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Abstract: Increasing forest destruction from land use and land cover change (LULCC) has altered
catchment hydrological processes worldwide. This trend is also endemic to the Belize River Watershed
(BRW), a significant source of land and water resources for Belize. This study aims to understand
LULCC impacts on BRW hydrological responses from 2000 to 2020 by applying the widely used Soil
and Water Assessment Tool (SWAT). This study identified historical trends in LULCC in the BRW
and explored an alternative 2020 land cover scenario to elucidate the role of protected forests for
hydrological response regulation. A SWAT model for the BRW was developed at the monthly timescale
and calibrated on in-situ streamflow using SWAT Calibrations and Uncertainty Programs (SWAT-CUP).
Results showed that the BRW SWAT model performed satisfactorily for streamflow simulation at
the Benque Viejo (BV) gauge station but performed variably at the Double Run (DR) gauge station.
Overall, findings revealed watershed-level increases in monthly average sediment yield (34.40%),
surface runoff (24.95%), streamflow (16.86%), water yield (16.02%), baseflow (11.58%), and percolation
(3.40%), and decreases in monthly average evapotranspiration (ET) (3.52%). In conclusion, the BRW
SWAT model is promising for uncovering the hydrological impacts of LULCCs with opportunities for
further model improvement.

Keywords: hydrological response; land use and land cover change; SWAT model; Belize River
Watershed; SWAT-CUP

1. Introduction

Land use and land cover change (LULCC) from the growing demand for natural capital and
anthropogenic interference increasingly threatens ecosystems relied upon for human livelihoods
[1-3]. From 2001 to 2015, forest destruction led to a loss of 314 Mha of the world’s tree cover [4].
The leading cause of tree cover loss during this period was commodity-driven deforestation, which
accounted for approximately 27% of the global tree cover loss [4]. Deforestation related to forestry,
shifting agriculture, and wildfires were also significant contributors [4]. Previous research suggests
forests provide vital ecosystem services such as water quality regulation via nutrient and sediment
filtration [5-7], erosion control and runoff reduction [8-10], groundwater recharge facilitation [11,12],
and flood protection [13,14]. The replacement of forests for agricultural purposes can alter watershed
hydrological responses by changing evapotranspiration (ET) fluxes [15], streamflow quantity [16], and
nutrient and sediment loading [17,18].

Various scientific studies have investigated the impacts of LULCCs on watershed hydrological
responses. Répalo et al. [19] evaluated the effects of land cover and land use scenarios on streamflow
regimes in the Mortes River Basin, Brazil using the Model for Large Basins. This study found that
scenarios containing higher concentrations of agriculture and pasturelands led to increased maximum
flows and reduced minimum flows [19]. Sadhwani et al. [20] used the Soil and Water Assessment Tool
(SWAT) to analyze the impact of historical and future LULCCs on streamflow and sediment yield in
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the Periyar River Watershed, India. This study found increases in subwatershed-level surface runoff
and sediment yield due to expanding urban areas and reduced forest coverage and plantations [20].
SWAT was also used by Ware et al. [21] to determine LULCC impacts on watershed hydrology in the
Anyang Watershed, South Korea. Due to the expansion of agricultural lands, pasturelands, and urban
areas from 2000 to 2022, groundwater recharge in the catchment decreased over time [21]. The effects
of LULCCs on hydrological responses reported in the previous studies demonstrate the increasing
influence of human activities on watershed health and dynamics.

Belizean watersheds are indicative of the growing global trend in LULCC-related forest replace-
ment. Belize is a heavily forested Central American nation containing a large portion of protected
landscape; however, evolving land use and land cover trends threaten the health of the nation’s
watersheds. The Belize River Watershed (BRW) is the nation’s largest watershed, providing drinking
water to around one-third of the nation’s population [22]. Agricultural expansion has been identified
as a major threat to forests and water resources in the region due to deforestation, clear-cutting, sed-
imentation, and nutrient loading [22-28]. These activities threaten drinking water quality for rural
communities that rely upon rudimentary water filtration systems [24,29]. Agricultural and logging
demands for land and natural resources also put forests in protected areas at risk for deforestation and
degradation [22,23,25,30,31].

Improving the understanding of anthropogenic impacts on natural capital using hydrological
modeling is a growing field of research in Belize. Astmann et al. [29] employed SWAT to simulate the
transport of glyphosate, a common herbicide, in the BRW. Their simulation predicted elevated pesticide
concentrations in a downstream subwatershed containing a significant contributor of glyphosate to
the Belize River [29]. Cherrington et al. [24] employed the Non-Point Source Pollution & Erosion
Comparison Tool (N-SPECT) and SWAT to evaluate climate change and LULCC impacts on water
resources in Belizean watersheds. Their findings suggested that projected increases in deforestation
could lead to an 85.2% increase in surface runoff from 2010 to 2050 under a wetter future climate, or lead
to a 12.1% decrease in runoff during the same period under drier future conditions [24]. Martin-Arias
et al. [32] also used N-SPECT to identify the combined effect of projected LULCC and climate change
on runoff and sediment yield in Belizean watersheds. Results from this study suggested that reduced
projected deforestation in the BRW led to lower projected runoff volumes when isolated from climate
effects [32]. These studies present a foundation for hydrological modeling applications in the BRW but
provide further opportunities to explore the effects of LULCC on the watershed’s hydrological cycle.

Many studies have demonstrated the utility of SWAT for evaluating LULCC influences on hy-
drological responses in subtropical and tropical catchments [33-47]. Considering SWAT’s widespread
usage in watersheds of similar climates and the model’s range of customizability, the present study
was designed to assess the impact of LULCCs on hydrological responses in the BRW from 2000 to
2020 using SWAT. Hydrological components explored in this research include streamflow, water yield,
sediment yield, surface runoff, baseflow, ET, and percolation. The following three research objectives
were outlined for this study:

1.  Calibrate and improve the accuracy of the SWAT model using in-situ streamflow measurements
and the SWAT Calibration and Uncertainty Programs (SWAT-CUP);

2. Investigate the predominant land use and land cover patterns replacing forests in the BRW;

3.  Examine the changes in simulated hydrological responses at the watershed and subwatershed
levels between three annual land cover datasets (i.e., 2000, 2010, and 2020) and an alternative
2020 land cover scenario replacing agricultural lands in protected areas with evergreen forests.

To these authors” knowledge, the present study is the first SWAT study to investigate the impacts
of historical LULCC on hydrological responses focused on the full extent of the BRW. This study aims
to elucidate the influence of human activities on hydrological regimes and examine the significance
of protected areas for safeguarding vital forest stocks that stabilize hydrology in the region. The
present study contributes to the current field of SWAT research by quantifying the effects of LULCC on
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watershed hydrodynamics and building a foundation for water resource and sediment monitoring
using hydrological models in the region.

2. Materials and Methods
2.1. Study Area

The present study was conducted in the BRW (Figure 1) , a transboundary catchment between
Belize and Guatemala located between 17°58'N, 88°9'W and 16°25'N, 89°38'W. The BRW is the largest
watershed in Belize and encompasses an area of approximately 8,562 km?. The Belize River contains
headwaters from the Mopan River and Macal River tributaries. Mopan River originates in the western
foothills of the Maya Mountains in Belize, it stretches into Guatemala and its landscape is characterized
by large swatches of agriculture and steeper slopes along the Maya Mountains. The Macal River drains
from the Maya Mountains in western Belize and its catchment is heavily forested; however, forests
in this region face threats from resource extraction and agricultural incursions [30]. The Macal River
tributary also contains the Vaca, Mollejon, and Chalillo hydroelectric dams. Both rivers flow into the
Belize River near San Ignacio, Belize, and the Belize River then discharges into the Caribbean Sea north
of Belize City, Belize. Figure 1 depicts the extent of the BRW, its streams, and the associated dams.

