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ABSTRACT 

The Belize Barrier Reef (BBR) is the largest barrier reef system in the Western 

Hemisphere, and it has been recognized worldwide for its biodiversity since it was named a 

World Heritage Site by UNESCO in 1996. The South Water Caye Marine Reserve (SWCMR), a 

Marine Protected Area (MPA) around a southern portion of the BBR, is populated by small 

mangrove islands, patch reefs, and seagrass beds. These sensitive marine and terrestrial 

ecosystems serve as habitat for many threatened species and important commercial, recreational, 

and subsistence fisheries.    

Despite its protected status, the complex environments in the SWCMR have not yet been 

mapped in detail due to limits in remote sensing technology. This study fills this knowledge gap 

by using high resolution CubeSat imagery and Land Use Land Change (LULC) metrics to 

quantify ecological and anthropogenic changes in land and water cover in the SWCMR between 

2010 and 2019. A simultaneous content analysis of the reserve’s past management plans and 

reports isolates change drivers that may be affecting the reserve area. Together, these two halves 

of this mixed-methods study provide a complete picture of change inside and outside the marine 

reserve area between 2010 and 2019.    

Results show long term changes in the seagrass, barren areas, and impervious surface 

cover types that may be the result of three specific change drivers. While each type of land and 

water cover fluctuated some over the past decade, similar stable trends were measured in and 

outside the SWCMR. The overall amount of seagrass cover decreased by 0.74%, and the amount 
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of barren and developed areas in the reserve increased by 0.16%. The developed areas 

also experienced significantly high rates of change: 15% per year. Regardless of year, author, or 

type of document, all content reviewed in the content analysis points to policy and 

institutional factors, biophysical drivers, and infrastructure extension as the most common 

sources of instability in the SWCMR. These findings reveal that anthropogenic landscape 

conversion is occurring outside marine reserve recommendations and may not be a priority 

concern for managers. Connecting future management and conservation decisions to these 

change analyses will help protect the sustainability of the SWCMR’s diverse human-

environment system.  
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1. INTRODUCTION  

 In a world where change can be thought of as a constant, it is important to document and 

quantify change within the human-environment system to understand its effects. This mixed-

methods project characterizes change patterns and management strategies in 

the dynamic caye and benthic ecosystems throughout South Water Caye Marine Reserve, 

Belize. Three research questions guide this project and its interpretation: (1) how much have the 

land and water cover types in and around the SWCMR changed in the last ten years? (2) how 

much of this change may be due to anthropogenic impacts? (3) does 

recent anthropogenic development meet marine reserve guidelines? Answers to these 

questions will provide useful insight into change patterns and human-environment interactions in 

and out of this Marine Protected Area (MPA).    

Three main objectives ensure each research question is adequately answered. The 

first objective is to document changes in land and water cover within the SWCMR between 2010 

and 2019. The second determines how much cover change, if any, may be due to human 

influence and how patterns of change inside and outside the reserve may differ. Lastly, the project 

will assess whether observed development meets marine reserve guidelines. Analysis 

results confirm that high-resolution remote sensing images can effectively map detailed 

environments, highlight year-to-year fluctuations in land and water cover type, and measure 

accumulations in cover changes inside and outside the SWCMR. Though the project faces some
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limitations, its findings explore new monitoring methods and trends that can be acted upon by 

locals, Non-Governmental Organizations (NGOs), and other researchers.   

This thesis first introduces the human-environment change dynamics of Belize and its 

protected marine areas, the natural history of their ecosystems, and previous land change studies 

in the area through a literature review. Then, it describes the project’s methods, including 

the satellite image preprocessing, image classification and accuracy assessments, as well 

as the content analysis and coding schema. More information about the results of analysis and a 

discussion of their meaning, limitations, and future applications follow.    
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2. LITERATURE REVIEW  

2.1 Theoretical Framework  

2.1.1 Human-Environment Geography  

This work draws on traditions in human-environment geography to measure the unity and 

complexity of human-environment interactions that drive changes in the SWCMR. The 

beginnings of human-environment geography can be traced back to the writings of Humboldt 

and Marsh, who were among the first to study humanity and nature as united, 

interdependent entities (Marsh 1864, Wulf 2017). In the present, human-environmental 

geography—and this study—rest on several additional tenets. The first acknowledges that 

humans and the environment exert influence on each other at all scales. A second assumes that 

change within this system operates under forces of disequilibrium; in other words, change 

becomes a constant (Turner 2002; Zimmerer 1994). Together these ideas give equal importance 

to each half that makes up a whole human-environment system. They provide important 

guidelines to help define land change, conservation, and ecological dynamics at different times 

and on different scales (Zimmerer 2004, 2006). Being able to frame the human-environment 

system with two separate components helps frame the duality of anthropogenic and ecological 

changes operating in the same place.    

2.1.2 The Land Ethic and Ecosystem-Level Management  

This thesis’s conceptual foundation also includes The Land Ethic and ecosystem science. 

In 1949, Aldo Leopold’s A Sand County Almanac introduced a new environmental ethic to 

Western thought, in which moral and ethical questions are ultimately decided on whether human 
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ctivities benefit or harm living, interdependent communities the moral right (Leopold 1966). 

According to Leopold, actions that are “right” preserve the integrity, stability, and beauty of an 

ecosystem. It extended previous theories within utilitarian conservation and strict 

environmental preservationism by merging and prioritizing the health of humanity and the 

environment. Management efforts that act according to The Land Ethic’s morals have become 

known as ecosystem level management styles. These have the broad goal of preserving 

ecosystem integrity through maintaining viable populations, ecological and evolutionary 

processes, ecosystem representation and human involvement (Christensen et al. 

1996, Grumbine 1994, Slocombe 1998). In the years since, many managers have capitalized on 

this paradigm to promote holistic management strategies that strive to solve the root causes of 

environmental problems rather than simply studying an issue (Daily 2000, Dennison 2008).  The 

theory of the land ethic and ecosystem-level management shapes most management plans today, 

especially for aquatic ecosystems. These strategies have been used and researched extensively in 

marine habitats and fisheries, where ecosystems limited to water—especially specific reef 

fisheries—may be easier to define, contain, and monitor. MPAs, of which the SWCMR is one, 

operate on these principles (Arkema, Abramson, and Dewsbury 2006; Levin et al. 2009; Hall and 

Mainprize 2004; Roberts and Polunin 1993; Sainsbury 2000). Their object is to preserve 

biodiversity and the ecosystems within the reserve as well as providing for tourism and 

recreation—two of the more common (and economically helpful) ways for people to interact 

with a protected area (Cho 2005).   

