats,
based on differences in risk, and input these results into models for
quantifying and valuing ecosystem services (Materials and Methods
and SI Appendix, Fig. S1). To inform the design of the ICZMPlan we
asked the following three questions. (i) What is the delivery of
ecosystem services now and under the three future management
scenarios? (ii) Do ecosystem-service values vary among coastal
planning regions? (iii) Can we use these results to adjust where hu-
man activities occur to reduce risk to habitats and enhance services?

Results
National Returns and Trade-Offs in Ecosystem Services. We esti-
mated annual production of lobster, tourism, and coastal pro-
tection for the Current scenario (year 2010) and three future
scenarios (year 2025) in both biophysical and economic units.
We found that 520,000 pounds (lbs.) of spiny lobster tail are
caught from Belizean waters currently for a gross revenue of
$16.4 million BZD (Fig. 2). These values are within the range
of empirical data on landings and revenue (SI Appendix). Coastal
habitats currently prevent the erosion of over an estimated
300 km2 of Belizean mainland, atolls, and cayes, resulting in
avoided damages of nearly $5 billion BZD on average per year
(Fig. 2). Although empirical data for avoided erosion were not
available, the wave evolution and erosion components of our
model have been validated extensively in vegetated systems (ref.
41; SI Appendix). International visitors spend an estimated two
million days in the coastal zone of Belize annually and more than
$230 million BZD† (Fig. 2; see SI Appendix for a description of
empirical and modeled data). These three critical services flow,
in part, from an estimated 1,500 km2 of functional seagrass
habitat and >300 and 100 km2 of functional mangrove forest and
coral reef, respectively (Fig. 2 and SI Appendix, Fig. S7).
To quantify future returns from ecosystem services, we first

calculated the expected change in area of functional habitat based
on the results of our habitat risk assessment for the three 2025
ICZM scenarios (SI Appendix, Fig. S1, Materials and Methods,
and ref. 31). Our results predict that changes in the extent and
location of human activities would lead to a >20% increase in
coral, mangrove, and seagrass functional habitat under the Con-
servation and Informed Management scenarios, relative to the
Current scenario. In contrast, the area of functional mangroves

*The ICZM Plan includes two other zones, special development areas and culturally im-
portant sites. These are government designations that were already in place and not
subject to adjustment during the ICZM planning process.

†Belize Tourism Board (2011) National Sustainable Tourism Master Plan for Belize for 2030.
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would be halved, and coral and seagrass reduced to 10% of their
current area in the Development scenario (Fig. 2).
We used spatially explicit estimates of the areal extent of func-

tional habitat (SI Appendix, Fig. S8) and human activities (Fig. 1) to
model future changes in services. Modeled catch and revenue from
lobster mirror the changes in functional habitat. Compared to
2010, fishery yields rise by 50% in the Conservation scenario and
drop nearly 100% in the Development scenario, as a result of in-
creases and decreases in the extent of lobster habitat in these
scenarios, respectively (Fig. 2). Results from tourism and coastal
protection are more surprising: Avoided storm damages increase
by well over 50%, and tourism expenditures are predicted to more
than triple with the Informed Management, relative to the Current,
scenario of human uses. Increases in the value of these services are
comparatively modest under Conservation and Development sce-
narios (Fig. 2). Our results suggest that the Informed Management
scenario is the best option for returns from tourism and avoided
damages from storms, and reveal a trade-off with lobster revenue
and functional habitat, for which the Conservation scenario is the
best option. The Informed Management scenario would lead to
increases in the catch and value of lobster, and the extent of
functional habitat, relative to today’s management practices (Fig. 2).
The higher value of coastal protection and tourism under the

Informed Management scenario, compared with the Conserva-
tion scenario, serves as a reminder that ecosystem-service values
depend on a combination of both biophysical and social variables
(32, 33). Relative to a scenario that emphasizes conservation,
increases in the extent of activities to support economic de-
velopment may lead to more cumulative impacts on corals,
mangroves, and seagrass; less nursery and adult habitat for lob-
ster; and reduced fisheries returns. However, even a modest in-
crease in coastal development can lead to more land with a
higher property value, increases in the value of habitats for
protection from storms, and more infrastructure to support
tourism (Fig. 2). Limits to benefits provided by coastal development
do emerge: habitat degradation and loss under the Development
scenario leads to reductions in the values of all three ecosystem
services. This combination of biological and socio-economic
factors is why, for coastal protection and tourism, the Informed
Management scenario is the preferred management option of the
three future scenarios we analyzed.

Regional Variation in Habitats and Ecosystem Services. One of the
most effective elements of the Belize process is that it sought to be
both national in scope and to allow for differences among the roles
played by each region in achieving national objectives. The process
was designed to understand how the nine planning regions con-
tribute in unique ways to a portfolio of national benefits from ocean
ecosystems and to incorporate regional differences in stakeholder
preferences for the future. We summed the area of functional
habitat and ecosystem-service returns by planning region for the
current and three future scenarios (SI Appendix, Figs. S8–S11). Our
results demonstrate that the coastal planning regions “specialize” in
different services and habitats. Five of the nine regions contribute
>80% of the catch and revenue from spiny lobster currently, and in
the Informed Management scenario, with the greatest contribution
from the Central and Southern regions (Fig. 3 and SI Appendix, Fig.
S12). Revenue from tourism is highest in the South Central and
Central regions. However, on a per-area basis, tourism revenues
also are substantial from Ambergris Caye and Caye Caulker re-
gions, which are small, but draw significant numbers of visitors.
Coastal protection benefits are highest in the Central and South
Central regions. In our design of the Informed Management sce-
nario, we strove to maintain and enhance this specialization where
it was supported by local stakeholder preferences (e.g., Northern
Region for tourism and Southern Region for spiny lobster; Fig. 3).
Spatial variation among regions in the delivery of benefits de-

pends on the distribution and quality of habitats providing the
services, other ecological and physical components, and social
and economic factors that influence access and the distribution
of beneficiaries (32, 33). Planning regions high in lobster catch
and revenue tend to have relatively greater coverage of coral or
seagrass (adult habitat) and mangroves or seagrass (nursery
habitat). Tourism relies on high-quality habitat, but also on sup-
porting infrastructure, such as roads, hotels, and airports.

Refining and Making the Case for Informed Management. The ICZM
Plan that emerged from our process implements the final version
of the Informed Management scenario. Our results suggest that
this plan will result in 25–100% better returns from services than

Fig. 1. Map of Current and three future scenarios for eight zones of human
activities that may influence habitats and services.
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the initial August 2012 version (Fig. 4). The first version was
designed to sit between the Conservation and Development sce-
narios before accounting for changes in ecosystem-service values.
Modeling indicated substantial losses for lobster catch and reve-
nue, avoided damages from storms (Fig. 4), and area of functional
habitat relative to current conditions (SI Appendix, Figs. S8 and
S13A). In fact, ecosystem services produced in the first iteration of
the Informed Management scenario were only marginally higher
than in the Development scenario in several regions.
To improve the initial version of the Informed Management

scenario, we first identified regions, such as the Central Region,
where our models predicted that functional habitat and service
delivery would decrease relative to the present scenario (Fig. 4
and SI Appendix, Figs. S1B and S13A). The Central Region is
particularly critical to the country’s economy because it is where
the vast majority of Belizeans live and it is the largest contributor
to the three ecosystem services (Fig. 3). In this region, we
found large decreases in the area of functioning mangroves due
to high-risk activities such as oil exploration, aquaculture, and
dredging (SI Appendix, Fig. S13). Taking into account the
expressed stakeholder priorities for specific uses (e.g., tourism
development over oil exploration), we shifted the locations and
reduced the extent of these activities (SI Appendix, Figs. S1B and
S13 B and C).
The second iteration of the Informed Management scenario

yielded a dramatic increase in functional habitat relative to the
Current, Development, and first iteration of InformedManagement
scenarios, and concomitant increases in the delivery of almost all
services in all regions (Fig. 4). The second version was incorporated
into the first draft of the ICZM Plan and reviewed during a 60-d
public comment period from May through July 2013. As a result
of several expert reviews, public commentary, and changes in
national legislation [e.g., Turneffe Atoll officially became a
marine reserve and offshore drilling contracts issued by the
government of Belize (in 2004 and 2007) were declared null
and void], we incorporated new data sources, local knowledge,
and local preferences to produce the final Informed Manage-
ment scenario (Fig. 1 and SI Appendix, Fig. S5) and expected
returns from services (Fig. 2).