The watershed’s climate is hot/humid and subtropical with distinct wet (May to November)
and dry (December to April) seasons. Annual rainfall for the BRW ranges from 1,600 mm to 2,500
mm, with higher amounts falling in its upper reaches [49]. Annual temperatures range from 25°C
to 38°C in the wet season and 16°C to 28°C in the dry season [49]. The watershed is largely forested
with significant portions of terrain under protection, particularly in its upper reaches. Agricultural
pressures are prevalent in the watershed’s upper Guatemalan reaches and its middle Belizean reaches.
Wetlands and mangroves can be found in the lower reaches of the watershed. Permanent and seasonal
wetlands are also found in Yaxha-Nakum-Naranjo National Park, Guatemala [48].

As the largest watershed in Belize, at least 40% of the Belizean population live within the bounds
of the BRW as of 2018 [50]. Over half of this population is rural [27,50]; however, there are various
population centers throughout the BRW including Belmopan city, San Ignacio, and Benque Viejo del
Carmen in Belize and Melchor de Mencos in Guatemala. Furthermore, a large Mennonite population
in Spanish Lookout, Belize conducts significant large-scale agricultural activities in the region [51].
The soils in the BRW are predominantly made of cambisols [52,53], are in a transitional stage of soil
development, between young soil and more mature soil[53]. However, soil characteristics are spatially
variable throughout the soil profile and the watershed. The siliceous soils of the Maya Mountains,
comprise Paleozoic metamorphic and volcanic rocks with granitic intrusion, these soils are acids and
highly erodible [26,49]. In the middle reaches, the Cretaceous limestones and dolomitas underlie
calcareous soils, these soils have better agricultural stability [26,49]. In the lower coastal reaches are
comprised of Pleistocene alluvium deposits with higher fertility [49].

2.2. The SWAT Model

The SWAT model is an open source, semi-physically based, continuous, semi-distributed hydro-
logical model first developed by the United States Department of Agriculture Agricultural Research
Service to model the impacts of management practices on watershed regimes [54]. The model has four
main data inputs: land use, soil classes, elevation, meteorological forcing such as precipitation, air
temperature, relative humidity /dewpoint temperature, wind speed, and solar radiation. The SWAT
model includes components to simulate watershed processes such as water cycling, sediment yield
and concentration, fertilizer and pesticide application, land management practices, nutrient cycling,
and plant growth. The hydrological balances in SWAT are simulated on three spatial scales: basin
level, sub-basin level, and hydrological response unit (HRU) level. HRUs are generated based on
areas that share similar characteristics in land use, soil type, and slope. These HRUs are assumed to
have homogeneous hydrological responses to changes in meteorological forcing. Generally, SWAT
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modeling can be performed at the daily, monthly, and annual temporal scales; however, some studies
demonstrate sub-daily capacities for SWAT modeling [55-57].
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Figure 1. Belize River Watershed (BRW) extent. Watershed elevation, stream network (i.e., reach), and hydroelectric
dams are depicted.

To simulate hydrological balances in watersheds, SWAT uses the following equation:

t
SWt = SVVO + Z(R - er —ET — Wseep - ng)/ (1)
i=1

where SW; is final soil water depth (mm H;O); SWj is initial soil water depth (mm H,O); t is time
(days); R is precipitation on day i (mm HO); Qs is surface runoff on day i (mm H,O); ET is ET on
day i (mm HyO); Wieep is percolation on day i (mm H,0); and Qg is the return flow /baseflow on day
i (mm H,O).

SWAT model calibration involves adjusting model inputs (i.e., model parameters) by comparing
simulated results with in-situ observations to improve model accuracy [58]. SWAT-CUP is a commonly
used software for calibration. Various versions of the software exist such as SWAT-CUP 2012, SWAT-
CUP 2019, SWATplus-CUP, and SWAT-CUP Premium. In this study, SWAT-CUP Premium was
utilized for model calibration. SWAT-CUP Premium contains two calibration algorithms: Particle
SWAT Organization (PSO) and SWAT Parameter Estimator (SPE) [59]. SPE is the successor to the
widely-used SWAT-CUP Sequential Uncertainty Fitting (SUFI-2) procedure, and various studies
have found SUFI-2 to adequately perform model calibration using observed streamflow in tropical
and subtropical catchments worldwide [29,35,41,43]. SPE is an iterative algorithm that uses a Latin
Hypercube program to sample parameters within preset ranges [59]. After sampling, the algorithm
maps the target parameters while attempting to capture the in-situ observations within the 95%
confidence interval (95PPU) of the simulated results [59]. The algorithm’s output, the 95PPU band,
is quantified and assessed using two statistics: p-factor and r-factor [59]. P-factor is the portion of
observed data points that fall within the 95PPU band, and r-factor is the width of the 95PPU band
[60]. These statistics may be used to perform uncertainty analysis in SWAT-CUP. Model performance
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in SWAT-CUP Premium can be assessed using 11 objective functions, or statistical measures, for
comparing simulated results with observed data points [59]. SPE differs from SUFI-2 in that it allows
for multi-objective functionality, where more than one objective function can be considered during the
iterative calibration process [59]. In this study, we used SPE for model calibration, as its predecessor
SUFI-2 has been successfully applied in various studies with similar catchment settings.

2.3. Data Acquisition and Preprocessing

Preprocessing of the spatial model inputs (i.e., digital elevation model (DEM), land cover, and soil
map) was performed in ArcGIS Pro Ver 2.9.8. All geospatial datasets were projected in the NAD 1927
UTM Zone 16N projection and a cell resolution of 300 m was used. Ancillary datasets for the stream
network, water bodies, protected area boundaries, and river stage were used for preprocessing and
model setup.

2.3.1. Elevation Data and Stream Network

Four void-filled Shuttle Radar Topography Mission (SRTM) DEM tiles at 90 m resolution were
collected from the United States Geological Survey’s (USGS) Earth Explorer for the elevation input
[61]. The ease of accessibility and widespread usage of the STRM DEM for LULCC SWAT analyses
made it an optimal candidate for elevation input in the BRW SWAT model [38,40,47,62,63]. To improve
the representation of rivers in the DEM, the hydrographic network was ‘burned into’ the DEM using
the methodology outlined in Cherrington [64]. That hydrographic network data was based on map
data provided by the U.K. Ordnance Survey, the Belize Land Information Centre, Mexico’s INEGI, and
Guatemala’s National Geographic Institute.

2.3.2. Soil Data

A global soil map was collected from the Harmonized World Soil Database (HWSD) Ver 1.2 in
the Food and Agriculture Organization of the United Nations (FAO) Soils Portal [53]. The HWSD is a
commonly used soil map for simulating hydrological dynamics like streamflow and sediment yield
with SWAT across global catchments [44,65,66]. The availability of the HWSD in SWAT format also
improves its applicability for SWAT modeling [67]. Soil characteristics from the HWSD were appended
to the SWAT User Soil Database to customize the model. Soil data for the topsoil (0 to 30 cm) and the
subsoil (30 to 100 cm) were manually input into the database. Table 1 shows the 15 soil classes in the
watershed and the percentage of watershed area representative of each class.

2.3.3. Land Cover and Protected Areas Data

Land cover data from the European Space Agency’s (ESA) Climate Change Initiative (CCI) was
used because of its large period of availability and its capacity to cover the transboundary expanse of
the study area. Land cover for 2000 and 2010 was acquired from Ver 2.0.7cds of the product, and land
cover for 2020 was acquired from Ver 2.1.1 of the product [68-70]. Land cover datasets were converted
to GeoTIFF format and clipped within a 2 km buffer of the watershed boundary. The land cover was
then reclassified to align with SWAT land use classes. Table 2 shows the reclassified land cover classes.

