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Abstract: In this paper, we present the highest-resolution-available (10 m) national map of the
mangrove ecosystems of Belize. These important ecosystems are increasingly threatened by human
activities and climate change, support both marine and terrestrial biodiversity, and provide critical
ecosystem services to coastal communities in Belize and throughout the Mesoamerican Reef ecore-
gion. Previous national- and international-level inventories document Belizean mangrove forests at
spatial resolutions of 30 m or coarser, but many mangrove patches and loss events may be too small
to be accurately mapped at these resolutions. Our 10 m map addresses this need for a finer-scale
national mangrove inventory. We mapped mangrove ecosystems in Belize as of 2020 by performing a
random forest classification of Sentinel-2 Multispectral Instrument imagery in Google Earth Engine.
We mapped a total mangrove area of 578.54 km? in 2020, with 372.04 km? located on the mainland
and 206.50 km? distributed throughout the country’s islands and cayes. Our findings are substan-
tially different from previous, coarser-resolution national mangrove inventories of Belize, which
emphasizes the importance of high-resolution mapping efforts for ongoing conservation efforts.
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1. Introduction

Mangroves are a diverse group of halophytic plants that are found along tropical and
subtropical coastlines [1]. These highly productive ecosystems perform critical ecological
functions (e.g., fish nurseries [2,3] and bird rookeries [4]), and they provide important
ecosystem services to coastal communities (e.g., flood protection [5] and erosion preven-
tion [6]). Mangroves are particularly important for their roles in climate change adaptation
(e.g., coastal accretion in response to sea level rise [7]) and mitigation (e.g., carbon seques-
tration [8]). Within the Mesoamerican Reef (MAR) ecoregion, a transboundary resource
shared by Mexico, Belize, Guatemala, and Honduras, mangrove protection averts signifi-
cant flooding of land, and Belize is ranked the number one country globally for its benefits
of mangroves (i.e., averted flood damages to property) relative to GDP [5].

Mangroves within the MAR are under considerable stress from both anthropogenic
(e.g., coastal development [9-12]) and natural (e.g., localized eutrophication in combi-
nation with sea level rise [13]) threats, which resulted in mangrove cover declining by
approximately 30% across the region between 1990 and 2010 [14]. Within the MAR, there is
increasing interest to manage and conserve mangrove ecosystems, with countries looking
to include mangroves in their Nationally Determined Contributions (NDCs) for the Paris
Agreement [15-17]. Additionally, a regional strategy for the management, conservation,
restoration, and monitoring of mangroves was launched in 2020 [18]. One of the main prior-
ities identified by the management strategy and by [14]’s review of mangrove management
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in the region was the need for improved mangrove mapping at high spatial resolutions
and with a consistent methodology implemented across the region.

Previous national-scale (e.g., [19,20] for Belize, [21] for Mexico) and global-scale (e.g., [10,22])
projects have used remote sensing to map mangrove cover for individual countries within
the MAR and/or for the MAR as a whole. However, each of these studies used relatively
coarse-resolution data (in most cases, 30 m Landsat data). Throughout the MAR, many
mangrove cayes are too small to be accurately mapped using 30 m resolution data. These
small mangrove cayes and small patches along the mainland coastal zone are among the most
immediately threatened by human activity and sea level rise. Therefore, there is an urgent
need to monitor changes to the MAR'’s mangrove ecosystems at finer spatial resolutions. This
high-resolution monitoring must be conducted using a consistent methodology throughout
the region to ensure comparability among countries and locations.

In this paper, we present the first stage of our ongoing initiative to address these
research needs. We used Google Earth Engine-based processing of Sentinel-2 satellite
imagery to map mangrove ecosystem area in Belize as of 2020. This new map is both
(a) the highest-resolution map of Belizean mangrove ecosystems currently available, and
(b) the first stage of our ongoing project to map mangrove ecosystems across the entire
MAR using high-resolution satellite imagery and a consistent classification methodology.

We chose Belize as the pilot country for this broader project for three reasons. First, we
have a combined 40-plus years of field work experience among the mangrove ecosystems
of Belize, including several recent remote-sensing based studies of local-scale mangrove
changes that provided us with a “library” of georeferenced field observations with which
to train our image classification algorithm. Second, the Belize Barrier Reef (BBR) hosts
hundreds of the small cayes discussed above, and therefore presents an important case
study for evaluating the effectiveness of Sentinel-2 imagery in the mapping of these cayes.
Third, the Belizean government has included mangroves within their NDCs [15,17], and a
high-resolution map of mangrove cover will assist in providing the most accurate estimate
of mangrove carbon within Belizean mangroves.

