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Land use and land cover (LULC) change can have detrimental effects on water quality. In
Belize, agricultural expansion creates the risk of increased sediment load and excess
nutrients in runoff water, while deforestation removes potential infiltration sites for this
outflow. Climate change and evolving precipitation rates can intensify the quantity of runoff,
further enabling the flow of sediments and excess nutrients out to the lagoon surrounding
the Belize Barrier Reef Reserve System (BBRRS). This study sought to estimate potential
impacts on future water quality in Belize by first modeling LULC change through 2090
across Belize’s major watersheds based on observed trends from 2008 to 2018. Those
LULC projections were subsequently combined with soil type data, elevation, and
precipitation rates into a hydrologic model to produce runoff flow estimates as a proxy
for water quality. The two Coupled Model Intercomparison Project phase 6 (CMIP-6)
scenarios employed in the study represented bookend climate change scenarios, and
both indicated generally lower precipitation rates in Belize over the next century due to
climate change. The most extreme scenario predicted a 46% decrease in precipitation.
When holding LULC change constant, these climate scenarios projected a decrease in
runoff, suggesting a positive relationship between precipitation and runoff. In contrast with
the northern watersheds, the southern watersheds are projected to experience greater
decreases in annual rainfall and runoff by 2090. When holding climate constant, runoff
increased by approximately 2.8% in the Conservation-focused LULC scenario by 2090,
which was 28% lower than the Business as Usual scenario, and 42% lower than the
Development scenario. The study’s integration of CMIP6 climate scenarios into LULC and
hydrologic modeling provides a more holistic view of the future of Belize’s water quality and
supports the long-term planning efforts of local decision-making agencies.
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1 INTRODUCTION

The environmental and economic impacts of runoff and water
pollution in Belize are high given the ecological importance of the
Belize Barrier Reef Reserve System (BBRRS), the second largest
barrier reef in the world. This highlights the need for a
comprehensive understanding of both future land use and
land cover (LULC) conversions and climate change trends in
Belize. In terms of LULC, expanding agricultural practices and
climate change impacts have lasting environmental consequences
at the expense of forests worldwide (Hecht, 1993; Graesser et al.,
2015; Lawrence and Vandecar, 2015). In Belize, it is estimated
that approximately 60% of approximately 9,500 registered
farmers are smallholder farmers, many of whom practice
milpa agriculture (Ramirez et al., 2013). Milpa agriculture
traditionally involves intensively cultivating a plot of land and
subsequently leaving that land fallow for 8–10 years to allow for
soil regeneration (Richardson, 2009; Drexler, 2020). In recent
years, Belizean farmers have shortened the fallow period to
approximately 2–3 years, and the resulting soil degradation has
heightened issues of erosion and agricultural runoff (Arnason
et al., 1982; Ramirez et al., 2013). Belize’s largest export crops
consist of sugarcane, citrus, and bananas, with the former being
grown on large-scale plantations that make heavy use of chemical
inputs that have enduring impacts on water and soil health
(Cherrington et al., 2010; Ramirez et al., 2013; Chicas et al.,
2015). Additionally, global aggregate demand for meat is
projected to grow at a rate of 1.3% until 2050 (Bruinsma,
2003). The amount of pasture land and production worldwide
have increased in response to this rising demand (Wassenaar
et al., 2007; Patterson, 2016), including in Belize (Merrill, 2010).
The impacts of deforestation and pasture expansion on soil
erosivity and runoff have been well documented (Sanchez
et al., 2002; Merten and Minella, 2013). Evolving demands
from both local and global markets have the potential to
dictate LULC conversions and impact the runoff outflow in
Belize.

Forests can combat issues of erosivity and runoff, as they act as
a natural water filter as tree roots absorb nutrient pollution that
may travel from nearby agricultural areas. Trees utilize the
nitrogen and phosphorus for growth which would otherwise
have washed into the nearby water sources which can result in
degraded water quality and harmful algal blooms. According to
Lee 2009, there were significant decreases in excess nutrients once
agricultural runoff passed through wooded areas. Forests also
slow themovement of water over land. Tree canopies can slow the
rate at which falling precipitation reaches the surface and the high
porosity soils soak up much of the water that does make its way to
the surface (Neary et al., 2009). Deforestation removes these
natural filtration systems, leaving the rivers susceptible to
increased pollution and erosion.

Climate change impacts may also exacerbate water quality
issues (Costa and Foley, 1997; Arnell et al., 2003; Gómez-
Martínez et al., 2021). For instance, much of Belize’s coast lies
at sea level, leaving the area particularly susceptible to sea-level
rise, severe storm surges, and coastal erosion. The small nation
ranks within the top five percent of 182 countries in the German

Watch’s Climate Risk Index in terms of economic losses caused
by climate-related disasters (Fund, 2018). Additionally, Belize is
located in the tropics; while precipitation rates are generally
increasing in the northern hemisphere, there has been a
negative trend in tropical regions (Neelin et al., 2006). Studies
based on precipitation trends between 1960 and 2005 indicate
that Belize is projected to experience an average decrease of 120.5
millimeters per year. Along with decreasing precipitation, the
Central American region is also projected to see an increase in
average temperature of 3.5 degrees Celsius by 2099 (Richardson,
2009). This increase in temperature combined with less
precipitation leaves the region at a higher risk of drought. The
increased risk of tropical storms of greater intensity in Belize can
further worsen the runoff potential of the region, where degraded
soils are vulnerable to erosion (Richardson, 2009).

As was previously mentioned, increasing runoff and
decreasing water quality can also directly impact the BBRRS
(Cho, 2005). Starting only a few hundred meters from the
mainland coast, the BBRRS was listed as a UNESCO World
Heritage Site in 1996. It was placed on the List of World Heritage
in Danger in 2009 mainly due to the threats posed by mangrove
cutting and the facilitation of sale, lease, and development of
lands within the property, to which concerns about offshore oil
concessions were added a year later (Gibson, 2011; Gould, 2017).
In 2017, Belize became the first country to combat the threat of
offshore drilling by imposing a moratorium on petroleum
exploration in the maritime zone of Belize (Root, 2018). The
BBRRS was removed from the List of World Heritage in Danger
in 2018 and that same year, it enacted mangrove protection
regulations (IUCN, 2018).