2.1.3 Social Construction and Island Theory  

Island theory is the third and perhaps most important framework upon which this study 

rests. In Western culture, humans have socially constructed islands into remote places that are 
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physically and ideologically removed from the mainland and even the water that surrounds them. 

They are wild and unconquerable lands, symbols of adventure, wilderness, and primitive 

paradise. They unconsciously shape our perceptions of locality and 

individuality (Baldacchino 2006). These constructions affect not only how we think and write 

about islands, but also how we study and manage them (Baldacchino 2007). For 

example, Wilson and MacArthur’s theory of island biogeography revolutionized how we think 

about series richness, evolution, and diversification in isolated places (MacArthur and Wilson 

2001). Despite conflicts over how this theory should be applied, it has 

increased the islands’ social and biological value. Over 13% of UNESCO’s world heritage site 

locations are or include islands within them. Island theory has also shaped many management 

strategies of these locations, both marine and terrestrial (Cook et al. 2002; Dawson 

2016; Simberloff and Abele 1976; Whittaker, Triantis, and Ladle 2008).  

2.2 Study Area  

2.2.1 Belize and the Belize Barrier Reef  

Belize is a small country in Central America where the environment and society are 

closely intertwined, interdependent, and dynamic. Its natural environments are unique and 

important both biologically and economically. Belize’s 386 km eastern coastline borders the 

Caribbean Sea, and its western border abuts Guatemala and Mexico. It has a tropical climate, 

which splits the year into a dry season (December to May) and a rainy season 

(June to November) (“Belize - The World Factbook” n.d.). Belize’s coastal zone is dominated by 

important geological and biological formations that foster rare and biodiverse ecosystems. One 

of these, the Belize Barrier Reef (BBR), is between 10 and 32 km wide and more than 200 km 

long, running parallel to a fault line that follows the coast. It contains three different atolls, 
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mangrove islands, seagrass beds, and both intertidal and subtidal patch reefs (Littler, Littler, 

and MacIntyre 1995). It also boasts a diverse mixture of reef types and coral, and this diversity in 

structure parallels its unique diversity in function. The reef contains habitat for foraging and 

reproduction of myriad marine and terrestrial organisms. Some of these are threatened species, 

including the green turtle (Chelonia mydas), West Indian manatee (Trichecus manatus), and 

American crocodile (Crocodylus acutus). Two species of booby, the red-footed and brown 

(Sula sula and Sula leucogaster) nest on Half-Moon Caye and Man O’War Caye. Fisheries for 

Nassau grouper (Epinephelus striatus), bonefish (Albula vulpes), and tarpon (Megalops 

atlanticus) also occur in this area (Arias-González et al. 2011; “Belize Barrier Reef Reserve 

System - UNESCO World Heritage Centre” n.d.; Gibson 2011; Gillet 2003; Palomares and Pauly 

2011).    

This rich natural heritage provides a strong impetus for its conservation. The country of 

Belize has an area of 22,966 square kilometers, including land and water, and 18.5% of this area 

is protected for different types of conservation activities. However, this number drops 

dramatically when only the marine area is considered. Off the coast, just 12% of Belizean 

territory is protected, and most of this area is contained in extractive marine reserves (Marine 

Conservation Institute 2022). Within this protected area, certain rules govern people’s 

interactions with the environment, which affects the structure and function of Belizean society, 

especially the livelihoods of minority and subsistence groups.   

Belizean economy and society are closely tied to its land and water. In 2010, Belize was 

home to approximately 358,899 people, of which the three largest ethnic groups are Mestizo, 

Creole, and Maya. These make up 52.9, 25.9, and 11.3% of the population, respectively (“Belize 

- The World Factbook.” n.d., “Population” n.d.). Belize’s Gross Domestic Product 
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(GDP) describes a country sustained by primary and tertiary industries, namely agriculture, 

forestry, and tourism. How these contribute to the GDP has changed in the last thirty 

years according to shifts in social, economic, and political structures and priorities. In 1992, 

agriculture and forestry made up 11.2% of the GDP, and tourism composed another 15.5%. By 

2019, levels of agriculture had decreased to become 8.2% of the GDP while tourism increased 

at approximately the same rate to 20.2% (“Gross Domestic Product | Statistical Institute of 

Belize” n.d.). The number of tourist arrivals reflects similar changes. Between 2002 and 2018, 

the total number of arrivals increased by 142.9% (“Other Statistics | Statistical Institute of 

Belize” n.d.). Dividing up the GDP by location instead of sector connects these changes to the 

coast. The BBR contributes 30% to Belize’s total GDP, through its myriad connections to the 

economy in aquaculture, commercial fisheries, ecotourism, and private development (Cho 2005). 

Fisheries specifically contribute 3% to the GDP, mainly through the spiny lobster (Panulirus 

argus) and queen conch (Strombus gigas) fisheries (Belize Fisheries Department 2019). Shifts 

from a subsistence to a coastal tourism economy are well-documented on larger islands 

like Placencia and Ambergris Caye (Key 2002, Sweetman et al. 2019).    

Studies of these changes and their effects stress the need to monitor and 

regulate development in Belize’s environment. Even ecotourism, promoted as a low-impact, 

community friendly approach to tourism development, has been questioned by some for its 

proximity to fragile ecosystems, commodification of nature, and negative effects on the 

environment it attempts to glorify (Kiper 2013; Lindberg et al 1996; McMinn 1997, 

1998; Murray 2020). The Belizean people’s relationship to development through economic shifts 

to a cash economy and greater perceived quality of life complicate regulation attempts and make 
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stakeholder participation in management imperative yet difficult (Diedrich 2007, Few 2000, 

Roberts and Polunin 1993).   