Historically, high-resolution mangrove mapping has largely been limited to local-scale
studies because high-resolution data can be prohibitively expensive (both financially and
computationally) at broader scales. However, the relatively recent introductions of free-
to-use Sentinel-2 satellite imagery and Google Earth Engine have significantly reduced
the costs of acquiring and processing high-resolution data [23,24]. In recent years, Google
Earth Engine and Sentinel-2 data have been widely used to map mangrove cover accurately
and efficiently at a variety of scales [25-27].

As we discuss in more detail below, we specifically used a random forest classification
algorithm. Random forest classification has also been widely used to map mangrove cover
accurately and efficiently at a variety of scales [22,25,28-31].

2. Materials and Methods
2.1. Study Area

Belize, located on the Caribbean coast of Central America between approximately
14.8° N and 18.5° N and 87.4° W and 89.3° W, has a total mainland and offshore land
area of approximately 23,000 km?. Belize has mangrove ecosystems distributed along its
mainland coastal zone and along the cayes of the BBR. Both the mainland and the cayes
are included in the MAR ecoregion, which extends along most of the Caribbean coasts of
Mexico and Honduras and the entire Caribbean coasts of Belize and Guatemala (Figure 1).
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Figure 1. Map of Belize and its location within the Mesoamerican Reef ecoregion.

2.2. Field Observations

During three separate field campaigns in October 2017, August 2019, and October
2019, we collected ground verification data at locations throughout Northern and Southern
Belize, along both the mainland coastal zone and the BBR. In total, we visited 339 ground
control points throughout the country, recording the land cover type (i.e., mangrove or
non-mangrove) and geographic coordinates at each point with 3 m accuracy. Using high-
resolution (1 m or finer) Google Earth imagery captured in 2020, we checked each ground
control point to verify that the land cover type at the point had not changed between the
original collection date and 2020. We used these ground control points to “train” and refine
our classification of the remotely sensed data, as outlined in further detail below.

2.3. Image Preprocessing

First, we created a 2020 study image by assembling a composite of cloud-free Sentinel-
2 Multispectral Instrument (MSI) surface reflectance data, captured between 1 January 2020,
and 31 May 2020. The composite included the blue (Band 2), green (Band 3), red (Band 4),
and near-infrared (Band 8) spectral bands. For each of the four spectral bands, each pixel’s
spectral reflectance value was the median value of that pixel across all available Sentinel-2
imagery captured between 1 January 2020, and 31 May 2020. We used the median value
for each pixel to minimize the influence of potential outlier values on the classification
process. We used the date range of 1 January 2020, through 31 May 2020, because the entire
range falls within Belize’s dry season, reducing the potential influence of seasonality on
the spectral reflectance values in the study image.

Second, we created a series of exclusion masks to eliminate portions of the study image
that we knew did not contain mangroves, and therefore did not need to be included in the
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classification process. Eliminating extraneous portions of the study image before classifi-
cation increases both the efficiency and the accuracy of the classification [32,33]. We used
the Normalized Difference Water Index (NDWI) [34] to mask areas of open water (NDWI
value > 0.0) out of the study image. We then used Shuttle Radar Topography Mission (SRTM)
elevation data to mask areas of greater than or equal to 20 m elevation out of the study
image. Finally, we used the Normalized Difference Mangrove Index (NDMI) [35] to reduce
the number of non-mangrove pixels (NDMI value > 0.1) in the study image.

The SRTM data had a native resolution of 30 m. To calculate the NDMI mask, we used
the shortwave-infrared band (Band 12) of the Sentinel-2 MSI surface reflectance data, which
had a native resolution of 20 m. We resampled the SRTM and the Band 12 data layers to
10 m to create their respective masks, so that the masks would align properly with the 10 m
study image. When integrating gridded data layers with different spatial resolutions, the
conventional protocol is to resample the finer layer(s) to the coarsest resolution [36]. In this
case, we resampled the coarser layers to the finest resolution because the SRTM and Band
12 data layers were not inputs to our classification algorithm. We used them solely to create
masks with which to perform a “broad-stroke” reduction of the processing extent of our
study image, before performing the more nuanced classification algorithm outlined below.