Discussion
Recent policies and high-profile efforts have called for inte-
grating ecosystem services into ocean planning (6, 11), but none
have explicitly modeled the benefits of coastal and marine

environments to allocate space to various human activities (15, 42).
The ICZM Plan for Belize is, to our knowledge, the first national-
scale coastal and ocean plan designed using a suite of ecosystem-
service models and metrics (38). Through an iterative process of
stakeholder engagement, mapping, modeling, and review by sci-
entists and policymakers, we were able to develop and refine a
preferred spatial plan that met multiple planning objectives.
Applying what has until now been largely theoretical ecosys-

tem-service science to ocean planning in Belize allowed us to
assess risk from multiple human activities and examine trade-offs
among several objectives by using a common metric [i.e., Belizean
dollars (BZD)] that resonates with diverse stakeholders. We
extended recent advancements in risk-assessment and cumulative
impact mapping (2, 29–31) beyond habitats to model the influence
of multiple activities on services. Making explicit the links between
ecosystem structure, function, and services to people are important
even in a place like Belize, where many ecological relationships are
intuitive for stakeholders. For example, modeling and communi-
cating the relationship between revenue from spiny lobster and
change in habitat area revealed the financial importance of corals,
mangroves, and seagrass. The analysis also highlighted a trade-off
between development and lobster catch that informed conversa-
tions over conflicts between government departments overseeing
management of fisheries and coastal development.
Quantifying change in services can also help to internalize

synergies or trade-offs among multiple objectives that otherwise
might be considered separately—even in an integrated man-
agement process (5). For example, planners may consider first
where habitats are critical for species or fisheries, and then later
tourism goals trump conservation because they tend to be more
lucrative. Considering multiple objectives from the start of a
process in common metrics fosters open discussion about trade-
offs and supports diverse stakeholder interests. In a real planning
process, services also represent culturally important endpoints
that are significant regardless of their economic value. Fisheries
are a good example because in some places (e.g., Belize and the

Fig. 2. Biophysical and economic values for three ecosystem services and
the area of habitat capable of providing services under the Current and
three future scenarios for the ICZM Plan for Belize.

Fig. 3. Relative amount of functional habitat and three services by planning
region for the Informed Management scenario. Area of functional habitat,
revenue from the spiny lobster fishery, expenditures from tourism, and
avoided damages from storms for each planning region are scaled to the
maximum planning region value for a particular service. Differences are in
part due to variation in planning region size (SI Appendix, Fig. S2). Area of
functional habitat is based on risk categories such that high = 0%, medium =
50%, and low = 100% of existing habitat, respectively (SI Appendix).
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northeast United States), they not only support livelihoods but
also are central to the cultural heritage of a place and its people.
Thus, a visual depiction like Fig. 2 is much more useful for con-
versations among policymakers and stakeholders than summing up
total service values across current and future scenarios.
The overarching goal for the Belize ICZM Plan is balanced

and sustainable use of the coastal and marine environment for
the benefit of Belizeans and the global community (38). In prac-
tice it is rarely clear how to find such balance. In this planning
process, the Development scenario represented a continuation of
recent ad-hoc management, whereas the Conservation scenario
lacked any future coastal development—a poor strategy for
growing an economy based on tourism. The crux of the scientific
and management question became: where can we expand coastal
development and associated uses, like marine transportation, to
enhance economic returns but minimize loss of ecosystems and
services? By revealing specific locations where different human
activities were putting particular habitats at risk, and whether re-
ducing exposure was a viable management option, the habitat risk
assessment (Materials and Methods; SI Appendix, Fig. S13; and ref.
31) helped to organize and add efficiency to an otherwise un-
structured exercise. Advancing the science to model how change
in ecosystems (as a result of future scenarios of human use) led to
change in service values allowed us to include social and economic
factors that influence delivery of nature’s benefits to people. In-
creases in tourism revenue and avoided damages in the Informed
Management scenario revealed the importance of coastal de-
velopment for the economy. Looking beyond coral habitat (often a
focus of marine conservation efforts) was essential for adjusting
the Informed Management scenario to address the effects of
seagrass and mangrove habitats on the decrease in predicted
lobster revenue and avoided damages (Fig. 4) in the first iteration
of this plan.
Using ecosystem-service values and models helped to develop

an ocean plan that a diversity of stakeholders could support,
highlighting the benefits of spatial analyses of coupled human–
natural systems (20, 26, 35, 36, 43, 44). Studies of linked human–
natural systems suggest that spatial heterogeneity emerges not

only through variation in nature and economic values, but also
through different choices and behaviors (43). Our results point
to areas of “specialization” in ecosystem benefits (Fig. 3), such
that each planning region contributes to a whole (i.e., delivery of
a suite of services on a national level), while meeting threshold
objectives of local stakeholder groups. For example, high tourism
revenues and coastal protection values in the South Central
Region emerged in part from extensive coral coverage, exposure
to storms, and high property values, but also from stakeholder
preferences for high revenue, low-impact tourism development,
and ecosystem-based approaches to climate adaptation and coastal
hazard management. Perspectives of stakeholders in other regions
differed, thus providing space for different activities, with varying
impacts on ecosystems and benefits to people.
The literature overwhelmingly points to the importance of

stakeholder participation in the design phase of planning (36,
37). However, a recent case study involving the placement of no-
take marine protected areas suggests that scenarios designed
solely with stakeholder input will rarely approach optimal solu-
tions (45). Rassweiler et al. (45) propose that managers start with
several optimal scenarios based on analysis of trade-off frontiers
and then ask stakeholders to modify these. For a more complex,
multicriteria problem such as the one we assessed here, our ap-
proach was similar—use modeling to highlight unexpected syn-
ergies or trade-offs that stakeholders can then incorporate into
subsequent iterations of scenarios. Unlike other optimization
efforts (e.g., ref. 5), our process was not automated because the
feedback from stakeholders was integral to accurately specifying
the decision space and reassessing stakeholder preferences based
on interim results. Because our models are deterministic, we
have little insight into how robust alternative spatial planning
scenarios might be to future environmental or human-caused
shocks. An interesting next step would be to use a stochastic
system model with a management strategy evaluation process
designed to select alternatives that are robust to future pertur-
bations outside of management control (26).
Our work in Belize embraces an inherent quality of science-

policy processes—that scenarios evolve (44). The Informed Man-
agement scenario was originally called “Middle-of-the-Road,” and
then “Compromise,” to reflect concessions between what are
often seen as conflicting interests between conservation and
development. Eventually, the preferred scenario evolved into a
science-based zoning scheme for enhancing economic returns from
key coastal resources while minimizing environmental impact. Fur-
ther analysis can help link how changes in ecosystem services result
in changes to human well-being, in terms of health, welfare, and
livelihoods. Of course, only continued monitoring will show whether
modeled results are borne out in reality. The small subset of po-
tential benefits we estimated may trade off with unmeasured ser-
vices. Uncertainty also exists in our estimates of the three services,
due to measurement error in inputs (e.g., maps of habitats and
human uses), scale of the analyses, simplifying assumptions in
model formulation, and the relationship between habitat risk and
amount of functional habitat which deserves further research (SI
Appendix). Despite analytical limitations, science made policy more
effective by directly addressing the needs and values of people.
The ICZM Plan and our experience in Belize suggest it is

worth incorporating ecosystem services into coastal and ocean
planning. Our approach and models directly informed the final
zoning scheme contained in the Plan now under government
review. According to the Belize Coastal Zone Management Act,
adaptive management should occur every 4 y. The spatial des-
ignation of human activities along the coast and in territorial
waters will continue to evolve. Our ecosystem-services approach
is extensible so that other benefits can be included in future
analyses, and it is sustainable because CZMAI has the tools and
skills needed to perform upcoming work. The Belize case dem-
onstrates to governments skeptical of multiobjective planning
that considering a suite of human activities and ecosystem ser-
vices is not only feasible, but can enhance the benefits humans
receive from nature relative to what stakeholder preferences
alone would have achieved, reduce conflicts and time-consuming
legal or community-led protests, and produce an integrated plan
with broad stakeholder support essential for its durability.