2.2.2 South Water Caye Marine Reserve  

The SWCMR is a protected portion of the BBR that encompasses approximately 47,702 

hectares of water and small mangrove cayes off the coast of Stann Creek District (Fig. 1). It was 

designated as a reserve in 1996, as a result of UNESCO’s World Heritage Site designation of the 

Belize Barrier Reef (Palomares and Pauly 2011). The SWCMR contains extensive areas of reef 

flats, sand bores, seagrass beds, and the longest unbroken stretch of the barrier reef in the 

country. In the reserve area between South Water Caye and 17ºN, the reef stretches linearly down 

the coastal shelf. This area contains mostly linear cayes and several cayes that are arranged in 

circular range formations, like the Tobacco Range and South Water Range. Below South 

Water Caye, the reef curves towards the southeast. This area contains extensive stretches of small 

patch reefs and small, singular cayes before bending sharply in the opposite direction (Littler, 

Littler, and MacIntyre 1995). Vegetation on the reserve’s cayes is mainly comprised of scrubland 

and mangrove stands that commonly contain both red and black mangroves 

(Rhizophora mangle and Avicennia germinans), coconut palms (Cocos nucifera), 

and Euphorbia species (Littler, Littler, and MacIntyre 1995; Stoddart, Fosberg, and Spellman 

1982). As part of the BBR, the cayes, seagrass beds, and surrounding waters of the SWCMR 

support threatened species, unique and diverse ecosystems, bird nesting sites, and fisheries 

depended on for subsistence and recreation (Meerman 2005; Vergílio et al 2017; Zeller and Gillet 

2003).   

The many marine and terrestrial ecosystems included in the SWCMR require careful and 

organized management. Its past management strategies have varied over the years, from methods 
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that focus on specific fisheries to establishing strict marine reserves to the current broad MPA 

concept (Gibson, McField, and Wells 1998; Roberts and Polunin 1993). The MPA 

program began in the 1980s with the goal to conserve ecosystem and species diversity as well 

as manage area tourism and recreation. It operates on an ecosystem level, placing large areas 

under protection to preserve the function of intact ecosystems and the services they provide. The 

MPA concept has recently gained international popularity as a method to increase the 

global amount of protected areas while balancing conservation and economic interests within 

a landscape (Arkema et al. 2006, 2014). Belize has embraced this management concept and 

implements it within its seven marine reserve areas (Cho 2005).   

Belize’s MPA program was designed based on a risk survey conducted in 2014 that was 

approved and adopted by the Belizean government in 2015 (Arkema et al. 2014). Today, 

it is administered and managed by the government’s Integrated Coastal Zone Management Plan 

(ICZMP), whose purpose is to plan the sustainable use and planned development of the Belizean 

coast (Arkema et al. 2014, Cho 2005). To attempt to accommodate both economic, social, and 

conservation management goals, the SWCMR is administered zonally by the Fisheries 

Department of the Belizean government (Gibson, McField, and Wells 1998). Each zone has 

unique regulations that determine what use or recreation can occur there, ranging from no take 

sones to multiple use zones. The SWCMR does not receive additional management support from 

third-party organizations like many of Belize’s other marine reserves and has only one on-site 

ranger station on Twin Cayes (Meerman and Clabaugh 2009). While the Integrated Coastal Zone 

Management (ICZM) and MPA programs in Belize have helped create an efficient decision-

making framework, they have not yet achieved their goal of strong community and stakeholder 

involvement in management. They face challenges including intercommunication, 
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financing, overharvesting, coastal development, tourism, and oil or gas industry development on 

the ground (“Belize Barrier Reef Reserve System - UNESCO World Heritage Centre” n.d.; Cho 

2005; Murray 2020; Young 2008).   
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Figure 1. Maps of the South Water Caye Marine Reserve’s location within Belize and Central America.  
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2.3 Natural History  

2.3.1 Caye Ecosystems  

The natural history and ecology of the SWCMR’s ecosystems may highlight 

and contextualize change that occurs within them. Two ecosystems and living cover types that 

are important to the SWCMR’s biodiversity are caye vegetation and seagrass beds. Cayes are 

small tropical islands with extremely low elevations that form from the accumulation of reef 

detritus, on which soil can form and vegetation may flourish (Flood 2011) (Fig. 2). The 

vegetation—especially mangroves—that grows on some of the cayes provides important feeding 

areas for resident and migratory fish (Vaslet et al. 2012). Change and instability characterize the 

size, height, and locations of cayes. They can be greatly affected by both abiotic and biotic 

change drivers at many scales, including variation in tide, weather, climate, water level, and 

many other factors (“Impacts of Climate Change on World Heritage Coral Reefs,” 

n.d., Hamylton et al 2020, Ma et al 2020, Veron et al. 2019). Large amounts of abiotic change 

also greatly impact the (often endemic) biota that live in, on, and around cayes, making their 

populations unstable and vulnerable (Fordham and Brook 2010). The SWCMR contains 

approximately 249 sand and mangrove cayes, which like all cayes withstand both natural and 

anthropogenic changes depending on both local and global conditions (Meerman 2017). The 

amount and scale of these changes are quantifiable and provide interesting indications of 

ecosystem integrity and health.   
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Figure 2. Two aerial photos of Tobacco Caye (left) and Wee Wee Caye (right) showing 
the varying shapes, cover types, and composition of typical cayes in the SWCMR (Open Reef 
Mapping Society 2017).   
 

2.3.2 Seagrass Ecology  

Seagrasses, which make up another ecologically important ecosystem in the 

SWCMR, are several species of plants who root and photosynthesize in shallow water (Fig. 3). 

Seagrasses typically grow close together, and proliferate in large meadows. Both individual 

seagrass plants and their meadows can reach hundreds of kilometers in size and live for 

thousands of years. They reproduce both sexually and asexually, and both reproductive strategies 

aid in their persistence (Kendrick et al. 2012). To flourish and photosynthesize, they require 

enough light, an appropriate substrate, some wave exposure, and as well as nutrients in their 
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aquatic environment (Borum et al., n.d.). Seagrasses provide many ecological services, such as 

improving water quality, protecting dynamic coastlines, and preserving biodiversity. Growing 

across the border between the open water and sedimented ocean floor, they both create and 

protect existing sedimentation, and play an important role in determining local marine 

biogeochemistry. They are one of the most efficient primary producers that can be found in 

marine environments (Larkum, Orth, and Duarte 2006). There are 72 known species of 

seagrass on earth, and in general, different species of seagrasses are widely distributed around 

the world. The Caribbean Sea is home to a highly diverse grouping of around 10 seagrass 

species. Here they grow around reef areas and on banks in shallow water (Short et al. 2007). No 

matter what marine location they inhabit, their abundance gives them an important role in 

sustaining other organisms and shaping the ecosystems around them (Borum et al., 

n.d., Christianen et al. 2013, Cullen-Unsworth and Unsworth 2013).    