Protected area boundaries from Belize and Guatemala were collected from Protected Planet to
create the alternative 2020 scenario [71]. This scenario replaces agricultural cover within encroached
protected areas in the actual 2020 land cover with evergreen forest cover. This scenario was created to
understand the influence of forest cover in these areas on the watershed’s hydrology. Figure 2 shows
the boundaries of the protected areas considered in this study.
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Table 1. Harmonized World Soil Database (HWSD) soil classifications.

Primary Class HWSD Code Type Watershed Area

Cambisols 13386 CMv-CMe-LPk-VRe 2.29%
13387 CMd-ACh-LPk-LVx 13.37%
13389 CMd-FRu-FRh-ACh 2.90%
13392 CMe-GLm-LPk-LVx 17.40%
13395 CMv-CMe-ACf 6.41%
13397 CMx-CMv-CMe-LPk <0.01%
17016 CMv-CMe-LPk-VRe 0.32%
17017 CMd-ACh-LPk-LVx 5.40%
17019 CMd-FRu-FRh-ACh 1.42%
17037 CMv-CMe-ACf-CMx 1.88%
17039 CMx-CMv-CMe-LPk 11.06%
17040 CMe-CMd-CMg 0.05%
17041 CMv-CMe 9.13%

Gleysols 13388 GLe 253.44%
13393 GLe-PLe-HSs 0.04%
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Table 2. European Space Agency’s (ESA) Climate Change Initiative (CCI) land cover reclassification to Soil and
Water Assessment Tool (SWAT) land cover classes.

New SWAT Classification ESA CCI Classification ESA CCI Index
Agricultural Land-Generic (AGRL) Cropland, rainfed 10
Cropland, rainfed, herbaceous cover 11
Cropland, rainfed, tree, or shrub 1
cover
Mosaic cropland (>50%) / natural
vegetation (tree, shrub, herbaceous 30
cover) (<50%)
Mosaic natural vegetation (tree,
shrub, herbaceous cover) (>50%) / 40
cropland (<50%)
Tree cover, broadleaved, evergreen,
Forest-Evergreen (FRSE) closed to open (>15%) 50
Tree cover, needleleaved, evergreen, 70
closed to open (>15%)
Tree cover, mixed leaf type 90
(broadleaved and needleleaved)
. Tree cover, broadleaved, deciduous,
Forest-Deciduous (FRSD) closed to open (>15%) 60
Tree cover, needleleaved, deciduous, 30
closed to open (>15%)
Mosaic tree and shrub (>50%) /
Range-Bush (RNGB) herbaceous cover (<50%) 100
Shrubland 120
Range-Grasses (RNGE) Mosaic herbaceous cover (>50%) / 110

tree and shrub (<50%)
Grassland 130

Sparse vegetation (tree, shrub,

herbaceous cover) (<15%) 150
Wetlands-Forested (WETF) Esteeiover, flooded, fresh, or brackish 160
Tree cover, flooded, saline water 170
Wetlands-Non-Forested (WETN) ?1_}:;;3:;h};g})s;aeggzﬁalgéEOOdEd’ 180
Residential-Med/Low Density (URML) Urban areas 190
Water (WATR) Water bodies 210
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Figure 2. Boundaries of protected areas considered in the 2020 reforestation alternative scenario.

2.3.4. Meteorological Data

Precipitation, temperature, and relative humidity measurements were obtained from the National
Meteorological Service of Belize (NMSB) for sixteen manual and automatic stations across the BRW’s
Belizean side. Due to the uneven spatial distribution of the stations as well as data gaps in the
measured characteristics, it was necessary to incorporate the use of supplemental meteorological data
from institutional and public databases. Daily precipitation and temperature data were available on
the SWAT website from the Climate Hazards Group Infrared Precipitation with Stations (CHIRPS)
and the Climate Hazards Group Infrared Temperature with Stations (CHIRTS-daily) [72,73]. CHIRPS
and CHIRTS-daily were available in SWAT format and did not require preprocessing. Solar radiation
and wind speed data were required to calculate ET with SWAT. Solar radiation and wind speed
measurements were collected from the United States National Renewable Energy Laboratory’s Physical
Solar Model Ver 3 from the National Solar Radiation Database (NSRDB) [74]. Like the soil data,
preparation of meteorological data was also required for input into the SWAT database. Users can
input monthly period averages for weather stations in the SWAT Weather Generator (WGEN) for
long-term climate characteristics. Four manual stations in the watershed were selected for input
into the WGEN based on data availability: NMSB Central Farm station, NMS Belmopan station,
NMSB Punta Gorda International Airport (PGIA) station, and station SA_628835 from CHIRPS and
CHIRTS-daily. The CHIRPS/CHIRTS-daily station closest to the centroid of the BV drainage basin was
used to compensate for the absence of in-situ stations in that region. Solar radiation and wind speed
data for each WGEN station were aggregated into daily measurements for input into the database.
After the preparation of all meteorological variables, the monthly period averages (1990 to 2020) of
precipitation, minimum and maximum air temperature, solar radiation, relative humidity, and wind
speed were calculated for each WGEN station using the WGNmaker4 Excel macro from the SWAT
website [75]. Dewpoint temperature averages were derived in the WGNmaker4 Excel macro using
relative humidity from the NMSB stations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.3.5. Hydrological Data

Streamflow and river stage data from two gauge stations were used for calibration and validation
of the SWAT model: Double Run (DR) and Benque Viejo (BV). Streamflow and stage data were provided
by the National Hydrological Service of Belize (NHSB). The watershed boundary was delineated using
HydroSHEDS’ DEM [76]. Two water body datasets were collected: one for Belize from the Biodiversity
& Environmental Resource Data System of Belize (BERDS) and one for Guatemala from the World
Bank Data Catalog [77,78]. When applicable, water body data was necessary for designating the
fraction of reservoir/pond area and reservoir/pond volume for each subbasin in the SWAT project
database. In SWAT, reservoirs are defined as impoundments residing along the main river channel
of a subbasin [79]; in contrast, ponds are defined as subbasin impoundments located outside of the
main channel [79]. Reservoirs and ponds may represent sinks for water flow in the catchment, and
the inclusion of reservoirs and ponds in the SWAT model is significant for adequate simulation of
streamflow contribution. The surface areas of reservoirs and ponds were available from the water body
datasets; however, water body volume was unavailable. To calculate volume, depths were assumed
using similar aquatic ecosystems from Pérez et al. [80], which surveyed water bodies across Mexico,
Guatemala, and Belize. These assumed depths and the available surface areas were multiplied to
calculate total reservoir/pond volumes.

2.4. SWAT Model Setup

For model setup, ArcSWAT 2012 in the ArcGIS Ver 10.8.2 interface was used. The setup methodol-
ogy described below was repeated for the annual land cover datasets (2000, 2010, and 2020) and the
2020 reforestation scenario. These datasets are hereby referred to as LC2000, LC2010, LC2020, and
LC2020PA, respectively. The first step was watershed delineation, which denotes the watershed’s
boundary and the boundaries of its associated subbasins (see Figure 3). For the elevation input, the
preprocessed DEM was selected in the Watershed Delineation interface. A rasterized mask of the
watershed boundary was selected to guide the watershed boundary delineation, and flow direction
and flow accumulation were calculated by the model. After these steps, a streamflow network and
outlet points were delineated. Outlet points were manually delineated for DR and BV to represent each
station. The main outlet of the watershed was selected, after which the entire watershed boundary
and its subbasins were delineated. Twenty-six subbasins were defined and the total watershed area
was calculated as 8,743.23 km?2. After watershed delineation, two reservoirs were specified: Jones
Lagoon in subbasin two and Spanish Creek and Northern Lagoon in subbasin three. Figure 3 shows
the boundary and subbasins of the BRW as delineated in ArcSWAT.