Fig. 4. Change in services for all scenarios and iterations relative to current
management. Zones of human activities changed slightly for the Conserva-
tion and Development scenarios through the planning process based on re-
vised data layers, but not due to a focused effort of refinement and revision
that we used to adjust the Informed Management scenario.
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Materials and Methods
Quantifying Functional Habitat. To estimate spatial variation and change
in ecosystem services, we first quantified change in the distribution, abun-
dance, and other characteristics of three habitats: coral reefs, mangrove
forests, and seagrass beds. We began with a classic risk-assessment approach
(refs. 30 and 31 and SI Appendix, Fig. S13B) to determine which habitats and
where were most at risk for degradation from the cumulative impacts of
human activities in the Current and three future scenarios (31). We produced
maps of high, medium, and low risk (31) and used them to estimate the area
of functional habitat capable of providing ecosystem services in each sce-
nario. In high and medium areas we assumed that 0% and 50%, respectively,
of the existing habitat was capable of providing services; in low-risk areas,
we considered all habitat to be functional (SI Appendix, Figs. S8 and S13A).

We used the risk-assessment outputs (i.e., area of each habitat at high, me-
dium, and low risk) and the total area of functional coral, mangrove, and seagrass
habitat in each planning region—and nationally—as metrics by which to eval-
uate conservation goals for the ICZM Plan (Figs. 2–4, this work, and refs. 31 and
38). We used maps of functional habitat (500-m resolution) as input data layers
into the ecosystem-service models for each planning scenario.

Modeling Ecosystem Services. We estimated the spatial production and
economic value of three ecosystem services as a function of the area of
habitat capable of providing the service and the distribution of human ac-
tivities for each scenario. To estimate catch and revenue from the spiny
lobster fishery in Belize, we used an age-structuredmodel with Beverton–Holt
recruitment to describe the lobster population as nine subpopulations (one per
planning region) connected via immigration as lobster move among habitats

(SI Appendix, Figs. S14 and S15). For tourism, we used a simple linear regression
to estimate the relationships between current visitation (46) and human activi-
ties and habitats. We combined our results with Belize Tourism Board data to
estimate future visitation rate and tourism expenditures in 5-km grid cells (SI
Appendix, Fig. S16). For storm protection, we modeled shoreline erosion and
wave attenuation in the presence and absence of corals, mangroves, and sea-
grasses for category 1 and 2 hurricanes (ref. 41 and SI Appendix, Fig. S17) and
combined these results with property values to estimate avoided damages. We
calculated annual values for each service and scenario in current Belize dollars
and summed these by planning region and nationally. The scale of our modeling
was designed to match the scale of a national planning process that took into
account regional variation. Boundaries were 3 km inland and the territorial sea
(18,000 km2; SI Appendix, Fig. S2). We projected change in each service by
subtracting the model output for the year 2025 from the model output for the
current scenario (year 2010). Further details are provided in the SI Appendix,
Tables S2–S5.
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1. SI Materials and Methods 
 

Planning Scenarios 

We created planning scenarios representing alternative future arrangements of human activities 

within the coastal zone of Belize.  These scenarios were based on a combination of information 

from maps of the current distribution of ocean and coastal uses, existing and pending 

government plans, and stakeholders’ values and preferences for national and localized effects of 

coastal management on communities.  We gathered information from stakeholders through 

regular meetings and presentations.  Over a two-year period from 2010-2012 the Coastal Zone 

Management Authority and Institute (CZMAI) held 32 public meetings, advisory committee 

meetings, and planning workshops that included approximately 200 stakeholders.  Early in the 

process, work with stakeholders focused on values and preferences for the future.  Later 

consultations featured model outputs and presentations of the planning scenarios (see ref. 1 for 

description of stakeholder-engagement).  Conceptually, the scenarios reflect three visions for the 

future of Belize in 2025  (see Estimating Ecosystem Services to Inform Coastal Zone 

Management in Belize in the main text).   

We translated the conceptual scenarios into spatially-explicit zones of coastal and marine 

use that CZMAI could exercise to recommend where different activities were permitted or 

prohibited.  We synthesized and grouped data layers provided by government agencies, 

university researchers, and environmental organizations (Table S3) into eight broad categories of 

human activity (Table S1) to facilitate ease of use and enforcement in coastal areas (2).  For 

example, commercial fishing, subsistence fishing, and recreational fishing for species such as 

tarpon, permit, spiny lobster, and conch were grouped into a “fishing” zone; data about 

snorkeling, scuba diving, and swimming were incorporated into a single “marine recreation” 

zone.  As part of this process we developed a matrix of compatible zones (e.g. marine 

transportation and fishing), and zones that could not overlap (e.g. dredging and conservation).  

The initial result was a set of maps of the current distribution of each of the eight activities (Fig 

S3).  This set of maps reflects spatially the current configuration of human activities in the 

coastal zone (i.e., the Current scenario).   

Next we made changes to the current zones to visualize the outcomes from new 

government policies and input from stakeholders about their preferences for the future.  We used 

spatial and quantitative data where possible.  Local scientists and policy advisors reviewed 

changes to ensure that they were feasible futures for Belize.  This resulted in a set of maps and 

descriptions for each of the eight zones of human uses and the conservation zone for the three 

future scenarios (Fig. 1, Figs. S4-S6).  From a policy perspective, these maps represented 

alternative recommendations CZMAI could make about where to permit or prohibit activities.  In 

our analysis, the maps represented alternative future scenarios describing the distribution of 

activities that could pose stress to corals, mangroves and seagrass.  We used them to assess 

current and future risk to these ecosystems, to quantify potential change in functional habitat and 

to model expected ecosystem service outcomes for the Conservation, Development and several 

iterations of the Informed Management scenario (Fig. 4). 

The Informed Management scenario evolved over time (Fig. 4, Fig. S1B).  To adjust 

zones of human activity we first identified regions in which ecosystem service returns decreased 

relative to the current scenario.  Next we examined changes in the area of functional habitat in 

this region to understand which habitats would enhance service delivery if conserved (Figs. S1B 

and S13A).  We then worked backwards to identify which activities were posing the greatest risk 
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(Figs. S1B and S13B and C), and used outputs from the risk assessment to identify management 

options to ameliorate the risks.  Points that fall in the lower right hand quadrant of an exposure 

vs. consequence plot are ones in which management strategies that reduce spatial overlap 

between activities and habitats can have the biggest impact (Fig. S13B and refs. 3, 4).    

 

Quantifying functional habitat 

To estimate spatial variation and change in ecosystem services under alternative future scenarios, 

we first quantified change in the distribution, abundance and other characteristics of three 

habitats: coral reefs, mangrove forests and seagrass beds.  We began with a classic risk 

assessment approach (3-6) to determine which habitats and where were most at risk of 

degradation from the cumulative impacts of human activities in the Current and three future 

scenarios (4).  In this approach, risk is a function of the exposure of each habitat to each human 

activity (spatially, temporally and given the effectiveness of management strategies) and the 

habitat-specific consequence of the exposure, which depends in part on life history 

characteristics of the species.  Risk is estimated as the Euclidean distance of an activity-habitat 

combination on an exposure vs. consequence plot (e.g., Fig. S13B and refs. 3-6).  This approach 

incorporates spatial data on human activities and habitats and information from the peer-

reviewed and grey literature on ecological life-history and impacts of activities on habitats.  Final 

outputs from the risk assessment step were maps of the three habitats showing where areas were 

at high, medium or low risk under the four planning scenarios (4). 

We used the maps of high, medium and low risk (4) to estimate the area of ‘functional 

habitat’ capable of providing ecosystem services.  We assumed that high risk areas contained 0% 

functional habitat.  In medium risk areas, we assumed 50% of the existing habitat was capable of 

providing the services; in low risk areas we considered all habitat to be functional.  We used 

these coarse assumptions for four reasons: (i) information about the relationship between the 

impact of multiple activities and ecosystem structure and function is extremely limited (7), (ii) 

they are simple and transparent, (iii) they were supported by CZMAI on the grounds that they 

wanted to follow a precautionary management approach, and (iv) comparisons between modeled 

risk to mangroves and observed data on mangrove fragmentation suggest that medium and high 

risk areas for the Current scenario align with regions where forests are fragmented (4).  While 

the assumed relationships between categories of risk and area of functional habitat were 

appropriate for our work in Belize, they are a source of uncertainty in our analyses and a topic 

that deserves further research in studies aiming to ask how cumulative risk from human activities 

may affect flows of ecosystem services. 

Next we created six sets of data layers reflecting differences in the distribution and 

abundance of coral reefs, mangrove forests and seagrass beds under the Current, Conservation, 

Development, and Informed Management scenarios, based on our assumed relationship between 

risk and area of functional habitat.  In our analysis, habitat was recovered from current to future 

scenarios, in addition to preserved and lost.  Some areas currently at high or medium risk shifted 

to medium or low risk in the future due to natural recovery once stressors were relieved.  We did 

not model recovery through direct human intervention as restoration was not an activity under 

consideration in the zoning scheme.  