Because of the way they often grow in large beds, they are affected by ecological forces 

at both the individual and collective scale (Duarte et al. 2006). However, the extent and number 

of seagrass beds are declining significantly, as they have for the past fifty years (Kendrick et al. 

2012). This is a result of both natural causes as well as indirect and direct anthropogenic impacts, 

including dredging, eutrophication, construction, and rising water levels (Duarte 2002). Among 

the largest challenges they face are lack of current information on their status, research on their 

locations and conditions, and local scale habitat destruction (Unsworth et al. 2019). Greater 

research and education throughout the scientific community and the public is necessary to 

prolong the existence and services of seagrass habitats (Duarte 2002, Orth et al. 2006, Unsworth 

et al, 2019).   
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Figure 3. Image of a dense cross-section of a seagrass bed near Coco Plum Caye in the 
SWCMR taken by the author.   
 

2.4 Precedence for Methods  

2.4.1 Remote Sensing of Tropical Coastal Ecosystems  

Two methods will be used to achieve this project’s three research goals, and both have 

long histories within peer-reviewed literature. A remotely sensed image classification and land 

change analysis will document change in the SWCMR, determine how much may be due to 

anthropogenic influence, and compare changes inside and outside SWCMR boundaries. Satellite 

remote sensing is the act of measuring the electromagnetic radiation that is both emitted and 

reflected from the earth’s surface. Different surface features reflect and absorb different amounts 

of energy in each spectral category; for each feature, this range of energy creates a spectral 

signature that uniquely corresponds to each surface feature. These signatures can be compared 
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between surface features and provide a good way to distinguish them. Thus, the spectral data of 

each pixel in a remotely sensed image allows them to correspond to spectral signatures so that 

they can be sorted into feature groups. Remote sensing can be used to produce LULC maps that 

show locations and changes in habitat size, which provides information about natural and 

anthropogenic changes occurring in a specific area (Green and Edwards 2000). This information 

is actionable for managers and planners. In a 2000 survey of 60 coastal zone managers 

worldwide, Green and Edwards found that the applications of remote sensing they perceived as 

most useful were having remotely sensed images as a background for management planning and 

for detecting habitat change over time.  

Many studies have worked to identify best practices, techniques, and applications for 

imaging the tropical and coastal environments (Hedley et al. 2016, Klemas 2010, Mumby et al. 

1997, Mumby et al. 2004, Roelfsema et al. 2013, Veettil et al. 2020). In these areas, higher 

resolution imagery is generally deemed necessary for accurate interpretation of land cover 

(Chauvaud, Bouchon, and Maniere 1998; Klemas 2008). This study will use high 

spatial resolution (3-5 m) data from Planet’s CubeSat satellites, which should accurately describe 

nuanced and mosiacked coastal landscapes like the small cayes and seagrass patches in the 

SWCMR (Klemas 2008). Because this imagery has a high spatial and temporal resolution, it may 

suit coastal and hydrological remote sensing applications particularly well, even on a landscape 

scale (Cooley et al. 2017; Miller, Morris, and Wang 2019). There are several precedents for 

using Planet imagery in coastal LULC studies globally (Cooley et al. 2017; Miller, Morris, and 

Wang 2019; Traganos, Cerra, and Reinartz 2017). The ISODATA unsupervised classification 

algorithm used in the cover classification step has also been tested in several benthic 

environments globally, and in most cases outperforms its counterpart, the K-means algorithm, in 
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accuracy within intricate coastal environments that include seagrass and 

corals (Japitana and Bermoy, n.d., Kondraju et al. 2022, Mishra et al. 2006, Munawaroh et al. 

2021, Nurdin et al. 2019).   

Remote sensing analysis has been carried out in several studies in Belize. Some focus on 

mainland deforestation monitoring in and outside national forest and other protected 

areas (Doyle, Beach, and Luzzadder-Beach 2021; Emch et al. 2005; Evans et al. 2020; Moore 

2007; Ruscalleda and Smith, n.d.; Voight et al. n.d.; Wyman and Stein 

2010). Other research focuses on measuring marine vegetation like seagrass and mangrove cover 

(Cherrington 2013, Cissell et al. 2021, Sweetman et al. 2019, Wabnitz et al. 2008). However, all 

rely on coarse resolution imagery of 30 m spatial resolution and above, most often images from 

the Landsat suite of satellites. The remote sensing portion of this study will fill the knowledge 

gap in high resolution benthic remote sensing of all Belize’s marine environments as well 

as provide baseline land cover and change data for a large area to inform future planning and 

conservation initiatives.    

2.4.2 Content Analysis of Management Plans  

A content analysis of management plans and reports on the SWCMR determines how 

much change is monitored by managers and whether it fits into MPA guidelines. A content 

analysis is a type of textual analysis that refers to any method that collects information about how 

people make sense of the world. These forms of analysis allow different realities to be 

constructed from limited bits of text that are influenced by cultural or value differences (Mckee 

2001). In a content analysis, researchers undergo a systematic process of compressing groups of 

words into broader, more meaningful categories by coding. The act of coding classifies textual 

elements, such as words and phrases, into distinct categories, the number and content of which 
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can provide clues about the context created by the text and its meaning outside the text. Content 

analysis then allows for valid inferences to be made about textual meaning and context by 

compressing textual information into large-scale patterns within groups of documents (Bos 

and Tarnai 1999, Krippendorff 2018, Stemler 2000). This study makes use of NVivo, 

a qualitative data analysis software, to assist in applying the content analysis. While the coding 

itself is done manually, using computer aids makes analysis more powerful by helping coders 

manipulate long texts, allowing spelling flexibility while coding, and providing algorithms that 

can be applied to visualize, organize, and summarize data in myriad ways (Krippendorff 

2018). This approach combines the best practices of manual and automatic coding to complete 

the most accurate and informative content analysis possible.   