Despite the protections and moratorium in place, the barrier
reef is subject to environmental threats. Like coral reefs in general,
the BBRRS is sensitive to water temperature, chemistry, microbial
threats, and clarity. High temperatures and excess amounts of
nutrients in the water can cause them to expel their symbiotic
algae and turn white, a phenomenon known as coral bleaching
(Hoegh-Guldberg, 1999; Loka et al., 2001; Donovan et al., 2020).
Decreases in coral richness, abundance, diversity, density, and
percent cover has been documented in the BBRRS in areas with
higher temperature regimes as well as increases in mass bleaching
events (Baumann et al., 2016; Baumann et al., 2019). Sediments
and high turbidity in the water can also inhibit sunlight, a
necessary input for many of the organisms in the reef
(Goatley et al., 2016). Anthropogenic pollution sources
previously investigated in Belize include microfibers in coral
tissues in the BBRRS (Soto et al., 2009; Oldenburg et al.,
2021), marine traffic (Callejas et al., 2021), and nutrients from
riverine runoff (Soto et al., 2009; Lapointe et al., 2021). Reducing
marine pollution, including runoff containing land-based
nutrients and other pollutants, is Target 14.1 of the United
Nations Sustainable Development Goal 14 “Life Below Water”
(United Nations, 2018).

The fragility of the reef makes long-term coastal planning an
integral part of its conservation. In 1998, the government of Belize
passed the Coastal Zone Management Act to mitigate issues
surrounding rapid development, overfishing, and rapid
population growth (CZMAI, 2016). CZMAI is the leading
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authority in the nation’s management of coastal resources and is
responsible for the development of the mandated Integrated
Coastal Zone Management Plan (ICZMP). The goal of the
ICZMP involves providing a set of recommended actions to
ensure sustainable use of coastal resources with conservation
and social and economic needs in mind. It provides a planning
framework for national action to improve management of coastal
and marine resources, in order to maintain their integrity and
ecosystem service benefits (CZMAI, 2016). The plan was
approved by national government in 2016 and requires
updating every 4 years. The most recent ICZP released in 2016
developed projected scenarios for 2025 based on three
approaches: conservation, informed management, and
development. Studies investigating anthropogenic impacts to
water quality and marine resources is vital to CZMAI’s long-
term coastal planning and management.

With the importance of LULC and climate change impacts in
mind, the objectives of this study were to 1) model three different
land use and land cover LULC change scenarios from 2030 to
2090, 2) integrate those LULC products with climate change
predictions in the Nonpoint Source Pollution and Erosion
Comparison Tool (N-SPECT), and 3) produce predicted
runoff outputs through 2090 to assess water quality at the
discharge sites (pour points) of Belize’s watersheds (Eslinger

et al., 2012). The integration of the CMIP6 climate projections
into the hydrologic modeling contributes to the relevance of the
model outputs to ongoing long-term planning in Belize.

2 STUDY AREA AND PERIOD

The study area consisted of the full extent of Belize’s watersheds,
including most of mainland Belize, and the headwaters of some
transboundary watersheds that are located in Mexico’s Yucatan
Peninsula and in northeastern Guatemala (Figure 1). Fourteen of
the watersheds analyzed were major and one was minor, and the
selection of these particular watersheds for analysis was largely
due to their proximity to the locations of our pourpoints. Belize is
a sparsely populated country of less than 400,000 people with an
area of about 2.297 million hectares (Factbook, 2020). It
experiences a subtropical climate with an average of 1,500 mm
of annual precipitation (National Meteorological Service of
Belize, 2022 ). It is also one of the more heavily forested
countries in the Latin American and Caribbean (LAC) region,
with 62.7% forest cover (Cherrington et al., 2010). Furthermore,
36.6% of Belize’s terrestrial territory and 19.8% of its marine
territory are designated protected areas (Mitchell et al., 2017). The
clearing of Belize’s forests and the downstream degradation of the
BBRRS could negatively affect tourism, one of its largest
industries, as the BBRRS is one of the primary tourist
attractions to the country (Nuenninghoff et al., 2015).

3 DATA AND METHODS

This study comprised three main analyses (Figure 2). First, the
LULC from 2008 to 2018 was projected over the study area using
Clark Labs’ Terrset Land Change Modeler to discover historic
trends and model future LULC scenarios (Eastman, 2020). The
second portion consisted of employing N-SPECT, a hydrologic
model by the National Oceanic and Atmospheric Administration
(NOAA) that incorporated the LULC projections along with data
on soil types, elevation, and precipitation rates that reflect climate
change impacts in order to generate runoff estimates. The third
was to investigate all combinations of LULC change scenarios and
climate change scenarios. The 2030–2090 climate change model
runs were sourced from the Coupled Model Intercomparison
Project Phase 6 (CMIP6). The resulting runoff estimates
functioned as a proxy for water quality.

3.1 LULC Data Acquisition and Processing
Historical LULCmaps and input variables were developed in order
to run the LULC model in the Land Change Modeler (LCM)
platform. The LCM platform is a “land planning and decision
support system” that enables users to easily model land cover
change, perform driver variable selection, and conduct statistical
analyses of the modeled changes (Eastman, 2020). A 500-meter
annual LULC product (MCD12Q1) derived from the Moderate
Resolution Imaging Spectroradiometer (MODIS) was employed to
produce 2008 and 2018 LULC maps (Friedl and Sulla-Menashe,
2018). This product was selected given its availability from 2000 to

FIGURE 1 | Map of the study area extent, including elevation (meters
above sea level), watershed boundaries, waterways, and pour points of major
rivers (i.e., where the rivers discharge into the sea).
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the present, as well as end user decision-making agencies’
familiarity with the product and its ability to represent the
general landscape of our large study region. The International
Geosphere-Biosphere Programme (IGBP) classification product
was acquired through the cloud-based Google Earth Engine
platform (Gorelick et al., 2017). The six classes selected for this
study from the 17 available in the IGBP scheme were also
compatible with the National Oceanic and Atmospheric
Agency’s (NOAA) Coastal Change Analysis Program (C-CAP)
classes, necessary for the subsequent water quality assessment in
N-SPECT (Table 1). The IGBP classification was reclassified
accordingly in ArcGIS Desktop 10.7. A value of 0 was defined
as the background value for both LULC maps before they were
converted to float-type rasters and imported into the LCM
software, where they were converted to TerrSet’s proprietary.rst
files for use in the model. The watershed boundaries were sourced
from the Biodiversity and Environmental Resource System of
Belize (Meerman and Clabaugh, 2017).