We used the risk assessment outputs (i.e., area of each habitat at high, medium and low 

risk) and the total area of functional coral, mangrove and seagrass habitat in each planning 

region, and nationally, as metrics by which to evaluate conservation goals for the ICZM Plan 
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(Figs. 2-4 and refs. 1, 4).  We also used maps of the functional habitat (at a 500 m resolution) as 

input data layers into the ecosystem service models for each planning scenario. 

 

Summary of ecosystem service modeling    

For the Current, Conservation, Development and each of the three iterations of the 

Informed Management scenario, we estimated the spatial production and economic value of 

three ecosystem services: 1) catch and revenue of spiny lobster, 2) land protected and avoided 

damages from storm related erosion, and 3) visitation rate of tourists and expenditures by 

tourists.  The boundaries for the planning process and ecosystem service estimates were 3 km 

inland and the territorial sea (18,000 km
2
, Fig. S2).  We modeled services as a function of the 

area of habitat capable of providing the service (see ‘functional habitat’ above) and the 

distribution of human activities for each scenario.  We estimated annual values in current Belize 

dollars for each service for the Current scenario (representing 2010 conditions) and each future 

scenario (year 2025) and summed these by planning region and nationally.  The scale of our 

modeling was designed to match the scale of a national planning process that took into account 

regional variation.  We projected change in each service by subtracting the model output for the 

year 2025 from the model output for the current scenario (year 2010).  Below we summarize our 

approach to estimating values for the three services.  More extensive details can be found in the 

text, tables and figures following these summaries, as well as in refs. 8-10.
1
   

 

Spiny lobster summary.  We estimated catch and revenue from the spiny lobster fishery in 

Belize by planning region now and under the three future management scenarios.  We used an 

age-structured model with Beverton-Holt recruitment to model the lobster population annually 

from 2011-2025 (see next section Ecosystem service modeling and data).  We modeled the 

population as nine regional, linked subpopulations (one per planning region, Fig. S14) connected 

via immigration as lobster move from mangroves and seagrass to seagrass and coral reefs.  We 

based initial conditions on the area of functional (see above) mangrove and seagrass (habitat for 

larvae and juveniles), and coral reef and seagrass (habitat for adults) in each planning region (see 

Ecosystem service modeling and data).  Estimates of the two stock-recruit parameters and the 

initial, pre-exploitation recruitment were developed by fitting three time series of catch-per-unit-

effort data (model fit shown in Fig. S15).  We drew other model parameters from previous 

studies in the region to ensure that the model best represents the Belizean population (Table S4 

and refs. 11, 12). A reasonable estimate of current population size (year 2010 in this model) is an 

important starting point for modeling future population size.  The pre-2010 population was 

modeled using a catch time-series of 1932-2010 landings, generated by converting annual lobster 

tail landings
2
 to account for head meat, and converting from processed to whole lobster weight.  

Final ecosystem service outputs were harvestable catch, defined as the total pounds of the tail 

portion of lobster harvested, and gross revenue from landings for each planning region currently 

                                                           

1
  Sharp R, et al (2015) InVEST User’s Guide (The Natural Capital Project, Stanford University, University of 

Minnesota, The Nature Conservancy, and World Wildlife Fund); http://ncp-dev.stanford.edu/~dataportal/nightly-

build/release_tip/release_tip/documentation/ 
2 
 Ministry of Agriculture and Fisheries’, 2008 Annual Report, “Agriculture, Fisheries & Cooperatives: Pillars of the 

Belizean Economy,” Fisheries Department statistics. http://www.agriculture.gov.bz/PDF/ Annual%20Report% 

202008.pdf 
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and in the year 2025.  The current estimates compare well with reported data from the Belize 

fisheries department for 2010 (500,650 lbs.; $12.98 million) and 2011 (611,160 lbs.; $16.85 

million).  Recall that the current scenario is 2010. 

  

Tourism summary.  We estimated the spatial distribution of tourism now and under the three 

future scenarios by modeling the degree to which recreation in the coastal zone is a function of 

the locations of the marine habitats and zones of human activities that factor into peoples' 

decisions about where to recreate (Fig. S16).  We used a simple linear regression to estimate the 

relationships between current visitation and human activities and habitats in 5 km grid cells.  

Within every cell, we computed the percent of area covered by each zone (Table S3) and 

functional habitat to use as predictor variables in the analysis.  The response variable was the 

proportion of total visitor days to the coastal zone of Belize.  This was approximated as the 

average annual person-days of photographs uploaded to the photo-sharing website flickr from 

2005-2012.Photographs were found to be reliable indicators of visitation in a comparison of 

photo- and survey-based estimates at 836 sites, ranging in area from 80 m
2
 to over 30,000 km

2
, 

worldwide (8).  Photo-user-days were regressed against the percent coverage of all attributes 

within each grid cell to estimate the extent to which relative visitation to a cell depends on the 

explanatory variables.  We predicted proportion of annual person-days of recreation by tourists 

for the future management scenarios using the parameter values for each zone of human activity 

and the three habitats for the current scenario.  To estimate the total number of visitor-days per 

cell, we multiplied the proportion computed in the previous step by estimates of total tourist-days 

to the coastal zone.  For the Current and Informed Management scenarios, these values were 

estimated by the Belize Tourism Board
3
.  Total tourist-days for the Conservation and 

Development scenarios are predictions based on the trend in visitation from 1995-2012.  

Tourism-related expenditures were computed by multiplying the visitation rate and the current 

and future expenses of tourists per day estimated by the Belize Tourism Board
4
 (see next section 

Ecosystem service modeling and data). 

 

Coastal protection summary. We estimated the area of land protected and the monetary value of 

these avoided damages annually for the four management scenarios.  We modeled shoreline 

erosion and wave attenuation in the presence and absence of coral reefs, mangrove forests and 

seagrass beds along 1-dimensional transects perpendicular to the shoreline (Fig. S17 and refs. 9, 

10).  The value of erosion reduction is expressed in terms of avoided damages to property.  

Erosion and avoided damages are a nonlinear function of several different biological, 

oceanographic, physical and economic variables (10).  To incorporate spatial variation in these 

variables, we divided the entire coast of Belize into several hundred coastline segments ranging 

in length from about 100 m to a little over 10km  These segments differed in, for example, 

exposure to hurricanes, storm return period, amount of coral, mangrove and seagrass, coastal 

development, property values, and shoreline substrate.  We then estimated reduction in cross-

shore erosion for each coastline segment (see next section Ecosystem service modeling and 

data and ref. 10). We used storm surge and typical wave characteristics generated by category 1 

                                                           

3
 Belize Tourism Board (2011) National Sustainable Tourism Master Plan for Belize for 2030. 

4
 Belize Tourism Board unpublished data 
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and 2 hurricanes
5
.  These two types of hurricanes have a return period of less than 15 years in 

Belize, thus our analysis is relevant to the 2025 time horizon of the planning process.  We 

computed the value of coastal habitats for protection in terms of the amount of avoided land loss 

caused by erosion during a storm event of expected return period (Category 1 = ~ 6 years and 

Category 2 = ~12 years).  Property values varied based on planning region and whether the land 

was developed or undeveloped (13). 

 

Ecosystem service models and data 

 

To inform the design of the Integrated Coastal Zone Management Plan for Belize we 

modeled three ecosystem services and produced biophysical and economic outputs for each 

service: 1) catch and revenue from spiny lobster, 2) land protected and avoided damages from 

storms, and 3) visitation and expenditures from tourism.  The following text, tables and figures 

give more details on each of the three ecosystem service models and input data.   
 

Spiny lobster model 

Caribbean spiny lobster (Panulirus argus) is a heavily harvested, commercially important 

and widespread species found from Bermuda to Brazil.  We developed a spiny lobster model for 

Belize to explore how ecosystem service returns from the fishery would respond to changes in 

lobster habitat (i.e., seagrass, mangrove, coral reef) or fishing pressure.  We quantified catch and 

revenue in 2010 (current scenario) and for the three possible future scenarios.  All inputs into the 

model remained constant for each scenario except for the amount of adult and nursery habitat 

(i.e., coral reefs, mangroves and seagrass) for lobster and the location where fishing for lobster 

occurs (Fig. 1, Fig S3-6).  Using estimates of functional habitat under the current and three future 

scenarios (see Materials and Methods, the previous section on Quantifying functional habitat 

in the SI appendix and ref. 4), we quantified the area of coral, mangrove and seagrass capable of 

providing nursery and adult habitat in each planning region  and used this as input into the 

lobster model.  Primary model outputs are harvest of lobster tail (i.e., total pounds of the tail 

portion of lobster), which we refer to as ‘catch’, and gross export revenue generated from each 

harvest. 