2.4. Image Classification

We used a random forest classification algorithm with 200 decision trees [25] to classify
the masked study image into the following two land-cover classes: mangrove and non-
mangrove. We used our 339 ground control points as the training data and the blue, green,
red, and near-infrared spectral bands as the inputs to the classification algorithm. We used
only these four bands because they (a) are of proven utility in discriminating mangrove
and non-mangrove features [9,32] and (b) are the only four Sentinel-2 bands with 10 m
spatial resolution. To use other, coarser-resolution bands in our analysis, we would have
had to resample all bands to the coarsest resolution [36], thereby decreasing the resolution
of our analysis. The algorithm collated the blue, green, red, and near-infrared spectral
reflectance values at each mangrove and non-mangrove training point to determine the
unique spectral signatures of mangrove and non-mangrove features in the study image [36].
Then, the algorithm assessed every other pixel in the study image and assigned it to either the
mangrove or non-mangrove land-cover class, based upon which class’s spectral signature
the pixel more closely matched. After the classification was complete, we masked out the
non-mangrove pixels and kept the mangrove pixels to create the preliminary mangrove map.

Finally, we manually refined the preliminary mangrove map. Referencing our own
knowledge of the study area, high-resolution (1 m or finer) Google Earth imagery, and
the mangrove maps created by [19] and [22], we visually inspected the preliminary map
and manually removed misclassified pixels. These misclassified areas were mainly low-
elevation inland areas that were not filtered out by our elevation mask and water pixels
that were not filtered out by our NDWI mask. We performed this refinement by drawing
polygons around areas we wished to include in the finalized mangrove map. Areas not
within these polygons were excluded from the finalized mangrove map. We drew these
polygons directly in the Google Earth Engine user interface. The refinement polygons are
integrated directly into our algorithm, so future users of our algorithm are not required
to make their own further adjustments to achieve the same results. The output of this
refinement process was the finalized 2020 Belize mangrove map.

2.5. Accuracy Assessment

We conducted a systematic accuracy assessment of our finalized mangrove map. We
evaluated our map against reference data at a total of 2000 control points (1000 mangrove
points and 1000 non-mangrove points). To create the mangrove control points, we randomly
generated 1000 points within the areas classified as mangrove on our map. To create the
non-mangrove control points, we randomly generated 1000 points within a 100 m buffer
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of the areas classified as mangrove on our map. We used high-resolution (1 m or finer)
Google Earth imagery captured in 2020 as reference data [37].

We calculated the overall accuracy, Kappa coefficient, mangrove commission error,
and mangrove omission error for our mangrove map [36]. Overall accuracy quantifies how
accurately the classification process differentiated between mangrove and non-mangrove
features. The Kappa coefficient quantifies the overall success of the classification relative to
a random classification. Mangrove commission error quantifies the likelihood that a given
mangrove pixel on the map is not mangrove, while mangrove omission error quantifies
the likelihood that a given non-mangrove pixel on the map is mangrove.

3. Results

We identified and mapped a total of 578.54 km? of mangrove ecosystem area as of
2020, with 372.04 km? located along the mainland coastal zone and 206.50 km? distributed
throughout the chain of islands and cayes. Our classification was highly accurate, with an
overall accuracy greater than 96% and a Kappa coefficient greater than 92% (Table 1).

Table 1. Summary of accuracy assessment results.

Accuracy Assessment Error Matrix

Reference Data

Mangrove Non-Mangrove Row Total

Mangrove 960 40 1000

mafrrli;::)l\izzeeiap Non-mangrove 34 966 1000

Column total 994 1006 2000
Overall accuracy: 96.30%
Kappa coefficient: 92.60%
Mangrove commission error: 4.00%
Mangrove omission error: 3.42%

We have included a static depiction of our finalized mangrove map, in which we
have highlighted a selection of areas featuring small mangrove cayes (Figure 2). It was
not possible to highlight every such location in the static map, and many of the finer-scale
details are not visible on this map, especially the many small cayes along the Belize Barrier
Reef. Therefore, we have included a supplemental KMZ layer depicting mangrove forested
area (File S1). This KMZ layer can be opened in Google Earth or any other GIS program for
a more detailed exploration of Belize’s mangrove extent.

Figure 3 compares the spectral reflectance curves for mangroves on the mainland and
mangroves on the cayes.
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Figure 2. Mangrove area in Belize as of 2020. Insets provide more detailed images of mangrove cover
in (A) Bacalar Chico National Park and Marine Reserve, (B) South Water Caye Marine Reserve, and
(C) Port of Honduras Marine Reserve.
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Figure 3. Spectral reflectance curves for mangroves on the mainland and mangroves on the cayes.
Error bars represent 1 standard deviation from the mean.
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4. Discussion

Our estimate of 578.54 km? of mangrove ecosystem area is substantially different from
the two most recent estimates: 478.31 km? as of 2016 [22] and 721.69 km? as of 2017 [20].
However, these results should not be interpreted as indicating that Belizean mangrove cover
has either increased by approximately 100 km? or decreased by approximately 140 km?
between 2016 and 2020. Instead, the discrepancies between our estimate and those of [20]
and [22] are attributable primarily to differences in methodology and data resolution.