Next, subbasins were divided into HRUs. Lookup tables were created to reclassify land cover
and soil types for HRU generation. Three slope classes were defined: 0-10% for gentle slopes, 10-25%
for moderate slopes, and >25% for steep slopes. The four land cover datasets used in this research
are shown in Figure 4. The distribution of soil types and slope classes is shown in Figure 5. HRU
thresholds may be applied to combine smaller HRUs below the thresholds with larger HRUs. For this
study, no thresholds were specified to preserve the greatest detail in HRU generation.
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Figure 3. BRW boundary and subbasins ArcSWAT delineation.

Next, weather inputs were selected. Two types of weather stations can be defined for subbasins:
individual weather stations and WGEN weather stations. Individual stations provide direct mea-
surements of meteorological characteristics, and WGEN stations provide monthly period averages of
climatic characteristics to interpolate missing weather data. For each station type, SWAT selects the
station closest to a subbasin’s centroid to represent its weather conditions. Twenty-six CHIRPS and
CHIRTS-daily stations containing daily precipitation and temperature measurements were selected,
and WGEN stations were defined for each subbasin.

The Priestley-Taylor method was used to calculate potential ET (PET). Previous literature suggests
that the Priestley-Taylor method is satisfactory for calculating PET in humid regions [81,82]. Priestley-
Taylor PET is calculated using the following equation:

A
AMETy=a-——— - (Hy—G), 2
0 Ato (HN —G) 2)
where A is latent heat of vaporization (MJ/kg); ETj is potential ET (mm/day); « is a coefficient
(« = 1.28); A is the slope from the saturation vapor pressure-temperature curve, de/dt (kPa/°C); v
is the psychrometric constant (kPa/°C); Hy the net radiation (M]/ m?2/ day); and G is the heat flux
density to the ground (MJ/m?/day).
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Figure 4. (a) Annual land cover from 2000 (LC2000), (b) annual land cover from 2010 (LC2010), (¢) annual land
cover from 2020 (LC2020), (d) alternative 2020 land cover scenario (LC2020PA).
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Figure 5. (a) Soil map, (b) slope classes.

To calculate surface runoff, the initial runoff curve number (CN2) was calculated as a function of
ET to reduce the overprediction of runoff in the default model. The SWAT Theoretical Documentation
provides more information about the PET and CN2 methods [82]. Monthly simulations were performed
for all land cover datasets from January 1, 2000, to December 31, 2020. Seventeen warm-up years
were specified to ensure proper water cycling in the model before the period of interest, utilizing data
available from the CHIRPS and CHIRTS-daily stations for the years 1983 to 1999.

2.5. Model Calibration and Validation

The present model was calibrated on streamflow measurements from BV, represented by the
subbasin 17 outlet point. This gauge station was selected for calibration because no major dams exist
within its drainage basin. Dam activities may cause unnatural influences on streamflow, providing a
challenge for streamflow calibration. Therefore, only parameters in the seven subbasins draining into
BV were altered during calibration. The model was calibrated from January 1, 2000, to December 31,
2006. SWAT calibration was performed using the SPE algorithm and its multi-objective functionality
in SWAT-CUP Premium. Multi-objective functionality was used to consider three objective functions
during SPE iterations: the coefficient of determination (R?), the Nash-Sutcliffe efficiency (NSE), and the
percent bias (PBIAS). R? ranges from 0 to 1 and measures the proportion of variance between observed
measurements and modeled results [58]. R? values closer to 1 represent a better correlation between
the observed and simulated data [58]. NSE ranges from -co to 1 and measures the fit of the observed
versus the simulated data to the 1:1 line by comparing residual and observed data variances [58,83].
NSE values closer to 1 represent a better agreement between the observed and simulated data [58].
PBIAS ranges from -co to +co and measures the average deviation between the observed and simulated
data points [58]. Negative PBIAS represent an overestimation bias and positive PBIAS represent an
underestimation bias [58]; however, values closest to 0 are most desirable [58]. Table 3 was adapted
from Houshmand Kouchi et al. [84] and Moriarsi et al. [58] and shows the model performance ratings
for RZ, NSE, and PBIAS used to assess the SWAT simulation in this study.
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Table 3. Coefficient of determination (R?), Nash-Sutcliffe efficiency (NSE), and percent bias (PBIAS) performance
ratings used for model evaluation [58,84].

Rating R? NSE PBIAS
Very good 0.75 < R> < 1.0 0.75 < NSE<1.0 PBIAS < £10
Good 0.65 < R? < 0.75 0.65 < NSE <0.75 +10 < PBIAS < £15
Satisfactory 0.50 < R?2 < 0.65 0.50 < NSE <0.65 +15 < PBIAS < £25
Unsatisfactory R% < 0.50 NSE <0.50 PBIAS > £25

The following equations show how R2, NSE, and PBIAS were calculated:

[T (@ - o) (s - o)

R? = J0<RP<1, 3)
[ n 1(qus — Qobsy2. yn 1(Q§im _ Qsim)Z} = <
= 1 = 1
n obs __ sim)2
NSE:l—[ lzl(le Q;) ];—oo<NSE<1, (4)
?:I(Q? s __ Qobs)z
n sim __ obsy . 100
PBIAS = i=1(Q; Qi) ];—oo < PBIAS < oo, (5)

1 (Q7)

where Q?bs is the ith observed streamflow measurement, Q% is average observed streamflow, Q' is

the ith simulated streamflow measurement, Q% is average simulated streamflow, and # is the total
count of streamflow measurements.

The calibration methodology used in this study generally follows the steps outlined in Abbaspour
et al. [85] who suggested applying parameter regionalization techniques to determine relevant model
parameters. To determine the calibration parameters, 17 hydrologically influential parameters were
selected for sensitivity analyses in SWAT-CUP Premium. Sensitivity analyses were used to determine
the degree of model output change based on model inputs [58]. The most sensitive parameters were
selected by performing four sensitivity analyses using parameter subsets based on the hydrological
processes they impact. The categories for these subsets were ET, groundwater, surface runoff, and
soil water. Parameters are considered sensitive when their p-value is less than 0.05 [59]. Large t-
stat values are also indicative of a sensitive parameter [59]. Sensitive parameters are more likely to
influence streamflow agreement between the simulated and observed measurements. Based on the
four sensitivity analyses, the 11 parameters shown in Table 4 were selected for calibration.

The initial parameter ranges for the first SWAT-CUP Premium iteration are shown in Table 5. An
iteration characterized a set of 500 model simulations and new parameter ranges were selected after
each consecutive iteration. Every parameter aside from CANMX was calibrated across all soil types,
land uses, and slope classes. Parallel processing functionality was utilized in SWAT-CUP Premium to
decrease the processing time of the SWAT-CUP Premium iterations [86]. Subsequent iterations were
performed until a satisfactory simulation was achieved based on the model performance ratings.

To validate the model, streamflow measurements from DR and BV were used. Despite influences
from the Chalilo, Mollejon, and Vaca dams, DR is closest to the river’s mouth and represents streamflow
contributions from most of the watershed’s drainage area. DR was represented by flow out of subbasin
four. In this study, validation at DR was used to determine if the parameters and their fitted values
determined during BV calibration could be used to accurately simulate downstream flow. The
validation period for BV and DR was January 1, 2007, to December 2013.
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Table 4. Model parameters used in calibration.
Parameter Definition Process Range Default
GW_DELAY ~Croundwater Groundwater 31 0-500
delay time
Threshold shallow
GWQMN aquifer depth for Groundwater 1,000 0-5,000
return flow
occurrence
Groundwater Groundwater;
GW_REVAP re-evaporation Evapotranspira- 0.02 0.02-0.2
(revap) coefficient tion (ET)
Threshold shallow
aquifer depth for
REVAPMN revap or deep Groundwater; ET 750 0-1,000
aquifer
percolation
Deep aquifer
RCHRG_DP  percolation Groundwater 0.05 0-1
fraction
CANMX Maximum canopy ET 0 0-10
storage
CN2 Initial runoff curve Surface runoff 25-9212 35-98
number
SOL_Z Soil layer depth Soil water 300-1,000* 0-3,500
SOL_BD Moist bulk density Soil water 1.22-1.65' 0.9-2.5
soL_awc ~ Available water Soil water 0.015-0.15! 0-1
capacity of soil
Saturated
SOL_K hydraulic Soil water 0.6-210" 0-2,000
conductivity

! Default range is based on spatial inputs.