We modeled the population as nine regional, linked subpopulations (one per planning 

region, Figs. S2, S14) connected via immigration when lobster move from their juvenile habitat 

(i.e., mangroves and seagrass) to their adult habitat (i.e., seagrass and coral reefs).  We modeled 

the population from 2011-2050 using an annual time-step, with Beverton-Holt recruitment in an 

age-structured model.  We based initial conditions on the amounts of mangrove and seagrass (for 

larvae and juveniles), and seagrass and coral reef (for adults) in each planning region.  

Population dynamics are given by: 

 

                                                           

5
 Organization of American States (AOS) & U.S. Agency for International Development (USAID) (1999). Storm 

Assessment for Belize pp 27. Retrieved from http://pdf.usaid.gov/pdf_docs/PNACK653.pdf. 
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𝑁𝑎,𝑥,𝑦+1 =

{
  
 

  
 
∑ 𝑆𝐵𝑥,𝑦𝑥

𝑆𝐵0
(𝛼 + 𝛽

∑ 𝑆𝐵𝑥,𝑦𝑥

𝑆𝐵0
)

𝐻ℎ,𝑥,𝑆𝐶𝐸𝑁

∑ 𝐻ℎ,𝑥,𝑆𝐶𝐸𝑁𝑥
𝑆𝑎,𝑥 if 𝑎 = 0

(𝑁𝑎−1,𝑥,𝑦 − 𝐶𝑎−1,𝑥,𝑦)𝑆𝑎,𝑥 if 1 ≤ 𝑎 ≤ 𝐴 − 1

(𝑁𝐴−1,𝑥,𝑦 − 𝐶𝐴−1,𝑥,𝑦)𝑆𝐴,𝑥   + (𝑁𝐴,𝑥,𝑦 − 𝐶𝐴,𝑥,𝑦)𝑆𝐴,𝑥 if 𝑎 = 𝐴

    [S1] 

 

Where 𝑁𝑎,𝑥,𝑦 is the number of lobster of age a (A = maximum age = 7) in planning region 

x at the start of year y and 𝐶𝑎,𝑥,𝑦 is lobster catch.  Spawner biomass, 𝑆𝐵𝑥,𝑦, is a function of 

numbers of lobster in each region, maturity, and weight at age a based on von Bertalanffy 

growth.  𝛼, 𝛽 are stock-recruitment relationship parameters (Table S4 and refs. 11, 12).  𝑆𝑎,𝑥 is 

survival from natural mortality from a-1 to a (note:  𝑆0,𝑥 is settlement survival from the larval 

pelagic stage): 

 

𝑆𝑎,𝑥 = 𝑠𝑎
𝑇𝑎∑ (1+

𝐻ℎ,𝑥,𝑆𝐶𝐸𝑁−𝐻ℎ,𝑥,𝐵𝐿
𝐻ℎ,𝑥,𝐵𝐿

 )
𝑑𝑎,ℎ𝛾

𝐻𝑧

𝑛ℎ
                 [S2] 

Where 𝑠𝑎is baseline survival from a-1 to a: 𝑠0 = 1, and 𝑠𝑎 = exp (−𝑀𝑎) if a>0; 𝑀𝑎 is the 

natural mortality rate from a-1 to a.  𝑇𝑎 indicates if a transition to a new habitat happens from a-

1 to a, which is used so that changes in habitat coverage only affect lobster survival during 

transition to that habitat, but not once settled in the habitat.  𝐻ℎ,𝑥 is the amount of habitat h (e.g., 

coral, mangrove, seagrass) in the region in the baseline (BL; i.e., status quo) system or under the 

scenario being evaluated (SCEN). 𝑑𝑎,ℎ is the degree to which survival during the transition from 

a-1 to a depends upon availability of h, 𝛾 is a shape parameter, and 𝑛ℎis the number of habitats 

with a 𝑑𝑎,ℎ parameter.   

 The harvest in numbers for each age are removed from the total biomass vulnerable to 

harvest as:   

 

𝐶𝑎,𝑥,𝑦 = 𝑉𝑎−1𝑁𝑎−1,𝑥,𝑦−1𝐸𝑥𝑥;                                          [S3] 

 

where exploitation rate is: 

 

𝐸𝑥𝑥 =
ℎ𝑐𝑦=2010

𝐻𝐻𝐵𝑦=2010
(1 + 𝐸𝑥).                                              [S4] 

 

 ℎ𝑐𝑦=2010 is year 2010 harvest in pounds, 𝐻𝐻𝐵𝑦=2010 is harvestable year 2010 biomass , 𝐸𝑥 is 

percent change in fishing effort from baseline, and 𝑉𝑎 is vulnerability to harvest. Harvest in 

pounds is the exploitation rate applied to biomass vulnerable to harvest. 

Gross export revenue in a region in year 2025 is based on the proportion of harvest that is 

exported, the product stream (tail or head meat) and price per pound of each product stream as: 

     

𝐺𝑥,𝑦=2025 = 𝑃
𝑐𝑥,𝑦=2025

𝑍
(𝑃𝑃𝑃𝑡𝑎𝑖𝑙𝑇 + 𝑃𝑃𝑃ℎ𝑒𝑎𝑑(1 − 𝑇))   [S5] 

 



8 
 

where 𝑃 is the proportion of harvest that is exported, 𝑍 is the conversion factor to scale a whole 

lobster to a processed one (sum of tail and head meat), 𝑃𝑃𝑃𝑡𝑎𝑖𝑙 𝑜𝑟 ℎ𝑒𝑎𝑑 is price per pound of tail 

or head meat, and 𝑇 is proportion of processed harvest that is tail meat (Table S4). 

Appropriate estimates of the two stock-recruit parameters and the initial, pre-exploitation 

recruitment are critical for use of a model of this type.  All three were estimated by fitting to 

three time series of local catch-per-unit-effort (model fit shown in Fig. S15).  Data for other 

model parameters were taken from regional literature values to ensure that the model best 

represents the Belizean population (Table S4 and refs. within; refs. 11, 12).  A reasonable 

estimate of current population size (year 2010 in this model) is an important starting point for 

modeling future population size.  The pre-2010 population was modeled using a catch time series 

of 1932-2010 landings, generated by inflating annual lobster tail landings (Fig. S15, Table S4 ) 

to account for head meat, and converting from processed to whole lobster weight. 

The model and data include several limitations and assumptions.  The population growth 

parameters are nationwide, not region-specific, as there were not sufficient data for estimation of 

region-specific parameters.  Habitat dependencies are obligatory, such that lobster do not have 

the option to seek out acceptable substitutes, rather are constrained to depend on habitats as 

defined in the model. The lobster population responds to changes in the area of functional 

habitat, not other characteristics.  The fishery is assumed to take place at the start of the year, 

before natural mortality, and we assumed near knife-edge selectivity in our harvest function. 

Harvest selectivity (and catchability) is invariant, such that technological improvements to gear 

or changes in fishing practices are not modeled.  Market operations are fixed, such that they do 

not vary in response to amount of harvest, shifts in market or consumer preference, or 

technological changes.  

 

Tourism 

People's decisions about where to recreate are influenced by the environment.  

Recreational divers prefer suitable water quality; birders seek out sites with high biodiversity.  

Through its contribution to outdoor recreation, the environment provides services to people.  To 

quantify this value of natural environments, we used the InVEST Recreation model
6
 to predict 

the spatial distribution of person-days of recreation by tourists (8).   