In order to consider the effects of protected areas in the model,
the parameters were initially set to only allow land cover change
to occur outside of the protected area boundaries. Within
sustainable mixed-use areas, some limited changes were
allowed within the boundaries. The International Union for
Conservation of Nature (IUCN) categories of regulatory levels
were used to identify mixed-use areas (UNEPWCMC and IUCN,
2020). National protected area shapefiles for Mexico and
Guatemala were acquired from Protected Planet and subset to
the study area (Lawrence and Vandecar, 2015). Protected area
shapefiles for Belize were acquired from the Biodiversity and
Environmental Resource Data System of Belize (Meerman and
Clabaugh, 2017), as these data also included privately managed
protected areas. Input variables for LULCmodeling were selected
based on previous LULCmodeling work and the consideration of
historic and current trends specific to the study region
(Cherrington et al., 2020). Except for slope, all variables were
in the form of Euclidean Distance, defined as the straight distance
from one point to another (Goncalves et al., 2014). The following
assumptions led to the selection of the aforementioned input
variables (Table 2) (E. Cherrington, personal communication,
November 2020):

1) Once a fire used for clearing vegetation was present in an area,
it was more likely that said area would not be converted to
anything other than crop or pastureland (Morton et al., 2008;
Nelson and Chomitz, 2011).

2) Areas surrounding previously cleared areas such as agriculture
were more vulnerable to being cleared; consequently, a
separate variable was created for areas that were cleared by
2008 (Guild et al., 2004; Morton et al., 2008).

3) Areas near roads or large population centers were assumed to
be more likely to be deforested (Mishra et al., 2014; Chomitz
and Gray, 2017).

4) Areas with shallow or moderate slopes were also considered
more vulnerable to deforestation given that these areas are
more suitable to agriculture (Mishra et al., 2014; Gupta and
Sharma, 2020).

FIGURE 2 | Workflow of the LULC and hydrological modeling.

TABLE 1 | International Geosphere–Biosphere Programme (IGBP) classification
scheme reclassified to the six classes for this study’s assessment.

Classification
for this study

IGBP classification

Forest Evergreen needleleaf forest
Evergreen broadleaf forest
Deciduous needleleaf forest
Deciduous broadleaf forest
Mixed forest

Other vegetation Closed shrublands
Open shrublands
Woody savannas
Savannas

Grasslands Pasture
Cropland Croplands and natural vegetation

Croplands
Urban Urban

Barren
Water Snow and ice

Wetlands
Water bodies
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3.1.1 LULC Modeling in Terrset’s Land Change
Modeler Software
After the selection of input variables, a transition sub-model was run
in Terrset. Transition sub-models are defined as a set of land cover
transitions that are influenced by the same drivers of LULC change.
Running submodels is necessary to produce the regression equations
that define historical changes and that will influence future scenarios
(Rodriguez Eraso et al., 2012; Eastman and He, 2020). The Multi-
layer Perceptron (MLP) neural network was employed given its
capacity to perform well over multiple transition sub-models. The
sample size for the model is automatically set to the smallest number
of pixels that were converted from one LULC type to another
(Sangermano et al., 2010). Although larger sample sizes are
typically desired in modelling, artificially setting the sample size
to a number larger than the default could result in a skewed training
process (Wisz et al., 2008).

For this study, the transitions from Forest to Pasture and
Forest to Cropland were included in one transition submodel.
Given the physical and hydrological differences between the
Pasture and Cropland classes (Guild et al., 2004; Wassenaar
et al., 2007), it was important that the model consider changes
in both classes so these could be reflected in the modeled future
scenarios. Following best practices from previous LULC studies
like Wassenaar et al. (2007), some classes were held constant
(Urban and Water). The 2008 and 2018 land cover maps
demonstrated an apparent loss in the urban class that was due
to the initial classification of the “barren” IGBP class within the
larger urban class. When classified separately, there was a large
decrease of pixels in the barren class, and only 5 pixels in the
decadal time series transitioning to the urban class. The model
only achieved an overall accuracy of approximately 33% when
including transitions in the urban class due to its small sample
size, so this class was held constant to focus the model exclusively
on the transition from forest to pasture and cropland. It was
assumed that there would be little to no expansion or conversion
of water bodies. The training and testing data were split so that
50% was for training and 50% was for testing.

Based on commonly used scenarios in other studies, three
future LULC scenarios were created that were each defined by
different deforestation rates (Merten and Minella, 2013; Ter
Steege et al., 2015). These included Conservation, Business as

Usual, and Development. The Business as Usual scenario
reflected Belize’s status quo annual deforestation rate of 0.6%
as defined by Cherrington et al. (2010); in order to create
conservative bookend scenarios, the Conservation scenario was
defined as a 0.4% annual deforestation rate and was meant to
reflect greater environmental protections; and Development
scenario reflected an agenda that prioritized economic
development and was defined as a 0.8% annual deforestation
rate. Future projections of LULC for each of the three scenarios
were run for the years 2030, 2050, 2070, and 2090, and outputs for
each scenario were converted into hectares to obtain the net
change in LULC.

3.2 Hydrological Modeling for Water Quality
Assessment
3.2.1 Data Acquisition
The N-SPECT model requires land cover, precipitation,
elevation, soil characteristics, and rainfall factor inputs in
order to calculate runoff accumulation (Eslinger et al., 2012).
While N-SPECT can output sediment load, Khalili et al. (2015)
found that N-SPECT overestimated sediment output by a factor
of 3, making sediment outputs unreliable. However, the model
was found to be very suitable for runoff volume estimation. It uses
the SCS curve number grid to assign a level of infiltration capacity
to the soil in order to generate runoff estimates, and it operates on
the level of the entire watershed. The projected land cover outputs
from the previous section were employed along with elevation
derived from the Shuttle Radar Topography Mission (SRTM) at a
90-meter spatial resolution (Lehner et al., 2006). Soil profiles
detailing soil infiltration rates were obtained from the Food and
Agriculture Organization through the Soil and Terrain Database
for Latin America and the Caribbean (SOTERLAC), following
best practices set by several other studies on soil erosion in Belize
(FAO et al., 1998; Burke and Sugg, 2006; Cherrington et al., 2015;
Chicas et al., 2015). Historic precipitation data for 2001, 2008,
and 2018 were sourced from the Climate Hazards Center
InfraRed Precipitation with Station data (CHIRPS), which is a
quasi-global rainfall dataset that incorporates ancillary
climatology data, in situ rain station data, and satellite imagery
(Funk et al., 2014).

TABLE 2 | Final model input variables and their sources. Fires and Roads were originally shapefiles.