2 Certain land uses and hydrologic groups may have generated CN2 values lower than 35 (e.g., Evergreen forests (FRSE) with

hydrologic group "A".)

To validate the model, the model’s parameters were fitted during the calibration process. The

primary soil class of the BV drainage basin was cambisols; therefore, soil parameters of soil types with

the primary class of gleysols were not changed in the greater watershed.
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Table 5. Initial parameter ranges.

Type of Change Parameter Minimum Maximum
Replace ! GW_DELAY.gw 0 500
GWOMN.gw 0 5,000
GW_REVAP.qw 0.02 0.2
REVAPMN.gw 0 1,000
RCHRG_DP.gw 0 1
CANMX.hru 0 100
Relative 2 CN2.mgt -0.5 0.07
SOL_Z().sol 0 1.5
SOL_BD().sol -0.1 0.15
SOL_AWC().sol -0.5 0.5
SOL_K().sol -0.5 -0.5

! Default parameter was replaced by fitted parameter value.
2 Default parameter was multiplied by the fitted parameter value plus one.

2.6. Spatial Analysis of LULCCs Leading to Forest Cover Loss

To detect the spatial changes in land cover, a LULCC analysis was performed using the Change
Detection Wizard in ArcGIS Pro Ver 3.3.0. The main LULCC of interest was the conversion of forest
classes (i.e., evergreen forests, deciduous forests, and forested wetlands) to some other non-forest class.
Annual land cover datasets were entered into the wizard in pairs. First, LC2000 and LC2010 were
input to reveal forest cover losses during the first 10 years of the study period. A dataset containing the
changes for that period was then produced. This process was repeated to reveal the spatial distribution
of forest cover replacement from LC2010 to LC2020, LC2020 to LC2020PA, and LC2000 to LC2020PA.
The Identity geoprocessing tool was used to overlay the change detection datasets with the BRW
subbasins to distinguish LULCCs by subbasins. In the overlaid datasets from the Identity tool, the
area in square kilometers of each unique land conversion was calculated using the Calculate Geometry
Attributes geoprocessing tool. The area of each unique land conversion was then aggregated for the
entire watershed and by subbasin.

2.7. Analysis of Modeled Results

To determine the impacts of forest cover loss from LULCC on hydrological dynamics, the SWAT
outputs for all four land cover simulations were analyzed on the monthly timescale from 2000 to 2020
using Microsoft Excel. For each scenario, the period averages of targeted hydrological dynamics for
every month (i.e., January, February, etc.) were calculated and compared. For the entire watershed, the
hydrological dynamics considered in this study were streamflow, water yield, sediment yield, surface
runoff, ET, percolation, and baseflow. Three case studies were completed to analyze the localized
impacts of forest cover loss on hydrological dynamics. For these case studies, three subbasins were
selected matching the following characteristics:

1.  The subbasin with the most absolute change in forest cover area from LC2000 to LC2020. This
subbasin was selected to identify the hydrological impacts of forest cover loss on the watershed
region experiencing the most deforestation;

2. The subbasin with the most relative change in forest cover area from LC2000 to LC2020. This
subbasin was selected to quantify the magnitude of localized hydrological impacts resulting from
forest cover loss;

3. The subbasin with the most relative change in forest cover areas from LC2020 to LC2020PA.
This subbasin was selected to understand the degree to which reforestation of agricultural
encroachments in protected areas can alter local watershed hydrology.
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The target hydrological dynamics for subbasin analyses were water yield, sediment yield, surface
runoff, ET, percolation, and base flow. Water yield is defined as the contribution of water to streamflow
from surface runoff, baseflow, and lateral flow without pond abstractions [79], and this variable
was used as a proxy for streamflow at the subwatershed level. Monthly period averages of each
hydrological variable were calculated for each case study.

3. Results and Discussion
3.1. Model Performance and Evaluation

The SWAT model was calibrated on in-situ streamflow from the BV gauge station (subbasin
17). The calibration (2000 to 2006) was performed using monthly average streamflow. To calibrate
the model, the chosen parameters were modified within their initial ranges using the iterative SPE
algorithm until a satisfactory simulation was achieved in the fifth iteration. Table 6 shows the final
ranges and fitted values for each chosen parameter.

The final sensitivity analysis is shown in Table 7. The most sensitive parameters in this study were,
in order, SOL_K, GW_REVAP, and REVAPMN. These findings suggest that parameters controlling
soil water, groundwater allocation, and ET are sensitive in the present model. Table 8 compares
the parameter sensitivities of the current model to other SWAT models in subtropical and tropical
watersheds. The parameters selected for calibration in this study have been determined as sensitive
in other tropical and subtropical studies; however, the final sensitivity analysis of the present model
differs from findings in previous studies. Other studies typically found CN2, which governs surface
runoff, to be highly sensitive in tropical and subtropical watersheds.

Table 6. Final parameter ranges and fitted parameters.

Type of Change Parameter Minimum Maximum Fitted Value
Replace GW_DELAY.gw 126.866882 235.198151 159.6913
GWQMN.gw 1,711.613525 3,352.55542 2,162.8726
GW_REVAP.gw 0.148301 0.182767 0.1774
REVAPMN.gw 601.774048 738.796509 674.2589
RCHRG_DP.qw 0.118389 0.451293 0.2552
CANMX.hru 70.779625 90.262688 81.281
Relative CN2.mgt -0.328869 -0.202067 -0.2374
SOL_Z().sol 0.83301 1.008222 0.9211
SOL_BD().sol -0.005726 0.039196 0.0246
SOL_AWC().sol 0.567389 0.861893 0.831
SOL_K().sol -1 -0.810555 -0.9627
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Table 7. Final sensitivity analysis.

Parameter Rank t-Stat P-Value
SOL_K().sol 1 -25.19 0
GW_REVAP.qw 2 2.45 0.01
REVAPMN.gw 3 -2.03 0.04
RCHRG_DP.gw 4 -1.99 0.05

CANMX.hru 5 1.91 0.06
SOL_BD().sol 6 -1.86 0.06
CN2.mgt 7 1.70 0.09
SOL_AWC().sol 8 -1.57 0.12
GW_DELAY.gw 9 0.95 0.34
GWQMN.gw 10 0.91 0.36
SOL._Z().sol 11 0.07 0.95

In the present study, the inclusion of the somewhat uncommon cited ET parameter CANMX
may have resulted in opposing parameter sensitivities typically observed in previous studies. During
the calibration process, HRUs containing only evergreen forests were calibrated for CANMX based
on findings from Jetten [87]. Jetten [87] determined that dry, evergreen forests in tropical Guyana
intercepted around 17.3% of precipitation. Only HRUs covered by evergreen forests were selected
for CANMX and CANMX depths in HRUs with other land cover types were not calibrated due
to insufficient information about canopy storage and land cover class aggregation. The increase in
CANMX in the calibrated model alters the water fluxes for soil water, groundwater, surface runoff,
and ET; thereby, altering the interactions between model parameters dissimilarly to other models that
do not incorporate CANMX.

Table 8. Rank of parameter sensitivity comparison with other SWAT studies in tropical and subtropical catchments.
It should be noted that the other studies listed may have differing amounts of parameters than the present analysis.