We explored the distribution of person-days based on the locations of marine habitats and 

human activities, such as fishing or transportation, that factor into decisions people make about 

where to recreate (Table S2, S3).  We used a simple linear regression to estimate the degree to 

which each attribute relates to current visitation in the coastal zone of Belize.  To begin, we 

divided the marine and coastal zone (3 km inland and all of the Belizean territorial sea) into 1268 

hexagonal grid cells, each 5 km wide.  Within every cell, we computed the percent of area 

covered by each attribute (Table S2, S3) to use as predictor variables in the analysis.  Since we 

lack fine-scale empirical data on visitation to most locations, we apply a method in which current 

visitation is approximated by the total number of annual person-days of photographs uploaded to 

the photo-sharing website flickr.  Photographs were found to be reliable indicators of visitation 

in a comparison of photo- and survey-based estimates at 836 sites, ranging in area from 80 m
2
 to 

over 30,000 km
2
, worldwide (8).  Many of the photographs in flickr have been assigned to a 

specific latitude/longitude.  We queried the flickr database for all photos taken within the Belize 

coastal zone from 2005-2012.  Using the locations of images, along with the photographer's user 

                                                           

6
 See footnote 1 
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name and date that the image was taken, we computed the average annual number of days that a 

user took at least one photograph within each cell.  We then regressed photo-user-days against 

the percent coverage of all attributes within each grid cell (current visitation rates and attribute 

coverage data are log transformed) to estimate the extent to which visitation depends on all the 

input variables.  Using these estimates, the model predicts how future changes to habitats and 

patterns of human use will alter visitation rates.  Outputs are maps showing current and future 

patterns of recreational use (e.g., Fig. 2, Fig. S10). 

We employed the regression coefficients (beta values) computed in the initial model run 

to predict future visitation, given spatial configurations of the predictors outlined in each 

scenario (Table S3).  We used the predicted extent of functional habitat for the Current and three 

possible future zoning schemes to determine where coral reef, mangrove and seagrass habitats 

were high enough quality to support tourism and ran the model to predict visitation to each grid 

cell under the current and three future scenarios.  We normalized the predicted visitation to each 

cell by dividing the total number of person-days across all cells.  To estimate the total number of 

person-days to each cell currently, we multiplied the proportion of person-days by 3,013,010.  

This value is based on the total number of incoming cruise (640,734) and overnight (277,135) 

visitors reported by the Belize Tourism Bureau in 2012 and the assumption that overnight 

visitors spend 8.56 days and cruise tourists spend 1 day in the country7,8 (14, 15).  We also used a 

correction factor of 0.74 to discount total visitation to Belize by the proportion of person-days 

that tourists spend in the coastal zone (based on the proportion of all photo-user-days in the flickr 

database that fall within the coastal zone), such that  

 

Total person-day = (annual overnight visitors * 8.56) + (annual cruise visitors*1)]*0.74    [S8] 

   

To estimate the total number of person-days to the coastal zone for the Informed 

Management scenario, we used a similar approach.  Since the configuration of human uses in the 

Informed Management scenario follows the recommendation by the National Sustainable 

Tourism Master Plan for Belize, we calculated the total number of person-days per cell using 

estimates for future visitation to Belize from this plan.  According to the National Sustainable 

Tourism Master Plan, Belize can expect to receive 1,500,000 cruise tourists and 556,000 

overnight tourists if the Plan is implemented.  The average length of a stay will also increase to 

10.6 days per trip.  Substituting these values into Eq. [S8], the National Sustainable Tourism 

Master Plan for Belize predicts a total of 7,393,600 person-days by tourists in 2030.  If visitation 

increases linearly between 2012-2030 there will be 6,176,769 total person-days in 2025.  Thus, 

we calculated the total number of person-days to each cell for the Informed Management 

scenario by multiplying 6,176,769 by the proportional visitation rate per cell. 

For the Conservation and Development scenarios, we estimated total person-days using a 

similar approach in which we assume that 4,585,196 tourists will visit Belize in the year 2025.  

This is based on the long-term trend in visitation from 1995-2012
9
, and the value corresponds 

                                                           

7
 Association for Protected Areas Management Organizations (APAMO) for Belize. Position of APAMO on the 

proposed cruise tourism in Placencia. http://www.nocruises.org/APAMO%20Opposition%20-

%20%20long%20version.pdf 
8
 See footnote 3 

9 
See footnote 4 
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with the prediction by the National Sustainable Tourism Master Plan for 3,935,961 person-days 

in 2020 if the Plan is not implemented. 

To estimate expenditures by tourists, for each cell we first apportioned total person-days 

into overnight and cruise visitors, then multiplied each value by the average daily expenditure 

rates provided by the National Sustainable Tourism Master Plan.  Current (2008) expenditures 

are reportedly USD $133/day and $57/day for overnight and cruise visitors, respectively.   

Assuming that expenditures increase linearly until 2030, the National Sustainable 

Tourism Master Plan predicts tourists will spend USD $195/day and $83/day in 2025 under the 

Informed Management scenario.  For the Conservation and Development scenarios, we 

determined expenditures using the same method as visitation by projecting expenditures 

provided by the National Sustainable Tourism Master Plan (from 2000-2008) ahead to the year 

2025. 

The model estimates the magnitude of each predictor's effect based on it spatial 

correspondence with current visitation in Belize.  Our approach assumes that people will respond 

similarly in the future to the attributes that serve as predictors in the model.  In other words, 

people will continue to be drawn to or repelled by a given attribute to the same degree as 

currently.  Furthermore, some of the attributes that are used as predictors of visitation are 

representations of areas managed for particular human use (e.g. transportation).  The model 

assumes that future management of the zones and the type of activities that they represent are 

similar to current. 

 

Coastal Protection  

Understanding the role that nearshore habitats play in the protection of coastal communities is 

increasingly important in the face of a changing climate and growing development pressure.  We 

used the InVEST Coastal Protection model
10

 (9, 10) to quantify the protective benefits that 

natural habitats provide against erosion and inundation in nearshore environments. 

We estimated reduction in shoreline erosion and wave attenuation provided by coral 

reefs, mangrove forests and seagrass beds, along a 1-Dimensional (1D) transect perpendicular to 

the shoreline (Fig. S17 and refs. 9, 10).  We kept the physical and oceanographic data the same 

under all current and future scenarios and varied the extent of the three habitats based on the area 

of  functional habitat in the Current, Conservation, Informed Management and Development 

scenarios.  Primary outputs were land protected and avoided damages from a storm for the 

current and three future management scenarios. 

We quantified coastal protection assuming storm surge and typical wave characteristics 

generated by category 1 and 2 hurricanes
11

.  We chose these two types of hurricanes because 

they have a return period of less than 10 years in Belize (i.e., 72% chance of occurring at least 

once within the next decade) and are thus most relevant to the 2025 time horizon of the planning 

process.  We estimated annual avoided damages in terms of the avoided loss of land caused by 

erosion during a storm event of expected return period 𝑇: 

 

𝐴𝐴 =
𝐷𝐴
𝑇

 [S6] 

 

                                                           

10
 See footnote 1 

11
 See footnote 5 
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where 𝐷𝐴 is the avoided loss in property value for a given storm.  The avoided loss in property 

value 𝐷𝐴 is computed between two scenarios 𝛼 and 𝛽 as:  

 

𝐷𝐴 = 𝐷𝛼 − 𝐷𝛽 = (𝐸𝛼 − 𝐸𝛽)𝑉 [S7]  

 

where 𝐸𝛼,𝛽 is the area of land loss under each scenario, and 𝑉 is the total property value.  We 

estimated an average property value for each planning region based on the development status of 

the land (developed or undeveloped).  We used property value data for developed versus 

undeveloped coastline from a recent World Resources Institute Report and database (13) and 

updated it with an online search of properties within 1 km of the coastline for sale during 2011 

and 2012.  The location and amount of developed versus undeveloped property differed among 

planning scenarios based on changes in the coastal development zone (Figs S3-S6).    

We estimated loss of land during a storm for two types of coastline – sandy beach and 

muddy beds.  For sandy beaches, we defined property loss as the erosion distance caused by the 

storm (i.e., ‘shoreline retreat’).  This assumption implies that the loss of sand is permanent after 

the storm.  For muddy beds, on which mangroves grow, we defined property loss as a 

combination of the volume of cohesive sediment scoured during the storm and the distance 

inland from the shoreline where sediments were scoured.  This assumption implies that any 

muddy sediment scoured during the storm is put into suspension in the water column and carried 

away.  We describe in detail how we computed shoreline erosion for these two systems in the 

presence and absence of mangroves and seagrass in ref. 10.  Protection from coastal erosion is a 

function of wave attenuation and several other hydrodynamic processes (10). 