Textual analyses have previously been used to study many social aspects of management, 

planning, and discourse around tropical ecosystems. Some have examined the content of climate 

change mitigation plans, and others explore the discourse of ecosystem-level effects and services 

in planning and management for a variety of geographies (Alves 2021, Brody 2003, Bryan et al. 

2010, Cheng and Daniels 2003, Hansen et al. 2015). None, however, have been applied to 

management plans or conservation documents in Belize. This study fills these knowledge and 

methodology gaps by exploring inferences that may be made about the discourse around change 

and change drivers in management plans of the SWCMR. The content analysis 

will create context in which to interpret measured changes, learn about management priorities, 

and explore potential causes of change in the SWCMR.   
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3. METHODS  

3.1 Remote Sensing and LULC Analysis  

3.1.1 Image Selection and Preprocessing  

To begin the first half of this study—the time series change analysis—it is necessary to 

gather a set of suitable satellite images of the study area over a period of time and prepare them 

for analysis. Three multispectral images with 3-5 m spatial resolution from 2010, 2015, and 2019 

were acquired from Planet’s suite of satellite data, specifically, their RapidEye and PlanetScope 

satellites. When choosing images, it is generally advisable to keep the temporal, spatial, spectral, 

and radiometric resolutions as similar as possible between each one (Jensen 1996, Lillesand and 

Kiefer 1999). The first two images (2010 and 2015) were taken with Planet’s RapidEye satellite. 

These satellites collect electromagnetic energy at 5-meter resolutions in five ranges. Visible blue 

light is gathered between 440-510 nm, visible green light within 520-590 nm, red visible light 

within 630-685 nm, red edge wavelengths between 690-730 nm, and lastly near-infrared (NIR) 

energy between 760 and 850 nm (Planet 2016). This creates a five-band multispectral image with 

five-meter spatial resolution. The third image (2019) was taken with a PlanetScope satellite. 

These images are four-band multispectral scenes that have a spatial resolution of three meters. 

PlanetScope satellites capture electromagnetic energy within the visible blue light range (455-

515 nm), visible green light range (500-590 nm), visible red light (590-670 nm), and NIR energy 

(780-860 nm) (Planet 2016) (Tables 1 and 2).
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Table 1. Spectral information for Planet’s RapidEye satellite.  

Spectral Band   Wavelength (nm)   

Blue    455-515   

Green   500-590   

Red   590-670   

NIR   780-860   

 

Table 2. Spectral information for Planet’s PlanetScope satellite.  

Spectral Band   Wavelength (nm)   

Blue   440-510   

Green   520-590   

Red   630-685   

Red Edge   690-730   

NIR   760-850   

   

Image similarity also extends to atmospheric and environmental conditions (Jensen 

1996, Lillesand and Kiefer 1999). All images that will be used in this study were taken in the dry 

season, have less than 20% cloud cover, and were taken at mean low tide levels between the 

third high and fourth low tides of the day after five subsequent days of hot and dry weather had 

passed. The images were also taken within an hour and a half of each other in the months of 

November and December for each year in the time lapse analysis, which spans two intervals of 

about five years, from 2010 to 2015 and then 2015 to 2019 (Table 3).  
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Table 3. Date of capture, satellite information, and resolution of study imagery.   

Date   Satellite   Time   Spatial Resolution   Radiometric 

Resolution   

12/31/2010   RapidEye   17:26 UTC   5 m   16 bit   

11/01/2015   RapidEye   16:57 UTC   5 m   16 bit   

12/02/2019   PlanetScope   16:03 UTC   3 m   16 bit   

 

All images obtained from Planet had some level of preprocessing already completed. The 

RapidEye images were atmospherically, geometrically, and radiometrically corrected. The final 

PlanetScope image was geometrically corrected. Because no atmospheric or radiometric 

corrections were applied, these were subsequently performed. ERDAS Imagine was used to 

convert the digital number (DN) values to absolute reflectance values. These images will need 

to be further preprocessed in three ways to prepare them for classification, the first step in the 

change analysis. First, each image must be mosaiced together from the individual pieces in 

which it is taken. For each separate image, a swath of area that covers the SWCMR was captured 

in a series of separate images that together connect to cover the entire study area. ERDAS 

Imagine was used to mosaic and color balance all images gathered for the area that were taken 

at the same date and time (Fig. 4).   
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Figure 4. All images from 2010, 2015, and 2019, respectively, after mosaicking in ERDAS Imagine.  
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Secondly, all three images were benthically corrected. Because water is highly reflective, 

spectral signals captured from remotely sensed images of water contain light signals that come 

from the water surface, the water column, and the bottom of the water body. Depending on 

which of these a researcher is attempting to image or map, different mathematical equations can 

be applied to isolate these different reflective signatures within the water (Eugenio, Marcello, 

and Martin 2015; Mumby et al. 1998; Zoffoli et al. 2014). This is especially important to 

consider when mapping bottom cover. Since this subsequent image classification aims to map 

seagrass cover, among other classes, and seagrass lives in the shallow bottoms of benthic 

environments, it is necessary to isolate the bottom signatures from any interfering signals given 

off by the water column or water surface. Lyzenga’s equation was chosen for this study, as it is 

especially suited for clear water environments that contain some shallow areas, like the 

Caribbean. This is also the most commonly used type of correction, so implementing it here will 

allow it to be compared with the many other studies that have incorporated it (Lyzenga 

1978, Manessa et al. 2014, Zoffoli et al. 2014). The equation records the difference between 

bottom surface reflectance and the radiance measured by the satellite sensor: 

!"#$%!" = ln	(+#$%,! −	+#$%,',!) − ./
0(,!
0(,"

1 2"3+#$%," −	+#$%,',"45 

where !"#$%!" = the relationship between bottom reflectance and sensor radiance at bands 6 

and 7  

+#$%,! = the radiance at spectral band 6 in shallow areas 

 +#$%,',! = the radiance at spectral band 6 in deep water 

 )!,#
)!,$

 = the attenuation coefficient ratio 

 +#$%," = the radiance at spectral band 7 in shallow areas 
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 +#$%,'," = the radiance at spectral band 7 in deep water 

Once the equation was calculated using image reflectance values and depths from bathymetric 

maps, the resulting coefficient was factored into the image reflectance values using ArcGIS Pro’s 