Belize River Belize River Langat River Xixi Watershed Bak Nong River
Watershed Watershed Watershed Watershed
Belize Belize Malaysia China Vietnam

Parameters Present Study Astmann [29] Khalid et al. [35] Lin et al. [37] Ngu)[rgl] etal.
SOL_K().sol 1 - 9 5 4
GW_REVAP.qw 2 8 10 8 8
REVAPMN.gw 3 9 15 - 11
RCHRG_DP.gw 4 12 14 1 6
CANMX.hru 5 - - - -
SOL_BD().sol 6 - 20 - -
CN2.mgt 7 1 1 3 1
SOL_AWC().sol 8 5 2 10
GW_DELAY gw 9 4 2 6 9
GWQMN.gw 10 2 21 - 7
SOL_Z().sol 11 - 18 - -

SWAT model validation was performed using monthly in-situ streamflow averages from BV
and DR. Figure 6 compares the observed and simulated streamflow values from DR and BV during
the calibration and validation periods. The monthly comparison between observed and simulated
streamflow at BV shows satisfactory agreement between the in-situ and modeled streamflows during
calibration and validation. The monthly streamflow comparison at DR shows somewhat satisfactory
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agreement between the observed and simulated streamflow from 2007 to 2013. See Table 3 for the
performance ratings used to evaluate the SWAT simulation in this study.

Table 9 presents the statistical results for R?, NSE, and PBIAS at BV and DR during the calibration
and validation periods. At BV, the results for R?, NSE, and PBIAS were found satisfactory during the
calibration and validation periods. For DR, R? and NSE were satisfactory during validation. PBIAS
was just below the satisfactory threshold from 2007 to 2013.

Calibration and validation were limited by the availability of in-situ measurements. Streamflow
data from the BV was unavailable from 2014 to 2020, limiting the duration of model calibration and
validation during the study period. Direct measurements of other hydrological components like
ET, groundwater fluxes, and surface runoff were also unavailable, requiring these processes to be
inferred from available streamflow measurements. Furthermore, integrating dam inflow and outflow
data could improve the simulation accuracy of the present model. Reservoirs can alter downstream
hydrological regimes and alter downstream flow patterns [88], and dam integration could reveal
currently unaccounted streamflow regimes. Multi-gauge calibration is also recommended for larger
watersheds. Using multiple gauges for calibration and validation would promote a more predictable
streamflow uncertainty and capture more streamflow variation [§9-91]. Previous research in Latin
America demonstrated the potential for gathering time-series sediment concentration using satellite

imagery [92-94]. These methods could be explored for their applicability in the BRW for calibration
and validation.
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Figure 6. (a) BV calibration and validation, (b) DR validation.
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Table 9. Statistical results for Benque Viejo (BV) and Double Run (DR) gauge stations.
2000 to 2006 2007 to 2013
Gauge Station R? NSE PBIAS R? NSE PBIAS
BV Calibration Validation
(Subbasin 17) 0.74 0.59 -17.96% 0.66 0.58 7.32%
DR Calibration Validation
(Subbasin 4) - - - 0.63 0.51 27.85%

3.2. Trends in LULCC
3.2.1. Watershed-Level Trends

In this study, the total forest cover extent in the BRW declined from 71.38% (6,240.60 km?) in 2000
to 60.65% (5,302.44 km?) in 2020 Table 10. These figures translate to an absolute loss in forest cover
area by 938.16 km? and a relative decrease in forest cover area by 15.03% during the study period. The
average forest cover loss rate from 2000 to 2020 was approximately 46.91 km?/yr. Temporally, the
average rate of forest cover loss was higher from 2000 to 2010 (61.89 km?2/ yr) compared to 2010 to 2020
(31.92 km/yr). Agricultural expansion was identified in this study as the most predominant cause
of forest cover replacement in the watershed from 2000 to 2020. Figure 7 shows that 66.79% (626.59
km?) of the total forest cover loss from 2000 to 2020 could be attributed to agricultural deforestation.
The portion of forest cover lost due to agricultural expansion was greater from 2000 to 2010 (73.41%)
compared to 2010 to 2020 (53.95%) (Figure 7). The second most prevalent LULCC contributing to forest
cover loss in the BRW was forest degradation into shrublands. Figure 7 reveals that 28.40%, or 266.41
km?, of forest extent lost during the study period resulted from forest degradation into shrublands. The
third most prevalent cause of forest cover loss was forest degradation into grassland, which consisted
of 4.74%, or 44.50 km?, of total forest cover lost from 2000 to 2020. According to the results shown in
Figure 7, forest conversion to urban areas or non-forested wetlands was relatively small during the
study period. These findings corroborate with previous literature identifying agricultural expansion
as a growing pressure on forested habitats and resources in the watershed [22-28]. Deforestation
for agricultural purposes is common in the upper Guatemala reaches and middle reaches of the
watershed [22,23,25]. Furthermore, denser populations in these regions put forests in these regions
at higher risk of deforestation or degradation through logging, clear-cutting, and urban expansion
[22]. LC2020PA was implemented to assess the influence of forest cover in these areas on watershed
hydrological responses. Table 11 lists the portion of protected area extent converted to evergreen
forests. Montarias Mayas Chiquibul was the protected area with the greatest increase in evergreen
forest cover in LC2020PA. When applying this scenario, Table 10 shows that the total portion of BRW
forest cover extent increased from 60.65% in LC2020 to 67.56% in LC2020PA. Significant portions of
agricultural extent particularly in the upper Guatemalan regions of the watershed, were converted to
evergreen cover. These findings provide implications for the effectiveness of protected areas in the
region to safeguard against negative impacts on forest habitats from anthropogenic activities. The
aggregation of ESA CClI land cover classes into simplified classes limited the representation of certain
land covers in the study. All ESA CCI land cover classes representing croplands were aggregated,
potentially leading to the overestimation of crop cover and the underrepresentation of forest cover.
Furthermore, the coarser resolution of the ESA CCI global land cover may not capture smaller-scale
land uses such as milpa cultivation. These are traditional intercropping systems encompassing an
average area of 0.3 ha [95]. Pasturelands were also unclassified in the ESA CCI land cover dataset;
therefore, pastures were indistinguishable from other land uses. Splitting agricultural classes into
smaller crop or pasture classifications could be used to improve the present approach as seen in
Astmann [96].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1343.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2025 d0i:10.20944/preprints202505.1343.v1

20 of 34
Table 10. Total forest cover extent for LC2000, LC2010, LC2020, and LC2020PA.
Scenario Total Area (Forest Cover Change) Watershed Portion (Relative Change)
LC2000 6,240.60 km? 71.38%
LC2010 5,621.67 km? (-618.93 km?) 64.30% (-9.92%)
LC2020 5,302.44 km? (-319.23 km?) 60.65% (-5.68%)
Period Total (-938.16 km?) (-15.03%)
LC2020PA 5,906.97 km? (+604.53 km? ") 67.5% (+11.40% *)
* Values representing the change from LC2020 to LC2020PA.
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Figure 7. Portion of subbasin 10 forest cover loss replaced by other land cover types.
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Table 11. Protected areas summary and the portion of protected areas reforested.