Wave attenuation due to seagrass and mangroves is a function of the density of 

vegetation (stems per unit area), frontal width or diameter of vegetation stems and 𝐶𝑑, which is a 

taxa-specific (e.g., eelgrass, marsh, mangroves) drag coefficient (e.g., 9, 10, 16, 17, 18).  Due to 

the lack of site specific data, we determined the characteristics of the seagrass blades based on 

discussion with local experts and literature review (9, 10, 17, 18 and refs. within).  We also 

determined the physical characteristics of the mangrove forest by assuming that the forest was 

composed mostly of red mangroves, based on discussion with local communities, limited site 

measurements by the authors and data from the literature (Table S5 and refs. 19, 20).  The 

density of the mangrove field was linearly adjusted to take into account the patchiness of the 

forest and the location of the transect with respect to the longshore extent of the forest.  Further, 

we reduced the density of shoots and roots of mangroves and seagrass in areas where these 

habitats were at high and medium risk from human activities under the current and three future 

scenarios as part of linking cumulative impacts from zones of human activities to ecosystem 

services (Fig. S1). 

In the case of coral reefs, which have steep front and face, we computed the wave height 

at the offshore edge of the reef flat as a function of the offshore wave height (21).  We estimated 

the value of the broken wave height 𝐻𝑟 at the offshore edge of the reef top assuming that wave 

height is controlled by the total water depth on top of the reef ℎ𝑡𝑜𝑝: 𝐻𝑟 = 0.46ℎ𝑡𝑜𝑝 (21).  The total 

water depth ℎ𝑡𝑜𝑝 is the sum of the depth on the reef top, ℎ𝑟, the wave setup caused by breaking 

waves 𝜂𝑟, and any additional super-elevation of the water level caused by tides, pressure 

anomalies, etc.  The wave setup on the reef top is of the form  𝜂𝑟 = 𝐾𝑝𝑓(𝐻𝑜, 𝑇, 𝜂𝑟, ℎ𝑟), where 𝐻𝑜 

is the deep water wave height or the wave height at the offshore edge of the reef framework (21).  

The term 𝐾𝑝 is the reef profile shape factor.  It is a function of either the reef face slope 𝛼𝑓 or the 
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reef rim slope 𝛼𝑟, depending on whether waves break on the reef face or rim.   Characteristics of 

the profiles of coral reefs are based on values in the literature (21, 22). We estimated the profile 

of wave height over the reef top, assuming that energy dissipation is due to bottom friction.  We 

assumed that live coral have a friction factor of 0.2 (23).   

From profiles of wave height in the lagoon, we calculated wave runup and setup and used 

these outputs to model shoreline retreat in sandy systems and scour in muddy systems (10, 24-

27).  We used the estimates of retreat and scour under different scenarios of functional habitat as 

metrics for calculating erosion for different segments of coastline.  To compute shoreline erosion 

for the entire mainland, large atolls and cayes, we divided the coastline into several hundred 

coastal segments ranging in length from a few hundred to a few thousand meters and applied the 

wave attenuation and erosion models described above.  The segments differed in biological, 

physical and economic factors that would influence coastal protection values, including extent of 

mangroves, corals and seagrass defending the coastline, exposure to the open ocean, and coastal 

development.  We estimated erosion for each segment as the product of the cross-shore erosion 

estimated by the models and the length of the coastline segment.   

The models and data include several limitations and assumptions.  We assumed that all 

storm wave fronts are parallel to the coastline and neglected potentially important 2-dimensional 

wave transformation processes that can occur in some regions.  While our approach is an 

efficient way of measuring the impact of a storm on the coastline assuming that this storm has 

equal probability of striking anywhere along the country’s coast, it can over-estimate the impact 

of waves in regions of wave divergence and under-estimate the impact of waves in regions of 

wave divergence.  We also ignored the effects of surge-induced currents which are likely to be 

reduced in the presence of mangroves since mangrove can reduce storm surge elevation by up to 

0.4-0.5 m per km of mangrove forest (28).  The errors associated with this approach have to be 

weighed against the relatively poor quality of the bathymetry, which in some regions had to be 

generated based on equilibrium beach theory, and of the topography, which had to be created 

based on rules of thumb presented in the literature.  We assumed a constant topographic profile 

of 1V:600H in mangrove forests, based on estimates provided in (29).  Shoreward of the coral 

reefs, we superimposed the surge elevation to the bathymetric and topographic profile of each 

transect.  In regions where storm surge estimates were not available, we estimated the surge 

elevation using the hurricane characteristics
12

 and a 1D storm surge model (30).  In regions that 

were not directly exposed to the open ocean, such as the region in the north of the country 

bordering Mexico, we estimated the offshore wave height at the offshore end of those transects 

to be the maximum between the transmitted wave height by the coral reefs and the locally wave-

generated wave by hurricane winds.   
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3. SI Tables 

Table S1.  Eleven zones of human activity included in the Integrated Coastal Zone Management 

Plan.  The special development areas and culturally important sites are government designations 

that were already in place and not subject to adjustment during the ICZM planning process. 

Zones of Human 

Activities 

Description 

Coastal development Human settlements, infrastructure and economic activities to support housing, 

commerce, and community development.  

Marine transportation Marine area delineated for use by watercraft to transport people, goods, and 

cargo between multiple destinations for commuting, trade and tourism. 

Dredging Areas for the extraction of bottom sediments to maintain waterways, ports, 

beach re-nourishment, and minerals for the construction industry. 

Fishing Marine area for the extraction of fish for food, commercial trade, and sport 

fishing, in particular, wild capture of lobster, conch and finfish and catch and 

release of bonefish, tarpon, and permit. 

Marine recreation Marine area especially suited to swimming, snorkeling, diving, kayaking, and 

other water sports to support tourism, recreation, and enjoyment of aesthetic 

beauty. 

Conservation This zone includes coastal and marine protected areas, spawning aggregation 

sites, shoals, critical habitats, and biodiversity areas. 

Oil exploration Exploration for the deposits of crude oil and natural gas beneath the earth’s 

surface. 

Aquaculture Farm ponds for shrimp, tilapia, cobia, and associated structures. 

Agriculture Crops, orchards, ranchland and associated structures for food production and 

revenue. 

Culturally important sites Archaeological sites or cultural monuments, spiritual and natural heritage, 

aesthetic beauty, tourism revenue, recreational activities. 

Special development areas Areas with specified development activity as per the Land Utilization Act. 
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Table S2.  Coastal and marine habitat data. 

Habitat 

Type 

Date Intended 

Resolution 

Source(s) Layer description / 

How product was made and amended 

Corals 1999 1: 30,000 Coastal Zone 

Management Institute 

of Belize (CZMI) and 

Peter Mumby 

A dataset of shallow water (generally less than 

30 m depth) coral reef locations for the 

Mesoamerican barrier reef from multiple 

sources. 

30-m Landsat imagery was classified and 

converted to a shapefile.  Includes dense patch 

reefs, fore reef, and reef crest.  

Additional coral areas in and around Glover’s 

Reef were added after October 2011 

stakeholder workshop in Belize City. 

Mangroves 2010 1:100,000 

or greater 

CATHALAC / WWF 

 

This dataset was developed using remote 

sensing of satellite imagery in collaboration 

between the Mesoamerican Reef program of 

the World Wildlife Fund and the Regional 

Visualization & Monitoring System (SERVIR) 

initiative jointly implemented by the Water 

Center for the Humid Tropics of Latin America 

and the Caribbean (CATHALAC), NASA, 

USAID and other partners.  The goals of the 

dataset were to identify (i) fragmented 

mangrove ecosystems, (ii) mangroves at risk of 

fragmentation, and (iii) the resilient mangroves. 

Belize's national mangrove cover in 2010, 

based on satellite-based mapping of Belize's 

mangroves for 1980, 1989, 1994, 2000, 2004, 

and 2010, and based on the earlier work of 

Simon Zisman (1998).   

Mangrove patches on Lighthouse Caye 

identified by stakeholders were added to this 

dataset in 2013.  

Seagrasses 1997/ 

2007 

1:110,000 Coastal Zone 

Management Institute 

of Belize (CZMI 

1997) and 

Mesoamerican Reef 

Millennium study (31) 

 

 

This dataset was developed in 1997 (and 

further refined) through the joint efforts of the 

Coastal Zone Management Project, the 

University of Exeter, the University of 

Newcastle and Coral Caye Conservation to 

delineate the various types of marine habitats 

located offshore Belize.  A separate 2007 study 

was undertaken by the University of British 

Columbia.  They conducted regional-scale 

seagrass habitat mapping in the Wider 

Caribbean Region using Landsat sensors. 