Variable Data source Products Native and
resampled

spatial resolution

Slope United States geological survey (usgs.gov) Void-filled dhuttle radar topography
mission (SRTM) digital elevation

90-meter, 500-
meter

(Euclidean distance from) areas
cleared in 2008

NASA EOSDIS land processes DAAC (https://lpdaac.usgs.gov/) MODIS MCD12Q1 500-meter, 500-
meter

(Euclidean distance from)
population density

WorldPop.org Population density shapefile 1-kilometer, 500-
meter

(Euclidean distance from) roads Belize: Biodiversity.bz, Guatemala: datacatalog.worldbank.org,
Mexico: datacatalog.worldbank.org

n/a n/a

(Euclidean distance from) fires
(2008–2018)

firms.modaps.eosdis.nasa.gov n/a n/a
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Climate projections for the future 2030–2090 runs were
sourced from the Coupled Model Intercomparison Project
phase 6 (CMIP-6) of the Inter-governmental Panel on Climate
Change, IPCC (Swart et al., 2019), which is a comparison of
global climate models that perform experiments to better
understand past, present, and future climate changes. These
changes can be caused by natural or anthropogenic forces. The
global climate models available in this project were modeled using
different Shared Socioeconomic Pathways (SSP) and
Representative Concentration Pathways (RCP) scenarios,
which combine socioeconomic data and land use information
with climatic changes through emissions (Swart et al., 2019).
From these combinations, the following scenarios were selected:
SSP1 RCP2.6 (SSP126), and SSP5 RCP8.5 (SSP585) for this
analysis (Table 3). The CanESM5 global climate model was
selected because this model had the largest range of
precipitation averages between the SSP extremes.

3.2.2 Data Processing
Bilinear resampling was applied to the 500-meter spatial
resolution LULC datasets, the 3,600-meter spatial resolution
CHIRPS datasets, and the 4,500-meter spatial resolution
CMIP-6 datasets. The 39 soil groups in the soil characteristics
shapefile were reclassified into 4 hydrologic groups: 1) high
infiltration; 2) moderate infiltration; 3) slow infiltration; and 4)
very slow infiltration. These correspond with the USGS
hydrologic class soil characteristics (Eslinger et al., 2012). The
SRTM elevation needed to be burned with an up-to-date river
shapefile to ensure correct movement of surface water. Burning
the riverways into the elevation data set corrects surface drainage
patterns by adjusting the elevation grid that coincide with the
vector layer. This was done by utilizing an up to date river
shapefile, which was then buffered out to 5, 10, and 20 m.
Each buffer was assigned a decreasing value (-25, -15, and -5,
respectively) in order to add slope around each river. Watersheds
were delineated in N-SPECT using the adjusted SRTM elevation
dataset.

3.2.3 Modeling in N-SPECT
The N-SPECTmodel generated a curve number grid based on the
soil characteristics and land cover grid, assigning a value ranging
from zero to one hundred that represents the permeability of that
cell. This 90-meter grid was used as an estimate for runoff depth.

It then calculated the maximum potential retention (R) in inches
using Eq. 1. The retention results were subsequently used to
calculate initial abstraction in inches using Eq. 2. Abstraction (A)
describes the loss of precipitation that can occur before runoff
begins, such as water intercepted by vegetation, evaporation, and
infiltration. Once these were calculated, N-SPECT used the
precipitation grid to calculate annual runoff (Eq. 3).
Abstraction and retention were multiplied by the average
number of rain days per year, and the units of the final output
were converted from inches to volumetric units (Eslinger et al.,
2012). Calibration of the rain days in the model was carried out
according to the methods set out in Cherrington 2015, and
assured appropriate runoff calculations for the specified region
[40 days (Burke and Sugg, 2006)].

Retention R( ) � 1000
CurveNumber

− 10 (1)
Abstraction A( ) � 0.2*Retention( ) (2)

Runoffdepth � Rainfall* Abstraction*RainDays( )( )
2

Rainfall* Abstraction*RainDays( )( ) + Retention*RainDays( )
(3)

4 RESULTS AND DISCUSSION

4.1 LULC
After applying the testing data, the final LULC transition submodel
output had an overall accuracy of 70.59%. The MLP neural network
split the samples it had extracted from the LULCmaps into training
and testing data. The overall skill measure, defined as the measured
accuracyminus the accuracy expected by chance, was approximately
0.56. Skill measure ranges from −1 to +1 and indicates the ability of
the model to predict the transition or persistence of a pixel better
than pure chance would (Sangermano et al., 2010). The minimum
sample size of the submodel was 23 because only 23 500m by 500m
pixels transitioned from Forest to Cropland in the study period,
while there were 2,344 pixels that transitioned from Forest to
Pasture. Opting to run the merged submodel rather than running
only the Forest to Pasture transition led to a decrease in both overall
model accuracy and skill measure. However, only the transitions
included in the submodel were reflected in LULC projections and
analyzing both transitions was fundamental to understanding LULC
changes in Belize.

Forested areas were projected to decrease across all watersheds
and scenarios (Figure 3). Agricultural expansion often visibly

TABLE 3 | Descriptions of individual SSP scenarios.

Narrative Challenges Summary

SSP1 RCP2.6
(SSP126)

Sustainability Driven by an increasing commitment to achieving development goals, inequality is reduced both across and within
countries. Consumption is oriented toward low material growth and lower resource and energy intensity. Peak in
radiative forcing at 3 W/m2 before 2,100 and then decline

SSP2 RCP4.5
(SSP245)

Middle of the road Global and national institutions work toward but make slow progress in achieving sustainable development goals.
Stabilization without overshoot pathway to 4.5 W/m2 at stabilization after 2,100

SSP3 RCP7.0
(SSP370)

Regional rivalry A low international priority for addressing environmental concerns leads to strong environmental degradation in some
regions. Stabilization without overshoot pathway to 6 W/m2 at stabilization after 2,100

SSP5 RCP8.5
(SSP585)

Fossil-fueled
development

This world places increasing faith in competitive markets, innovation and participatory societies to produce rapid
technological progress and development of human capital as the path to sustainable development. Rising radiative
forcing pathway leading to 8.5 W/m2 by 2,100
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grew from areas that had already been dedicated to agriculture.
The patterns of expansion for both pasture and cropland appear
to be distinct from each other in that intrusion into forested areas
appears to be caused more frequently by pasture expansion than
cropland growth, an observation that is supported by other

studies conducted in the Central American region (Guild
et al., 2004; Wassenaar et al., 2007).

The Belize River and Rio Hondo River watersheds were
specifically analyzed for a more localized understanding of the
magnitude of deforestation projections, with these watersheds
representing impacts in both northern Belize and central Belize
(Figure 4). Approximately 49% of the Belize River Watershed
was forested in 2018, but by 2090 under the Conservation
scenario, that area is only projected to be 36%. The Business
as Usual 2090 scenario predicted 32% of land would remain
forested, and under the Development 2090 scenario, only 28% of
land in the watershed was projected to remain forested. In the
larger Rio Hondo River watershed, approximately 65% of the
watershed was forested in 2018. Only 28% of land was projected
to be forested under the Conservation scenario, 19% in the
Business as Usual scenario, and a mere 10% of land in this
watershed was projected to be forested under the Development
scenario by 2090.