Raster Calculator (Rauscher 2007) (Fig. 5). Once this equation was applied to each image, no 

other preprocessing manipulation was carried out to preserve as much variation and detail in the 

images' spectra as possible.  
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Figure 5. Each image from 2010, 2015, and 2019, respectively, following deep water correction with Lyzenga’s equation.
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3.1.2 Image Classification  

An LULC change analysis can now be performed on the preprocessed and corrected 

images. To do this, an unsupervised image classification applied to each map first separates the 

image area into certain predetermined land and water classes using the image pixel’s spectral 

signatures. Image classification creates a thematic map from multispectral image data by using a 

standard set of decision rules to assign each pixel in an image to a certain land cover 

class (Lillesand and Kiefer 1999). Land cover classes for this project will be derived from 

NOAA’s Coastal Change Analysis Program (CCAP), as it highlights the best variety of land 

cover types in coastal environments. Because this study is concerned with broad changes over a 

large area, only one subclass from each of the broad upland, wetland, and water and submerged 

land categories in the CCAP system will be used: impervious surfaces (developed land), bare 

land (including sand), wetland vegetation, water, and seagrass (Klemas et al. 1993) (Table 4). As 

the classification progresses, all pixels in these images are assigned to the above land 

classes. The unsupervised image classification performed here in ArcGIS Pro used a pixel 

based ISODATA algorithm to assign pixels to different groups based on natural variations in the 

means of groups of the image’s reflectance values. All the specifications for the classification 

within ArcGIS Pro were set at high extremes, to give the algorithm the maximum amount of time 

possible to run and detect small features and changes during each iteration. After the algorithm 

was applied and each image was classified, the automatic groupings were visually examined in 

turn and assigned to the appropriate land classes to which they belong (Jensen 

1996, Lillesand and Kiefer 1999). Following classification, the 2010 and 2015 images were 

resampled down to 3 m to match the 2019 image’s resolution, which was the most 
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detailed. Subsequent image change analysis can then compare images with 

equivalent resolutions, that have been divided into the appropriate land and water cover types.  

 

Table 4. A description of the land cover classification system used in this study, derived from 
NOAA’s CCAP classification schema.   
 
Code   Class   Description   

1   Water   Contains areas of open water over a sandy or muddy substrate. 
Any vegetation present beneath the water is present less than 
25% of the time.   

2   Seagrass   Contains wetland, shoreline, and open water areas where seagrass 
plants cover at least 80% of the earth’s surface substrate.   
   

3   Terrestrial 

Vegetation   

Contains wet and dry land area that is at least 80% covered by 
trees, shrubs, or herbaceous vegetation. These areas are not 
intensely managed and may reflect different successional stages.   
   

4   Impervious 

Surfaces   

Contains areas completely or partially covered by concrete, 
asphalt, or other construction. These materials account for at 
least 50% of the total cover. Usually includes housing areas and 
built-up commercial centers.   
   

5   Barren Areas   Contains areas of exposed rock, debris, sand, or other earth 
materials. These accumulations may be subject to change due to 
submersion, erosion and deposition, or other physical forces. Any 
presence of vegetation makes up less than 10% of the land cover.   

          

  

3.1.2 Accuracy Assessment  

The image classification was then statistically tested with an accuracy assessment. It is 

generally accepted that an appropriate accuracy assessment for a remote sensing project is based 

on a confusion matrix and at least one other quantitative metric within solid confidence 

limits (Foody 2002). These guidelines assess the accuracy of all three of the thematic 
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classification maps through calculating an error matrix and a Kappa Coefficient of Agreement 

for each classified image. For the first two classified maps from 2010 and 2015, ArcGIS Pro 

was used to generate a stratified random selection of points across each of the thematic maps, 

and the class in which they fall was compared to their class in the original image. For the 2019 

map, ground truthed point data gathered in August 2021 during a fieldwork trip to the 

SWCMR was used to compare to the original image for accuracy. The data from 

the point comparison was then used to compile an error matrix for each thematic map. By 

comparing the producer’s and the user’s accuracies, the matrix provides a visual and statistical 

comparison of the known data and the automatically calculated points from the thematic maps. 

The producer’s accuracy shows how many known pixels were classified correctly, 

and the user’s accuracy measures how many pixels in the classification correspond to known pixel

s of the same class (Jensen 1996, Lillesand and Kiefer 1999).    

The Kappa Coefficient of Agreement was also calculated for each of the three thematic 

maps. This test calculates a single measure of the classification’s accuracy, considering the pixels 

in the classification that could have been classified correctly by chance alone. (Jensen 1996, 

Foody 2002). There is much debate over whether there should be a certain threshold of the 

Kappa coefficient to qualify an accurate land change assessment. Some studies indicate that it 

should be at least 85%, but variation in this number may be justified depending on the scale and 

purpose of the study (Anderson et 

al. 1976; Foody 2002; Smits, Dellepiane, and Schowengerdt 1999). Other statistics applied to the 

image classification results include descriptive statistics, percent difference, and average annual 

percent rate of change calculations (Puyravaud 2003).   
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3.2 Content Analysis  

3.2.1 Body of Texts  

A content analysis of management plans constitutes the second half of this research’s 

methods. First, the sample of documents to be coded was gathered. Since the remote sensing 

analysis portion of this study documents change and compares change occurring inside and 

outside the reserve, it was decided that management plans would be a good sample for this study. 

No statistical process for compiling this sample was used as the sample size was too small to 

leave any potential samples out. All management plans, or sampling units, that could be found 

electronically since 1973 that applied to the correct geographical area were used, to preserve 

information and detail and explore all possible perspectives on change that have been written 

about the BBR and the SWCMR (Byron and Osipova 2013; IUCN 1996; Forest Department 

2014; Gombos et al. 2011; Gomez 2004; Jasinski 2008; MAR Fund 2015, 2016, 

2018; Meerman 2004; Walker 2009; Wildtracks 2019). Any bias built into this process should 

stem from the documents’ availability. Once the documents were collected, they were imported 

into NVivo qualitative data analysis software. The attributes of each document were encoded. 