We combined the large expanse of seagrass 

along the coast in ref. 31 with the CZMI 1997 

map, which did not map nearshore seagrass. 
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Table S3.  Human activities data. 

Name Source(s) 
 Revisions for 2010 

 (current) scenario 

Agricultural run-off World Resources 

Institute. (WRI 2005). 

Belize Threat Atlas, 

Reefs at Risk in 

Belize Project. 

Washington DC, MA.  

Digitized map: “Agricultural Runoff – Watersheds and 

Modeled Sediment Delivery” 

(http://pdf.wri.org/belize_threat_atlas.pdf) 

Aquaculture 

 

Belize Fisheries 

Department 

Aquaculture facility locations were identified from 

coordinates collected by the Belize Fisheries Department 

(2012).  The footprint of each facility was digitized using 

satellite imagery. 

Coastal development Jan Meerman, 

(BERDS 2011) 

Combined BERDS digital survey on Belize settlements 

(www.biodiversity.bz) with additional coastal development 

identified using satellite imagery  

Dredging Belize  

Mining Department 

Layer was created using point data from dredging permits 

issued by the mining department from 2005 to 2011. 

 

Fishing Belize Fisheries 

Department and 

Corozal Bay Wildlife 

Sanctuary 

Management Plan 

Layer combines known fishing areas including commercial, 

recreational, artisanal, and sport fishing with all relevant 

species (SACD Socio-economic survey, 2008). 

Oil exploration  

and drilling 

Belize Ministry of 

Energy, Science & 

Technology and 

Public Utilities 

Layer is based off the 2012 Belize Petroleum contracts map, 

Ocean. 2010.  Offshore Drilling: Overview. Oceana is 

working to oppose offshore drilling in Belizean waters. 

http://oceana.org/en/ca/orr-work /offshore/drilling/overview. 

Accessed August 2011.    

Marine recreation Belize Tourism Board 

(BTB) 

Layer was created from annual statistics collected by park 

managers and tour operators through 2011 and includes park 

visitation data.  It maps different clusters of marine recreation 

activities and includes diving, snorkeling, swimming and 

kayaking sites.  

 

Marine transportation Belize Port Authority Layer combines water taxi routes, shipping lanes and locations 

of port facilities through 2011. 

 

 

http://www.biodiversity.bz/


18 
 

Table S4: Description of input data for lobster model in Belize. 

Input Source How the data were used in the model 

Lobster growth 

parameters 

Literature values (11, 12) (and unpublished M.E. de 

Leon González, R.G. Carrasco and R.A. Carcamo.  

2008.  A Cohort Analysis of Spiny Lobster from 

Belize) and fitting (e.g.; stock-recruit parameters fit to 

steepness and initial recruitment (see CPUE data 

below).   

We used a variety of growth parameters 

in the population dynamics model to 

determine the rate of growth of the 

lobster population. Parameters include 

those for natural mortality rate, the 

maturity function, stock-recruit 

relationship, von Bertalanffy growth 

function, weight-length relationship, 

initial recruitment. 

Time series of 

local CPUE 

Carcamo RA (2002) Report on the spiny lobster 

fisheries of Belize.  Second Workshop on the 

Management of Caribbean Spiny Lobster Fisheries in 

the WECAFC Area (FAO) Fisheries Report No. 715; 

Long Term Atoll Monitoring Program (LAMP) 

fishery independent surveys at SCMR, Glover’s, 

GSSCMR and LBCNP; WCS (2010) Glover’s Reef 

Atoll Fisheries Catch Data Collection Program.  

Glover’s Reef Marine Reserve Fisheries Catch Data 

Collection Program Report for the period January 

2005 to June 2010.  (Wildlife Conservation Society, 

Belize Marine Program). 

 

The time series allowed us to estimate 

stock-recruit parameters and the initial, 

pre-exploitation recruitment (model fit 

shown in Fig. S15).  We also used it to 

model the pre-2010 population. 

 

Lobster-habitat 

associations 

Various; based on literature values We identified which ages are linked to 

which habitat types, the strength of 

those dependencies, and when a 

transition to a new habitat occurs. 

Fishery 

operations 

Legal harvest requirements (e.g., minimum 

harvestable size).   Belize Fisheries Dept. Annual 

Reports (2007&2008): 

http://www.agriculture.gov.bz/Document_Center.html 

Parameters that define fishing effort, 

age-specific vulnerability to and 

selectively of harvest were used to 

calculate the volume and amount of 

lobster harvest. 

Market 

operations 
Belize Fisheries Dept. Annual Reports (2007&2008): 

http://www.agriculture.gov.bz/Document_Center.html 

We employed market operation 

parameters to determine the product 

stream that the harvested lobster enters 

and to express harvest as gross export 

revenue. Parameters included: 

proportion of harvest that is tail or head 

meat, proportion of harvest that is 

exported, a conversion factor between 

whole and processed lobster weight, and 

prices per pound (tail and head meat).  
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Table S5: Description of habitat characteristics data for coastal protection. 

Habitat Type Diameter [cm] Height [m] Density [units/m
2
] Source 

Mangrove roots 2 0.5 90 (19, 20) 

Mangrove trunks 50 3 1.2 (19, 20) 

Seagrass blades 1.5 0.3 600 Refs. 9, 18 and references 

therein 
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4. SI Figures 

 

 

Fig. S1.  A. Model framework for estimating risk to habitats from alternative scenarios of 

multiple human activities and change in ecosystem services and values.  B. Analytical steps used 

to inform reconfiguration of zones for the Informed Management scenario.  These are essentially 

revisiting and assessing model outputs from A in reverse. 
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Fig. S2.  The nine coastal planning regions for Belize. 
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Fig. S3. Current distribution of eight zones of human activity. 
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Fig.  S4.  Distribution of eight zones of human activity for the Conservation scenario. 
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Fig. S5.  Distribution of eight zones of human activity for the Informed Management scenario. 
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Fig. S6.  Distribution of eight zones of human activity for the Development scenario. 
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Fig. S7.  Three coastal and marine habitats that contribute to ecosystem services in Belize. 
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Fig. S8.  Area of functional mangroves, coral and seagrasses by planning region for all future 

scenarios relative to the Current scenario. 

 



28 
 

 

 

Fig. S9.  Spiny lobster catch for the Informed Management scenario (2025).  Bar graphs (right) 

show variation by planning region in lobster catch and revenue across the current and three 

future scenarios. 
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Fig. S10. Tourism and recreation expenditures for the Informed Management scenario (2025).  

Bar graphs (right) show variation by planning region in expenditures across the current and three 

future scenarios. 



30 
 

 

Fig. S11. Annual avoided damages for the Informed Management scenario (2025).  Bar graphs 

(right) show variation by planning region in avoided damages across the current and three future 

scenarios. 
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Fig. S12.  Relative contribution from nine planning regions for the Current scenario in terms of 

area of functional habitat (left side) and three ecosystem services (right side). 
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Fig. S13.  Analytical components underpinning changes in zones of human activities using the 

Central Planning Region as an example.  A) Difference in area of functional habitat in three 

iterations of the Informed Management scenario relative to the Current scenario in the Central 

Region.  B) Risk assessment plot showing shift in exposure of mangroves in the Central Region 

to three human activities (Materials and Methods and ref. 4).  For simplicity we show only 

those activities that overlapped less with mangroves in the Central Region in November 2012 

than in August 2012 as a result of changing the extent and location of these zones.  C) Oil 

exploration zone in the Central Region for the first two iterations of the Informed Management 

scenario.  In the final version of the plan this zone does not overlap the Central Region -- a result 

of the oil drilling referendum in Belize during the time of this planning process.  
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Fig. S14. Conceptual diagram of lobster model where each subpopulation aligns with a coastal 

planning region. 

 

 

 

Fig. S15. Model fit to three time series of catch-per-unit-effort (CPUE).  Left y-axis catch trap
-1

 

data are from Carcamo 2002.  Right axis catch hr
-1

 are from LAMP.  Right axis catch hr
-1

 fisher
-1

  

are from WCS (see Table S4 for full description of data sources).   
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Fig. S16. The model uses the relationships between locations of geo-tagged photographs and 

coverage of natural habitats and human activities to predict where in Belize tourists will visit.  

Darker polygons indicate more visitors.  
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Fig. S17.  Coastal protection conceptual model (adapted from ref. 10).  Reduction in erosion and 

avoided damages provided by mangrove forests was included in the analysis of muddy segments 

of coastline (not pictured here).   

 