The stark division between forested area and other classes like
pasture, cropland, and other vegetation in the Belize River
watershed could be attributed to the borders of Chiquibul
National Park, a protected area that was accounted for in the
model. As for the Rio Hondo River watershed, it likely
experienced a greater conversion of forest to other class types
given that much of Belize’s industrial agriculture, like sugar cane

FIGURE 3 | Historic and projected LULC transitions across different
deforestation scenarios (BAU, CON, DEV). The Agriculture class includes
Pasture and Cropland.

FIGURE 4 | Belize River Watershed 2008, 2018, and 2090 (Development scenario), Rio Hondo River Watershed 2008, 2018, and 2090 (Development scenario).
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plantations, take place within the northern Belizean district of
Orange Walk that the watershed encompasses (Campbell, 2013).
For example, as of 2013, the Tower Hill Sugar Factory in Orange
Walk was the only operating sugar mill in Belize (Campbell,
2013). The model posited that more change would occur around
pre-existing agricultural areas. The transition to agriculture in the
region outside of Belize under the 2090 scenario is predominantly
due to deforestation along major roads, such as the
Escarcega–Calakmul Highway 186 in Mexico (García-
Contreras et al., 2011). Despite the use of similar spatial
resolution products in comparable LULC studies like Schulz
et al. (2017), the medium 500-meter resolution of the annual
MODIS LULC product was a likely source of misclassification in
the output model. A LULC classification study by Fisher et al.
(2017) found that lower spatial resolution did influence overall
model classification accuracy, with a 30 m Landsat model
resulting in a 75.1% accuracy compared to the 82.3% accuracy
achieved with their 1-m DigitalGlobe dataset. Some of the known
errors or limitations within the MCD12Q1 product employed in
this study consisted mainly of the underrepresentation of
agricultural land (specifically cropland) in the tropics because
it was mislabeled as natural vegetation. This was especially
prevalent because cropland fields in the tropics are often much
smaller than a 500 m MODIS pixel (Friedl and Sulla-Menashe,
2018). Additionally, some grassland areas are classified as
savannas or sparse forest, leading to a possible over-
representation of the other vegetation class at the expense of
agriculture classes. Moreover, rotational milpa agriculture plots
are typically about 0.3 ha on average, and this small size led to
land classification challenges (Lopez-Ridaura et al., 2021). The
secondary regrowth on these milpa plots could be misclassified as
other vegetation and forest rather than as part of a rotational
agriculture strategy in the MODIS product (Guild et al., 2004;
Meerman et al., 2010).

4.2 Hydrologic Modeling
Hydrologic modeling consisted of 41 model iterations that aimed
to analyze the isolated and combined effects of land cover and
climate change projections on future runoff estimates (Table 4).
Generally, model outputs indicated a strong positive relationship
between the precipitation rate and the projected runoff volume.
Climate change projections across all years and scenarios for our
tropical study area predicted an overall decrease in precipitation
rates, ranging from 0.3 to 46.2%. Correspondingly, themajority of
our model outputs demonstrated decreasing runoff estimates
across all watersheds, with the typically drier northern
watersheds producing less runoff than the wetter southern
watersheds. In terms of land cover, the Development scenario
produced the highest runoff estimates when the effects of LULC

on model outputs were isolated. Higher runoff estimates
correspond with worse water quality in coastal Belize. This
supports the idea that forests function as important infiltration
sites for water outflow (Lee et al., 2009; Neary et al., 2009; Woo
et al., 2019).

The historical annual runoff results in Figure 5 addressed the
objective of quantifying typical runoff values by using both
historical precipitation trends and historical LULC for all three
climatologically varied years: 2001 (moderate year), 2008 (wet
year), and 2018 (dry year). In 2001, the southern watersheds
produced higher rates of runoff volume, and these volumes
increased in 2008 as precipitation averages rose during the wet
year. This increase in runoff volume was more substantial in the
southern watersheds given that precipitation in that region
increased by an average of 13%, resulting in an average
increase of 17% in surface runoff volume. By contrast, the
northern watersheds only saw an average increase of 4.5% in
precipitation, resulting in a 10.5% increase in surface runoff
volume. In 2018, precipitation decreased by an average of
25%, resulting in an average decrease of 26% in surface runoff
volume.

Runoff for future scenarios was modeled while holding the
2018 precipitation rate static for each subsequent model run in
order to gauge the isolated impact of LULC changes. Figure 6A
shows net change in forest loss between 2030 and 2090, which was
compared to the change in annual surface runoff for the same
time period in Figure 6B. Watersheds experiencing more forest
loss also experienced relatively high amounts of surface runoff, as
seen in the Rio Hondo, Belize River, and Sarstoon River
watersheds. This was true across the Conservation, Business as
Usual, and Development scenarios as well. Within the Belize
River Watershed, there was a 2.5% increase in runoff when
changing from the Business as Usual to the Development
scenario. On the other hand, with a transition from the
Conservation to Development deforestation rates, there was a
79% increase in runoff. Such findings support the assertion that
more deforestation removes infiltration sites and leads to higher
runoff volume.

Figures 7A, B show modeled runoff holding 2018 LULC
constant to illustrate the impacts of the two bookend SSP
climate projections through 2090. The SSP126 projections
resulted in minor changes in runoff volume throughout the
70-year period, with a maximum of a 6% decrease in the Rio
Hondo watershed. On the other hand, the SSP585 scenario
resulted in major decreases in runoff accumulation through
2090, with the Rio Hondo, Belize River, and Sarstoon River
watersheds each showing more than a 50% decrease. The
SSP585 scenario was defined as the scenario with the more
extreme climate change impacts. The lower runoff volume

TABLE 4 | N-SPECT model iterations using future LULC and CMIP-6 climate inputs.

Historical climate Current climate SSP126 climate SSP585 climate

BAU LULC 2001, 2008 2018, 2030, 2050, 2070, 2090 2018, 2030, 2050, 2070, 2090 2018, 2030, 2050, 2070, 2090
CON LULC n/a 2030, 2050, 2070, 2090 2018, 2030, 2050, 2070, 2090 2018, 2030, 2050, 2070, 2090
DEV LULC n/a 2030, 2050, 2070, 2090 2018, 2030, 2050, 2070, 2090 2018, 2030, 2050, 2070, 2090
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estimates generated under this scenario are likely due to the fact
that in this region lower precipitation rates are projected.