These included their author, year of publication, the type of document (report, plan, etc.), and 

their geographical scope (Table 5). In this case, each sampling unit that was gathered also counts 

as a recording unit. Everything within each document in the sampling group was included in 

coding, no matter what its content, format, or context. This also serves to preserve information 

and expand the overall sample size analyzed.   

All documents included in the sample varied in length, content, date, and other attributes, 

they all apply to the same geographical area—the SWCMR. The different authors of each 

document prioritize different aspects of the SWCMR’s environment according to each entity’s 
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priorities, and this affects each document’s purpose and content. For example, the MAR Fund 

Project Plans often document the funding allotted to renovations of facilities or research projects 

in the SWCMR, and so describe mostly physical characteristics of the environment in the 

project’s past and present (Jasinski 2008, MAR Fund 2015, 2016, 2018). This focus also extends 

to plans written by other NGOs, as they are concerned with funding needs (Gombos et al. 2011, 

Walker 2009, Wildtracks 2019). The plans authored by the Belizean government discuss 

biodiversity markers as well as deficits and needs in current management practices. Since they 

prioritize national interests, they often cover more socioeconomic and political topics (Forest 

Department 2014, Meerman 2004). The date of each plan or report also affects its contents. Plans 

authored closer to 1996 are often more concerned with establishing a chain of management for 

the reserve and documenting the biodiversity within it (IUCN 1996, Gomez 2004). Later plans, 

especially those after 2009, focus more on the infrastructure, technology, time, and resources 

needed to improve on the ground management (Byron and Osipova 2013, MAR Fund 2018, 

Wildtracks 2019). Taken together, the varied content of these documents provides diverse and 

robust information about observations and change in the SWCMR.  

  

Table 5. A list of each document included in the content analysis, its attributes, and the number 
of codes and references it contained after coding was completed.   
 
   Document Name   Year   Author   Geographical 

Scope   
Number of 

Codes   
Number of 

References   

1   UNESCO Convention on the Protection 

of World Heritage   

1973   UN   BBR        58   727   

2   IUCN World Heritage Nomination   1996   UN   BBR   33   94   

3   Rapid Ecological Assessment of Central 

Belize Barrier Reef   

2004   Researcher   BBR   47   913   
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4   Belize National Protected Areas System 

Plan   

2005   BZ Government   BBR   78   523   

5   MAR Fund Proposal for South 

Water Caye Marine Protected Area   

2008   MAR Fund (NGO)   SWCMR   22   145   

6   Belize’s 5th National Report to the 

Convention on Biological Diversity   

2009   BZ Government   BBR   119   3836   

7   Wildtracks Management Plan: South 

Water Caye Marine Reserve   

2010   Wildtracks (NGO)   SWCMR   25   43   

8   CaMPAM Management Capacity 

Assessment   

2011   CaMPAM (NGO)   BBR   31   1418   

9   Belize National Protected Areas System 

Plan   

2015   MAR Fund (NGO)   BBR   37   826   

10   MAR Fund Work Plan for Conservation 

of Marine Resources in Central 

America   

2015   MAR Fund (NGO)   BBR   50   317   

11   MAR Fund Project for Conservation of 

Marine Resources in Central America   

2016   MAR Fund (NGO)   BBR   19   164   

12   MAR Fund Project for Conservation of 

Marine Resources in Central America   

2018   MAR Fund (NGO)   BBR   22   145   

13   South Water Caye Marine Reserve 

Management Plan   

2019   BZ Government   SWCMR   67   2690   

   

3.2.2 Data Language and Units of Analysis  

Before beginning to code the documents, the documents’ data language 

was formalized, and units of coding analysis were imported into an NVivo codebook for use. A 

data language is a structure in which the variables, values, constants, grammar, 

and logic contained within language can be organized and separated using syntax within a 

meaningful, comprehensive whole (Coombs 1964, Krippendorff 2018). Treating language this 

way allows it to be more computational, and more easily intelligible and applicable to coding 
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units of analysis. Within the documents here, the main portion of the data language focuses on 

variables, which are concepts that may vary slightly upon each use (Krippendorff 2018). The 

units of coding analysis, or nodes, to be used in this study, are categories that correspond to 

nouns of phenomena or ideas—variables—found in the text.   

Units of coding analysis here come from a predefined list within the literature. Geist and 

Lambin’s 2001 article isolated proximate and underlying causes of change in tropical areas. 

Since these categories are backed up by other environmental studies of change, they were 

determined to be especially appropriate for helping find causes of change in this tropical coastal 

environment. The codebook was imported from the article into NVivo as a set of nodes for 

coding with a hierarchy that corresponded to the one assigned in the article (Fig. 6). For brevity 

here, a table containing the codebook can be found in the Appendix. Second-level nodes are the 

units used in inferential and statistical analysis, but at all levels, this hierarchy serves to condense 

meaning from all sampling units.  
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Figure 6. Diagram showing the first two tiers of the hierarchy for proximate and underlying 
causes of change given by Geist and Lambin (2001). The second tier displays the nodes 
incorporated into the inferential analysis step of the project.   
  

3.2.3 Coding Process  

Next, coding was carried out on the entire sample of documents in NVivo. The process 

was carried out by the author only without any automation from the computer program. Because 

only one coder was involved and all bias that may be included in the coding comes from that 

single source, tests of reliability for multiple coders do not apply in this case. Coding 

proceeded throughout each document in no particular document order. As coding progressed, any 

words, phrases, sentences, or references that matched the content of one of the coding nodes was 

highlighted and attributed to that coding node. Coding was only carried out for the presence of a 

particular reference or idea in the texts. Degrees, scales, feelings, or connotations associated with 

each variable were not recorded. References that were coded included all words involved in the 

variable, including nouns, verbs, and conjunctions.   