. . Management % Reforested
Country  Name Status Year Designation Authority Area
National
Belize Caracol 1995 Archaeological  Institute of 8.36
Reserve Culture and
History
Forest
Department /
Chiquibul 1991 National Park Friends fOI.. 0.22
Conservation
and
Development
Forest
s Department /
Crooked Tree 1984 gﬂﬂgﬁr Belize 2.50
y Audubon
Society
Labouring S Forest
Creek Jaguar 2011 g\hldilfer Department/ 4.92
Corridor anctuary PANTHERA
Mountain Pine Forest
Ridge 1959 Forest Reserve Department 8.79
Nojkaaxmeen Forest
) . 2001 National Park ~ Department / 4.02
Eligio Panti .
Itzama Society
Sibun 1959 Forest Reserve Forest 0.53
Department
Forest
Department /
Spanish Creek 2002 Wildlife Rancho Dolores 0.38
Sanctuary Environmental
Development
Group
Vaca 1991 Forest Reserve Forest 1.37
Department
- National
Montafias Biosphere Council for
Guatemala  Mayas 1995 P 30.72
Chiquibul Reserve Protected Areas
q (CONAP)
San Romén 1995 Biological CONAP 11.46
Reserve

3.2.2. Case Study One: Subbasin With the Most Absolute Forest Change

Figure 8 depicts the absolute area of forest cover loss by subbasin and reveals that subbasin 10

experienced the most absolute forest cover loss of all subbasins. From 2000 to 2020, Figure 8 shows
that subbasin 10 lost 172.49 km? of forest cover from LULCCs. The rate of forest cover loss in subbasin
10 increased from 7.59 km?2/ yr from 2000 to 2010 to 9.66 km?2/ yr from 2010 to 2020. Similar to the
LULCC trends in the greater watershed, Figure 9 shows that agricultural expansion was the leading

LULCC resulting in forest cover loss in subbasin 10. About 87.97% of forest cover lost during the study

period was caused by agricultural expansion (Figure 9).

Subbasin 10 falls within the middle reaches of the watershed and this region is characterized by

agricultural activities such as livestock farming and crop cultivation for sugarcane, grain, and citrus
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[22,28]. Furthermore, Spanish Lookout falls partially with subbasin 10. Agricultural activities from this
community contribute significantly to the Belizean economy; however, these activities also contribute
to expansive land clearing and degradation [27,51]. The agricultural trends in subbasin 10 identified in
this study agree with previously discussed regional literature.

3.2.3. Case Study Two: Subbasin With the Most Relative Forest Change

Figure 10 shows the relative change in forest cover area by subbasin from 2000 to 2020, and
subbasin 16 experienced the greatest relative change in forest cover of all subbasins. The total area
of forest cover in subbasin 16 decreased from 152.28 km? in 2000 to 79.92 km? in 2020, constituting a
nearly 50% relative decrease in forest area over the study period. The rate of forest cover loss decreased
temporally from 6.14 km?/yr from 2000 to 2010 to 1.10 km?/yr from 2010 to 2020. Opposing the
general LULCC trends previously identified, forest replacement with shrublands was identified as the
leading cause of forest cover loss in subbasin 16 (Figure 11). From 2000 to 2010, the portion of total
replaced forest cover replaced by shrublands was 67% (Figure 11). This portion increased to 83% of
forest cover losses from 2010 to 2020 (Figure 11).
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Figure 8. Total area (km?) of forest cover replaced by other land cover types by subbasin from 2000 to 2020.
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Figure 9. Portion of subbasin 10 forest cover loss replaced by other land cover types.
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Subbasin 16 falls within the upper Belizean reaches of the BRW and contains a significant portion
of the Mountain Pine Ridge Forest Reserve. This region faces a variety of natural and anthropogenic
threats to local forests. Various studies and reports have reported increased tree mortality and
disturbances in forest habitats resulting from beetle infestations [97-100]. Forest fires and hurricane
damage may also provide potential natural causes of forest cover loss from degradation [101,102].
Previous studies also suggest that high road connectivity in the Mountain Pine Ridge Forest Reserve
provides increased access to forest resources, which may put the region at higher risk for forest
degradation [30,31]. The reported natural and anthropogenic activities may elucidate the drivers
behind the LULCC trends observed in subbasin 16.

10% -

+2.49
0op 11483 0 +1.17
(J

-10%
-20%
-30% -

-40%

-50% -47.52

Relative change in forest cover area by subbasin

-60%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Subbasin

Figure 10. Relative change in forest cover extent by subbasin from 2000 to 2020.
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Figure 11. Portion of subbasin 16 forest cover loss replaced by other land cover types.

3.2.4. Case Study Three: Subbasin With the Most Relative Forest Change in LC2020PA

Figure 12 depicts the relative change in LC2020 forest cover area when implementing LC2020PA
by each subbasin. Subbasin 19 was the subbasin with the largest relative change in forest cover
in this scenario, increasing relatively by 89.77% from 2000 to 2020. The extent of evergreen forests
increased from 49.87% of the subbasin’s total area in LC2020 to 94.63% in LC2020PA. Reforestation
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of the [protected area] is behind the increase in forest cover area in the subbasin. This subbasin falls
within the upper Guatemalan reaches of the watershed, which is characterized by high agricultural
activity and denser populations than downstream reaches. Encroachment into protected areas in this
region for agriculture and resource provision has been reported in this region [22,25].
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Figure 12. Relative change in forest cover extent by subbasin from LC2020PA to LC2020PA.

3.3. Hydrological Responses to LULCC
3.3.1. Watershed-Level Responses

To isolate the impacts of LULCCs from the impacts of precipitation variation on hydrological
response, the period averages (2000 to 2020) were calculated and compared for each land cover
scenario. Table 12 depicts the relative changes in monthly averages of hydrological components for the
watershed. This study found that the average monthly streamflow out of the BRW increased by 16.86%
from 2000 to 2020 Table 12. Temporally, the average monthly streamflow experienced a greater relative
change (12.22%) from 2000 to 2010 compared to the change (4.14%) from 2010 to 2020. This change is
likely influenced by the larger rate of forest cover loss from 2000 to 2010 compared to 2010 to 2020.
When implementing LC2020PA, the average monthly streamflow from LC2020 decreased by 11.67%. If
agricultural lands were replaced by evergreen forests in 2020, the mean average streamflow would
increase by 3.23% from 2000 to 2020. Therefore, the addition of evergreen forests within protected areas
would mitigate some of the change in streamflow that has been experienced by the watershed. Table 12
shows that the components with the greatest relative change in their hydrological responses were
sediment yield (+34.40%) and surface runoff (+24.95%). The components that had the least relative
change over the study period were ET (-3.52%) and percolation (+3.40%). When the LC2020 is replaced
by LC2020PA, sediment yield, and surface runoff have the greatest relative changes between the actual
and alternative scenarios. ET and percolation in the watershed had the smallest relative change when
the scenario was implemented by +2.32% and -0.77%, respectively.
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Table 12. Relative change in monthly average hydrological responses for the BRW.

(BRW) Annual Land Cover Alternative Land Cover

LC2000 LC2010 LC2000
Component to to to LC2020 to LC2020PA  LC2000 to LC2020PA

LC2010 LC2020 LC2020
Streamflow +12.22%  +4.14%  +16.86% -11.67% +3.23%
Water Yield +11.04%  +4.48%  +16.02% -11.22% +3.00%
Percolation +1.76% +1.61% +3.40% -0.77% +2.60%
ET -2.30% -1.25% -3.52% +2.32% -1.28%
Runoff +18.28%  +5.64% = +24.95% -18.66% +1.63%
Baseflow +5.35% +56.91%  +11.58% -2.47% +8.82%
Sediment Yield | +27.65%  +5.29%  +34.40% -45.18% -26.32%

Based on previous literature, groundwater recharge, to which percolation contributes significantly,
is expected to decrease in deforested regions [11,12]. The hydrological response of percolation in this
study opposed the expected response. Overestimation of CANMX by evergreen forests may have led
to the underestimation of percolation in forested HRUs. To combat this limitation, a lower CANMX
could be selected in the default model for future models. Increases in streamflow corroborate with
findings from previous SWAT studies in tropical and subtropical catchments that found that streamflow
increased due to deforestation and agricultural expansion [34,36,40,46]. Moreover, studies of Belizean
watersheds have suggested that surface runoff will increase due to deforestation and agricultural
expansion [24,32]. Forest degradation and removal have led to increased erosion and reduced water
quality in the BRW [22], and the current study has found increased volumes of runoff to be directly
correlated to increased forest cover loss and increased sediment yield. Results from this study suggest
the capacity of the BRW to capture water has been negatively impacted by LULCC. Reforestation in
protected areas has the potential to mitigate some of the hydrological changes experienced by the
watershed. The reforestation of agricultural areas scenario primarily affected Guatemalan protected
areas in the steeper, upper reaches of the watershed. This finding highlights the importance of forest
cover in the watershed’s upper reaches.