Percent changes in runoff values were based on a comparison
to 2018, which was the most recent year available for the land
cover product employed in this study. For consistency, the 2018
precipitation rate was also used as a baseline model. Table 5
shows the outputs of models parameterized with changing LULC
scenarios and a static climate from 2018. Under these conditions,
runoff volume increased across all watersheds and LULC
scenarios from 2030 to 2090. In the Belize River Watershed, a
critical and highly populated watershed, there was a cumulative
increase in runoff volume of 0.2% from 2018 to 2030 under the
Conservation LULC scenario. From 2018 to 2090, runoff volume
increased by 1.3%. Similar increases occurred within each LULC
scenario, with a 2.0% increase in runoff in 2090 under the
Business as Usual scenario and a 2.5% increase under the
Development scenario. These outputs support the finding
established by Lee et al. (2009) vegetated areas such as forests
can serve as filtration sites for potential outflow. The combination
of decreasing forest cover, the expansion of pasture and cropland,
and the static precipitation rate resulted in projections of
increasing runoff for all watersheds. Under the Development
2090 scenario, the Belize River Watershed was projected to have a
42.4% decrease in forest cover, a 110.5% increase in pasture land,
and a 1,944.7% increase in cropland. These changes resulted in a
projected 2.5% cumulative increase in runoff volume between
2018 and 2090. Under the same 2090 scenario, the Rio Hondo
River Watershed was projected to see 41.92% decrease in forest
cover, a 433.6% increase in pasture land, and a 703.9% increase in
cropland, resulting in a 5.6% increase in runoff volume (Figure 4
in Section 4.1).

Table 6 shows the percent changes in annual surface runoff
when the model allowed for changes in both climate and LULC.
Under the SSP126 scenario, watersheds south of the Belize River
have historically experienced more precipitation than the north;

consequently, more precipitation was projected in the south
under this climate scenario. Model outputs followed this
pattern, with increases in surface runoff projected in southern
watersheds and decreases in runoff projected in watersheds north
of the Belize River projected in southern watersheds and
decreases in runoff projected in watersheds north of the Belize
River. While the Development scenario maintained decreasing
surface runoff when compared to 2018, these decreases are less
than that of the Conservation scenarios due to the fact that there
is less forest cover remaining by 2090. While precipitation
continued to decrease in these model runs, the increase in
deforestation led to higher increases in runoff volume output.

Forecasts under the SSP585 scenario projected greater
decreases in runoff volume, reaching percentages as low as
80%. This was largely due to the fact that this scenario
projected extreme climactic impacts, and climate change
impacts in this region manifest as a general decrease in
precipitation (Table 7). Although SSP585 projected an overall
decrease in precipitation, these outputs were compared to 2018,
which was a climatologically dry year. Comparing runoff
projections with a dry year made some of the watersheds
appear to experience increases in runoff estimates. However,
had model outputs been compared to a wet year such as 2008,
all watersheds would have been projected to experience less
runoff volume.

Under the SSP126 and SSP585 climate projections,
precipitation is expected to decrease across Belize through
2090, and these decreases resulted in a decrease in runoff
volume at all 15 pour points. Both the Belize River and the
Rio Hondo watersheds saw an average decrease in precipitation of
40%. In the case of the Belize River, this resulted in a decrease in
runoff volume of 51.6%, while the Rio Hondo River watershed
saw a decrease in runoff volume of 65.7% (Figure 8). The positive
relationship between precipitation and runoff is supported by
these findings.

FIGURE 5 | Historical annual runoff for different climatological years: moderate (2001); wet (2008); dry (2018).
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Annual surface runoff model results can be grouped by
northern and southern watersheds, with northern watersheds
being influenced greatly by LULC and the southern ones by
precipitation changes. Notably, sugarcane production is prevalent
and economically important in the northern lowlands of Belize,
comprising about 30% of agricultural area in the country (Chi
et al., 2017). Intensively cultivated sugarcane plantations in
Belize’s northern districts like Corozal and Orange Walk
expand in the LULC projections, contributing more heavily to
runoff in the N-SPECT outputs. Smaller agricultural operations
like milpa generally occur in predominantly Mayan areas in the
southern watersheds (Drexler, 2020). Additionally, the Rio
Hondo Watershed produced the largest amounts of both
deforestation and annual surface runoff output between 2030
and 2090. This can be attributed not only to the overall size of the
watershed, but also to the amount of LULC change occurring in
this region. Cropland in the Rio Hondo Watershed increased by
275.6% between 2030 and 2090 under the Business as Usual

scenario. Given that sugarcane is the main crop in the
neighboring watershed of New River, part of the Rio Hondo’s
projected cropland growthmay be due to the projected expansion
of industrial sugarcane operations (Chi et al., 2017).

Belize’s climate can generally be categorized into a wet and a
dry season. During the rainy season, northern Belize experiences
an average of 1,524 mm of rainfall per year while southern Belize
receives an average of 4,064 mm. The precipitation rate in the
south is enhanced by the Intertropical Convergence Zone’s
movement northward and the orographic lifting that occurs
due to the mountainous terrain (National Meteorological
Service of Belize, 2022 ). The increased rainfall in the south
explains why the southern watersheds continue experiencing
copious amounts of precipitation, despite the fact that the
SSP126 and SSP585 scenarios project overall decreases in
rainfall for Belize. The southern region also produced higher
volumes of runoff when compared to the northern watersheds.
Despite the fact that the climate projections applied in this study

FIGURE 6 | (A) Net forest loss from 2030 to 2090. (B) Net change in runoff volume when holding climate constant from 2018 and changing LULC scenarios
between 2030 and 2090, normalized by watershed area (ha).
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projected an overall decrease in precipitation for tropical regions
such as Belize, these areas are also expected to experience tropical
storms of higher intensity (Richardson, 2009).

The projected periods of dry weather before more intense
storms have the potential to affect the amount of runoff
accumulation entering waterways, as well as increasing the
accumulation of nutrients such as phosphorus and nitrogen in
soils (Al-Kaisi et al., 2013). In addition to this natural
accumulation of nutrients, degraded soils will likely require
increased amounts of synthetic fertilizers to maintain crop
production. During high rainfall events, the accumulation of
nutrients can leach from the soil and increase the risk of
erosion (Meerman and Cherrington, 2005). This study
employed annual precipitation rates, which provide a
generalized approach when modeling non-point source
pollution and runoff accumulation; however, they do not allow
for the distinction of changes in runoff volume between different
seasons, particularly storm and non-storm seasons.