The 10 m Sentinel-2 data allowed us to map mangrove cayes that are likely too small to be
identifiable in the coarser-resolution data used by [20] and [22] (see Figure 4 for a comparison).
Additionally, we identified several areas of mangrove on the Belizean mainland that were not
included in [22]’s estimate. The inclusion of these small cayes and large mainland stands is
likely why our area estimate is substantially larger than that of [22].
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Figure 4. Comparison of mangrove cover in cayes identified by (A) this study and (B) Bunting
et al. [22], demonstrating the advantage of higher-resolution data for mapping small mangrove cayes.

The differences between our mangrove inventory and these two previous inventories
underscore the importance of creating higher-resolution national mangrove maps, par-
ticularly with cloud-based geospatial processing programs such as Google Earth Engine
making data- and computing-intensive efforts more feasible than ever before. Not only do
high-resolution data offer the potential for more accurate estimates of national mangrove
area, but they also offer the potential for maps that more accurately and explicitly depict
mangrove distribution at local scales. Mangrove decline, conservation, and restoration
take place in specific locations and within specific contexts [38,39]. Therefore, accurate
and spatially explicit maps of local mangrove extent and distribution will be crucial com-
ponents for ongoing mangrove conservation efforts. By refining previous estimates of
Belizean mangrove area, our map will be of immediate use in helping Belize fulfill its NDC
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commitments for mangrove ecosystems. The incorporation of our new area calculation
will improve estimates of the amount of carbon stored within Belize’s mangroves.

Mangroves will be increasingly threatened by both anthropogenic and natural pro-
cesses in the near future [38,40-42]. Many of these changes take place at subtle scales [13],
which 30 m resolution data may miss. Furthermore, small mangrove patches play a substan-
tial role relative to their size in habitat connection and ecosystem service provision [43], and
these small patches are the most immediately threatened. For both of these reasons, high-
resolution monitoring will be essential for early detection and intervention in threatened
mangrove ecosystems.

Because our methodology places the burden of data storage and computation on
Google Earth Engine’s online servers, our classification methodology can be used by
anyone with an internet connection. Expensive computers with advanced processing
capabilities are not required. Therefore, our methodology is an affordable and accessible
option that local stakeholders throughout the region can use for a quick and efficient update
of mangrove maps for their area of interest, whether that area is local-, national-, or MAR-
scale. We are developing workshops to train stakeholders in the use of our methodology, so
that they can use it to “plug and play” high-resolution imagery to monitor future changes
against our baseline.

The accuracy of our map also contributes further evidence to the effectiveness of
random forest classification approaches for mangrove mapping. Prior studies that have
used random forest classification [22,25,28-31] to map mangroves have usually attained
overall classification accuracies between 85% and 95%, and Kappa coefficients between
80% and 90%. Our results are at the higher end of this accuracy range along with the
results of [22], likely because both studies integrated manual refinement into our respective
classification workflows.

5. Conclusions

Our map of mangrove ecosystem area for Belize as of 2020 is the highest-resolution
and most recent national mangrove inventory currently available for the country. While this
map presents a detailed snapshot of contemporary Belizean mangrove cover, we envision it
being most useful as a baseline and methodology with which to monitor future mangrove
changes in Belize and throughout the MAR.

This project represents the first stage of an ongoing project to map mangrove forested
area for the entire MAR. The accuracy attained with this methodology offers encouraging
evidence for the feasibility of the MAR-wide project. We are currently in the process of
extending our Google Earth Engine-based methodology to the Mexican, Guatemalan, and
Honduran portions of the MAR. Once we have established this 2020 baseline map for the
entire region, we will regularly update our maps to monitor changes against this baseline
in coming years. This will facilitate the monitoring of both mangrove declines in response
to threats and mangrove increases through restoration.

We are also exploring options for extending our analysis by computing Normalized
Difference Vegetation Index (NDVI) layers for each updated mangrove map. NDVI has
been shown to correlate with mangrove health [44,45], and regularly updated NDVI maps
could therefore help with earlier identification of mangrove distress or degradation before
it leads to mangrove decline.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11094258/s1, File S1: KMZ file of the Belize mangrove map.
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