3.3.2. Case Study Responses

Subbasin case studies were used to understand how land cover trends in the BRW have impacted
hydrological responses at smaller scales. Subbasin 10 was identified as the subbasin with the largest
absolute loss of forest extent in the watershed, primarily caused by agricultural expansion. Sediment
yield was the hydrological component with the largest relative change (+354.73%) from 2000 to 2020
(Table 13). Water yield, the proxy for streamflow, increased by 65.70% due to LULCCs experienced
in the subbasin during the study period (Table 13). Surface runoff and baseflow also experienced
substantial increases from 2000 to 2020. Contrastingly, ET had the smallest relative change in the

subbasin.

Table 13. Relative change in monthly average hydrological responses for the subbasin 10.
(Subbasin 10) Annual Land Cover
Component LC2000 to LC2010 LC2010 to LC2020 LC2000 to LC2020
Water Yield +28.88% +28.58% +65.70%
Percolation +8.13% +8.02% +16.80%
ET -4.10% -5.48% -9.36%
Runoff +46.68% +46.07% +114.26%
Baseflow +37.72% +25.09% +72.28%
Sediment Yield +151.12% +81.08% +354.73%
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Subbasin 16 represents the subbasin with the greatest relative change in forest cover extent due to
LULCCs over the study period. The predominant vehicle of forest cover loss in the subbasin was forest
degradation into shrublands. Monthly average water yield in the subbasin increased by 44.36% due to
the LULCCs experienced over the study period (Table 14). Of the hydrological components, monthly
average sediment yield experienced the greatest relative change (+537.84%) (Table 14). Baseflow and
surface runoff also experienced significant increases. Percolation had the smallest relative change at

+3.40%.

Table 14. Relative change in monthly average hydrological responses for the subbasin 16.
(Subbasin 16) Annual Land Cover
Component LC2000 to LC2010 LC2010 to LC2020 LC2000 to LC2020
Water Yield +37.68% +4.86% +44.36%
Percolation +2.75% +0.63% +3.40%
ET -7.08% -1.36% -8.35%
Runoff +55.07% +6.15% +64.61%
Baseflow +158.48% +13.06% +192.25%
Sediment Yield +417.23% +23.32% +537.84%

Subbasin 19 represents the subbasin with the greatest relative change in forest extent when re-
placing LC2020 with LC2020PA. The exploration of hydrological response changes in this subbasin
elucidated the impact of increased forest cover on watershed hydrology. Moreover, this scenario high-
lighted the importance of maintaining forests in protected areas to protect against extreme hydrological
responses. Sediment yield experienced the greatest relative change compared to the other hydrological
components, decreasing by -99.18% (Table 15). Surface runoff and water yield experienced significant
relative decreases due to increasing forest cover in the subbasin. In LC2020PA, ET had the greatest
relative change amongst the case studies, increasing by 17.74% compared to LC2020 (Table 15).

Table 15. Relative change in monthly average hydrological responses for the subbasin 19.

(Subbasin 19) Alternative Land Cover

Component LC2020 to LC2020PA LC2000 to LC2020PA
Water Yield -59.39% -40.20%
Percolation -9.75% -7.01%

ET +17.74% +7.93%
Runoff -71.21% -52.02%
Baseflow -37.93% -35.97%
Sediment Yield -99.18% -96.74%

Increases in surface runoff depths are enhanced at the local scale from forest cover loss. Reduction
in ET was greater locally due to larger concentrations of deforestation and degradation. Greater reduc-
tions in ET are correlated with greater losses of groundwater to baseflow in subbasins experiencing
forest cover loss. Decreased demands for soil water and less interception may influence this pattern
from due to lessening forest cover. Furthermore, tropical deforestation may reduce local precipitation
and lead to drier local climates [103], providing implications for water availability in the region.

4. Conclusions

This study assessed the impact of LULCC on the hydrological dynamics of the BRW from 2000 to
2020 using ArcSWAT. ESA CCI datasets were used to determine LULCCs in the watershed, and this
data was combined with soil data, elevation data, meteorological data, and ancillary datasets to build
the BRW SWAT model. The predominant LULCC leading to the depletion of forest cover in the BRW
was agricultural expansion. The decrease in forest cover extent from 71.38% in 2000 to 60.65% in 2020
was primarily caused by agricultural growth in the middle and upper reaches of the BRW. Agricultural
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expansion in Belize primarily occurred outside of designated protected areas while protected areas
in Guatemala were more likely to contain agricultural encroachment. Due to LULCCs in the BRW,
findings from this study suggest that monthly average streamflow has increased by 16.86% during the
study period. Other alterations in monthly average hydrological responses found during the period
were a 34.40% increase in sediment yield, a 24.95% increase in surface runoff, a 16.02% increase in
water yield, a 11.58% increase in baseflow, a 3.40% increase in percolation, and a 3.52% decrease in ET.
These results suggest that LULCCs in the BRW have decreased the ability of the watershed to capture
water in surface and subsurface sinks. When applying LC2020PA, streamflow was found to decrease
by 11.67% compared to LC2020 and increase by 3.23% compared to LC2000. These findings suggest the
importance of maintaining forests in protected areas to mitigate hydrological impacts from LULCCs.
Generally, the methodology and results of this study present a foundation for LULCC analyses using
hydrological modeling in data-scare regions. Data gaps in meteorological measurements provided a
challenge for model development; however, this was mitigated through the use of long-term period
averages in SWAT’s WGEN. However, data gaps in steamflow measurements at in-situ gauge stations
limited the calibration and validation processes. Exploration of modeled streamflow measurements
from initiatives such as the Group on Earth Observations Global Water Sustainability (GEOGLOWS)
could provide a useful resource for mitigating steamflow data gaps and improving the accuracy of
model calibration and validation [104]. Future studies in the region could build upon the foundation
outlined in this study by implementing multi-variable and multi-gauge calibration and validation.
Moreover, the evaluation of the other hydrological components presented here could improve the
accuracy of the model and improve the understanding of the impacts of LULCCs on water resources
in the region.
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National Hydrological Service of Belize (NHSB). Data created during the present study are available on Zenodo
(https:/ /zenodo.org/records /15361440 (accessed 7 May 2025)).
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Abbreviations

The following abbreviations are used in this manuscript:

LULCC Land use and land cover change

ET Evapotranspiration

SWAT Soil and Water Assessment Tool

BRW Belize River Watershed

N-SPECT Non-Point Source Pollution & Erosion Comparison Tool
HRU Hydrological response unit

PSO Particle SWAT Organization

SPE SWAT Parameter Estimator

SUFI-2 SWAT-CUP Sequential Uncertainty Fitting

95PPU 95% Confidence Interval

DEM Digital elevation model

SRTM Shuttle Radar Topography Mission

USGS United States Geological Survey

HWSD Harmonized World Soil Database

FAO Food and Agriculture Organization of the United Nations
ESA European Space Agency

CcI Climate Change Initiative

NMSB National Meteorological Service of Belize

CHIRPS Climate Hazards Group Infrared Precipitation with Stations
CHIRTS-daily = Climate Hazards Group Infrared Temperature with Stations
NSRDB National Solar Radiation Database

WGEN SWAT Weather Generator

DR Double Run

BV Benque Viejo

NHSB National Hydrological Service of Belize

BERDS Biodiversity & Environmental Resource Data System of Belize
PET Potential evapotranspiration

R? Coefficient of determination

NSE Nash-Sutcliffe efficiency

PBIAS Percent bias

GEOGLOWS  Group on Earth Observations Global Water Sustainability
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