Regarding coral reef impacts, a recent study by Kjerfve et al.
(2021) modeled fluvial runoff near the Gulf of Honduras and
included the BBRRS in their analysis. They found that there was a
constant supply of nutrients such as nitrogen and phosphorus to
the BBRRS, and that the reef contained considerable fleshy
macroalgae cover because it was subject to breakage from
more frequent storms than surrounding areas like Glover’s
reef and the Guatemalan coastal reefs. Kjerfve et al. (2021)
also found that the same watersheds in our study region were
producing high amounts of surface runoff; they listed the
Sarstoon River, Moho River, Rio Grande, and Monkey River
watersheds as some of their primary contributors to runoff. The
Sarstoon River, Moho River, Temash River, and Rio Grande
watersheds comprised the four watersheds that produced the
most runoff in our study (Figure 7).

Continuing to employmodelling techniques to monitor runoff
and impacts of climate change is essential for the conservation of
the BBRRS. With increasing runoff projected to occur due to

FIGURE 7 | (A) Net change in runoff using climate scenario SSP126, (B) Net change in runoff using climate scenario SSP585, both normalized by watershed
area (ha).
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increases in development and deforestation, coral reefs stand to
be impacted by land-based stressors such as nutrients and
microfibers (Lapointe et al., 2021; Oldenburg et al., 2021). By
understanding sources and pollutants released from pour points
from land, policy and land management practices can be enacted
to mitigate the impacts of anthropogenic stressors on corals. The
modelling of different development and climate scenarios arms
organizations like CZMAI the tools to bring attention to specific
watersheds and regions of the BBRRSmost likely to be affected by
runoff. This work can help in the update of the nation’s ICZMP.
Studies in the future should aim to validate the results of these
model outputs as time progresses as well as monitoring the health
and diversity of corals.

While this study addressed changes in LULC and climate, both
the soil characteristics and elevation variables were held constant
throughout all model runs. The conversion of forest to agriculture
tends to lead to soil erosion and changes in the chemical
composition of the surface soil (Merten and Minella, 2013).
Other studies found that the conversion of forest and
shrubland to agricultural land held the highest soil erosion
rates (Kogo et al., 2020). Elevation would also change over
time from natural processes such as sea level changes and
erosion. Soil characteristic groups and elevation inputs would
need to be adjusted in future modeling efforts to more accurately
estimate the amount of runoff that would be entering the
waterways.

TABLE 5 | N-SPECT model iterations using future LULC and the 2018 precipitation rate. Percentage increases are based on comparison to model outputs from 2018.
Watersheds are listed from North to South. Business as Usual (BAU), Conservation (CON), Development (DEV).

Percent change in annual surface runoff compared to 2018—current climate scenario model runs

Watershed BAU-
2030

BAU-
2050

BAU-
2070

BAU-
2090

CON-
2030

CON-
2050

CON-
2070

CON-
2090

DEV-
2030

DEV-
2050

DEV-
2070

DEV-
2090

Rio hondo 0.4 1.4 3.0 3.9 0.1 0.7 1.5 2.2 0.6 2.1 3.7 5.6
New river 0.4 1.3 2.2 2.5 0.2 0.6 1.4 1.8 0.5 1.8 2.5 2.8
Freshwater
creek (N)

0.1 0.8 1.9 2.6 0.1 0.3 0.9 1.4 0.2 1.3 2.4 3.5

Northern river 0.2 0.7 1.8 2.7 0.1 0.3 0.8 1.2 0.3 1.1 2.6 4.3
Belize river 0.3 0.9 1.6 2.0 0.2 0.6 1.0 1.3 0.5 1.3 1.9 2.5
Sibun river 0.7 2.0 3.6 4.3 0.4 1.2 2.2 2.8 1.0 2.7 4.2 5.3
North stann creek 3.9 6.2 7.7 8.3 2.5 4.8 6.3 7.1 4.4 7.1 8.2 9.0
Sittee river 1.6 3.7 5.0 5.6 0.8 2.6 3.8 4.3 2.1 4.4 5.4 6.4
Monkey river 2.7 5.5 8.3 9.4 1.7 3.8 5.8 7.1 3.3 7.0 9.2 11.3
Deep river 0.0 0.4 0.8 1.1 0.0 0.1 0.4 0.5 0.0 0.5 1.0 2.3
Golden stream 1.1 2.0 2.6 3.0 0.8 1.4 2.0 2.3 1.3 2.2 2.9 3.7
Rio grande 2.0 3.4 4.5 4.8 1.3 2.6 3.5 4.0 2.3 4.0 4.8 5.4
Moho river 1.1 2.1 2.9 3.3 0.6 1.5 2.2 2.5 1.3 2.5 3.3 4.0
Temash river 0.5 1.2 2.0 2.4 0.3 0.8 1.3 1.6 0.7 1.5 2.3 3.3
Sarstoon river 0.4 1.0 1.6 1.9 0.2 0.6 1.0 1.3 0.5 1.3 1.9 2.5

TABLE 6 |N-SPECT model iterations using future LULC and SSP126 climate inputs; percentage increases when compared to model runs from 2018. Watersheds are listed
from North to South.

Percent change in annual surface runoff compared to 2018—SSP 126 scenario model runs

Watershed BAU-
2030

BAU-
2050

BAU-
2070

BAU-
2090

CON-
2030

CON-
2050

CON-
2070

CON-
2090

DEV-
2030

DEV-
2050

DEV-
2070

DEV-
2090

Rio hondo −22.6 −22.8 −22.4 −25.0 −25.6 −24.3 −25.4 −26.7 −24.7 −18.3 −19.9 −16.8
New river −23.1 −23.3 −23.0 −25.8 −26.4 −25.4 −26.9 −27.6 −26.6 −20.2 −20.8 −19.9
Freshwater
creek (N)

−31.1 −31.1 −31.0 −33.6 −34.0 −33.2 −34.5 −35.4 −34.1 −27.8 −28.9 −27.0

Northern river −50.5 −51.3 −50.3 −51.5 −52.2 −51.1 −51.6 −52.3 −51.4 −47.9 −48.4 −47.5
Belize river 11.7 11.5 11.8 7.6 7.2 7.9 6.6 6.0 6.8 13.7 13.1 14.3
Sibun river −13.2 −13.5 −12.9 −15.4 −16.3 −14.8 −15.4 −16.7 −14.8 −8.9 −10.4 −8.1
North stann creek 204.8 202.5 206.2 196.6 194.3 198.4 194.8 191.5 196.2 217.3 214.0 220.3
Sittee river −9.9 −10.7 −9.4 −11.9 −12.9 −11.3 −12.1 −13.2 −11.7 −5.4 −6.6 −4.6
Monkey river 4.6 3.7 5.3 2.3 0.5 3.7 3.2 0.8 4.1 11.8 9.4 13.8
Deep river 16.4 16.3 16.4 11.1 10.7 11.2 9.6 9.2 9.9 17.5 16.8 18.7
Golden stream 21.0 20.7 21.2 16.6 16.0 16.9 15.6 14.9 15.9 22.6 21.9 23.3
Rio grande 23.9 23.2 24.2 20.1 19.3 20.7 19.6 18.6 19.9 26.4 25.5 26.9
Moho river 40.1 39.7 40.4 35.3 34.7 35.7 34.6 33.8 34.9 41.9 41.1 42.6
Temash river 20.9 20.7 21.1 16.5 16.1 16.9 16.1 15.3 16.4 22.2 21.4 23.1
Sarstoon river 59.9 59.7 60.0 53.8 53.5 54.2 53.3 52.6 53.6 60.4 59.8 61.1
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5 CONCLUSION

This study modeled both LULC and runoff estimates using a set
of projections that sought to encompass a wide range of potential
future scenarios. LULC scenarios were defined by deforestation
rates that reflected possible degrees of environmental protections

or economic priorities in the region. The historic LULC analysis
highlighted the prevalence of agricultural expansion across
Belize’s major watersheds, especially the rapid expansion of
land devoted to pasture. The initial assumptions about LULC
change patterns such as the likelihood of agricultural expansion
from previously cleared areas appeared to hold true and support

TABLE 7 | N-SPECT model iterations using future LULC and SSP585 inputs; percentage increases when compared to model runs from 2018. Watersheds are listed from
North to South.

Percent change in annual surface runoff compared to 2018—SSP 585 scenario model runs

Watershed BAU-
2030

BAU-
2050

BAU-
2070

BAU-
2090

CON-
2030

CON-
2050

CON-
2070

CON-
2090

DEV-
2030

DEV-
2050

DEV-
2070

DEV-
2090

Rio hondo −31.0 −31.2 −30.9 −41.0 −41.6 −40.4 −56.7 −57.8 −56.2 −66.8 −67.9 −65.7
New river −32.3 −32.5 −32.2 −43.4 −43.9 −43.0 −60.3 −60.9 −60.1 −70.6 −71.0 −70.3
Freshwater
creek (N)

−39.7 −39.8 −39.6 −49.8 −50.2 −49.4 −64.6 −65.3 −64.2 −73.4 −74.1 −72.8

Northern river −55.9 −56.6 −55.7 −62.3 −62.9 −61.9 −72.8 −73.3 −72.6 −79.4 −79.9 −79.2
Belize river 0.8 0.6 0.9 −13.8 −14.1 −13.5 −36.9 −37.5 −36.7 −52.0 −52.5 −51.6
Sibun river −22.0 −22.2 −21.7 −33.1 −33.9 −32.5 −50.4 −51.5 −49.9 −61.5 −62.6 −60.9
North stann creek 173.5 171.4 174.8 133.2 131.1 134.9 71.4 68.7 72.5 32.5 30.1 34.6
Sittee river −19.7 −20.4 −19.2 −31.6 −32.5 −31.1 −51.2 −51.9 −50.9 −63.6 −64.3 −63.1
Monkey river −7.4 −8.3 −6.8 −22.0 −23.5 −20.8 −45.5 −47.0 −45.0 −60.5 −61.6 −59.6
Deep river 3.3 3.3 3.3 −15.1 −15.4 −15.0 −42.3 −42.6 −42.1 −58.9 −59.3 −58.2
Golden stream 8.9 8.6 9.1 −7.8 −8.3 −7.5 −34.1 −34.6 −33.8 −51.0 −51.5 −50.5
Rio grande 12.2 11.5 12.6 −3.4 −4.2 −2.9 −29.1 −30.0 −28.9 −46.2 −46.8 −45.7
Moho river 27.4 26.9 27.6 9.4 8.8 9.8 −19.7 −20.4 −19.4 −39.1 −39.8 −38.5
Temash river 10.0 9.8 10.1 −5.9 −6.2 −5.5 −31.0 −31.7 −30.7 −47.7 −48.4 −47.0
Sarstoon river 46.2 46.0 46.3 26.2 25.8 26.5 −6.9 −7.4 −6.6 −29.8 −30.3 −29.3

FIGURE 8 | Changes in precipitation highlighting the Belize River Watershed and Rio Hondo River Watershed.

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 84808513

Martín-Arias et al. Belize LULC and Hydrologic Modeling

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


findings by previous studies. Model runs that held climate
constant to isolate the effects of changing LULC showed that
watersheds with less projected deforestation produced less runoff
volume along the coast. Model iterations also predicted that the
Belize River watershed could lose approximately 30% of its
forested land under the current deforestation rate and 36%
with a 0.8% deforestation rate by 2090.

Furthermore, this is the first study to employ the World
Climate Research Program’s (WCRP) most recent CMIP6
climate projections for Belize, to the authors’ knowledge.
While projections from previous phases of CMIP have
supported modeling efforts and decision-making processes,
CMIP6 integrates new socioeconomic and concentration
pathways that are highly relevant to policymakers (Grose
et al., 2020). The SSP scenarios address both climactic and
societal variables, and this study employed bookend SSP
scenarios for the hydrologic modeling to allow for a wider
range of model outputs. The less severe climate change
impacts of SSP126 suggested decreased runoff through 2070 in
response to lower precipitation rates before subsequently
increasing in 2090 once climate forcing is projected to reach
its peak; at this time, precipitation would increase once again.
SSP585 results predicted a similar trend where the decreasing
rates of precipitation through 2090 resulted in decreased runoff
volume.

Modeling in N-SPECT along Belize’s coast provided a baseline
analysis about how runoff volumes can be impacted by LULC
conversions and climate projections. Changes in surface runoff
volume were influenced exclusively by variations in LULC and
precipitation. The historic surface runoff results demonstrated a
strong positive relationship between changes in precipitation
rates and runoff volume. The generally wetter southern
watersheds experienced greater changes in precipitation and
thus produced larger volumes in annual surface runoff. This
regional trend can have important implications for the BBRRS as
well as for local resilience planning, and the link that this study
found between precipitation and runoff could also inform the
region’s climate change adaptation strategies. The breadth of
these model projections can provide ample opportunities to
support decision-makers in their work. Agencies like Belize’s
Coastal Zone Management Authority and Institute that are
tasked with responding to obstacles to sustainable
development can use model outputs in support of their long-
term planning efforts. Given the ecological, economic, and social
importance of the lagoon, preventative measures that can

mitigate climate change-induced damages to water quality and
reef health will be a critical investment for the region.
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