3.2.4 Inferential Analysis  

After coding was completed for each document, several statistical and visual analyses 

were conducted within NVivo on the number of codes and references for each document. Visual 

analyses included creating word clouds, word trees, and coding pie charts for the entire sample 

combined as well as each document individually. These show specific repeated themes in the 

texts, the degree to which they contribute to the overall content of the text, and how they are 

connected to other ideas. Numerical analyses consisted of many matrix queries and cluster 

analyses that compared the number of references for each secondary node compared according to 

the documents’ different attributes. Matrix analyses show intersections between the code for two 
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lists of items (“NVivo 11 for Windows Help - Welcome” n.d.). For this study, the number of 

references per second-level node was compared by the document attributes: the year intervals 

between the images (2010-2015, 2015-2019, and 2010-2019), the author category (the Belizean 

government, CaMPAM, MAR Fund, UN, and Wildtracks), location (the entire BBR or just the 

SWCMR), and report type (management plan, project proposal, and report). The cluster analyses 

show how the documents are related by the similarity of words and codes found within them, 

respectively (“NVivo 11 for Windows Help - Welcome” n.d.). The results of this entire 

process—sample collection, coding, and analysis—isolate patterns in the content of the code that 

give new knowledge about ecological and anthropologically driven change occurring in the BBR 

area.  
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4. RESULTS  

4.1 Remote Sensing Analysis Results  

Results from both analyses reveal unique patterns inside and outside the SWCMR as well 

as some long-term trends occurring throughout the whole area. The thematic maps resulting from 

the image classification divide the image areas in and around the SWCMR into the five 

designated land cover classes (Fig. 7). The 2010 image displays patchy areas of seagrass beds in 

the shallow areas close to the reef edges and cayes, barren and impervious surfaces in areas of 

human habitation and infrastructure on the cayes and coastal mainland, terrestrial cover on most 

of the uninhabited cayes, and stripey areas of seagrass and barren areas that streak across the 

whole image and correspond to cloud cover. The 2015 image  contains less detailed areas of 

seagrass and long streaks of impervious surfaces along sandy reef banks. Lastly, the 2019 

image gives away its higher resolution in detailed patterns of seagrass around the islands. 

However, it shows a high rate of impervious surfaces in the southern patchy areas of shallow 

sandy water. Though some of this classification may stem from erroneous sources, it is apparent 

that the classification did distinguish the main features and habitats of the environment within the 

images.  
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Figure 7. Each 2010, 2015, and 2019 image after ISODATA unsupervised classification separated the images’ pixels into each land 
and water cover class.  
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The subsequent accuracy assessment carried out to statistically verify the accuracy of 

each image classification confirmed that while each classification does contain some error, the 

images overall meet standards for accuracy according to the user’s, producer’s, and overall 

accuracies as well as the Kappa coefficient. Tables 6 and 7 contain the error matrices and the 

actual distributions of the accuracy points within each cover class. The producer’s accuracy in the 

matrix shows how many known pixels of a specific cover class were classified correctly. 

Conversely, the user’s accuracy shows how many pixels in that cover’s classification correspond 

to known pixels of the same class (Jensen 1996, Lillesand and Kiefer 1999). In a perfect 

classification, each highlighted number and the total for each class, should be 100. For all three 

images, the user’s and producer’s accuracies are generally high, or close to one, for the water, 

seagrass, and terrestrial vegetation classes. The accuracies for the impervious surfaces and barren 

area classes, which can be easily mixed due to similar spectral signatures, are usually lower, 

showing that confusion between these classes is most likely the cause of most of the 

classification error. The overall accuracies and Kappa coefficients for each image also increase 

with time and resolution. The cloud-induced error in the 2010 image lowers its accuracy, and 

the 3-meter resolution of the 2019 image increases its accuracy. Overall, however, 

these accuracies remain within methodological standards and support the efficacy of this 

classification and analysis.   
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Table 6. The error matrices created during the accuracy assessment for each classified image.  

Land Cover 

Classes 2010   

Water   Seagrass   Terrestrial 

Vegetation   

Impervious 

Surfaces   

Barren 

Areas   

Total   Users 

Accuracy   

Kappa 

Coefficient   

Water   93   5   0   0   0   98   0.949       

Seagrass   1   85   1   0   6   98   0.867       

Terrestrial 

Vegetation   

0   0   105   0   0   105   1       

Impervious 

Surfaces   

1   2   0   79   34   101   0.634       

Barren Areas   2   0   11   2   74   98   0.755       

Total   97   92   117   81   114   500   0       

Producers 

Accuracy   

0.957   0.924   0.897   0.975   0.649   0   0.84       

Kappa 

Coefficient   

                            0.802   

   

   

Land Cover 

Classes 2015   

Water   Seagrass   Terrestrial 

Vegetation   

Impervious 

Surfaces   

Barren 

Areas   

Total   Users 

Accuracy   

Kappa 

Coefficient   

Water   97   3   0   0   0   100   0.97       

Seagrass   3   93   0   1   3   100   0.93       

Terrestrial 

Vegetation   

2   1   85   1   11   100   0.85       

Impervious 

Surfaces   

0   0   0   86   14   100   0.86       

Barren Areas   0   0   0   8   92   100   0.92       

Total   102   97   85   96   120   500   0       
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Producers 

Accuracy   

0.951   0.959   1   0.896   0.767   0   0.906       

Kappa 

Coefficient   

                            0.883   

   

Land Cover 

Classes 2019   

Water   Seagrass   Terrestrial 

Vegetation   

Impervious 

Surfaces   

Barren 

Areas   

Total   Users 

Accuracy   

Kappa 

Coefficient   

Water   90   10   1   0   0   101   0.891       

Seagrass   2   96   1   0   2   101   0.950       

Terrestrial 

Vegetation   

2   0   79   0   0   81   0.975       

Impervious 

Surfaces   

0   0   0   79   25   104   0.760       

Barren Areas   0   0   0   2   111   113   0.982       

Total   94   106   81   81   138   500   0       

Producers 

Accuracy   

0.957   0.906   0.975   0.975   0.804   0   0.91       

Kappa 

Coefficient   

                            0.887   

   

Table 7. Summary table listing the overall accuracies and Kappa coefficients for each classified 
image.   
 
Classified Image   Overall Accuracy   Kappa Coefficient   

2010   84%   0.802   

2015   91%   0.883   

2019   91%   0.887   
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 A land cover transition matrix, created for the timespan between each image’s capture, 

best highlights changes in land and water cover as measured in square kilometers (Table 8, 

Table 9). To create this matrix, the classified images were divided into different units for 

analysis. The largest image area that was shared by all three images was selected and used to cut 

each image down to an area that includes the SWCMR as well as some other cayes, reef area, 

open water, and a small area of the mainland. The classified images were also clipped to the 

boundaries of the SWCMR. Land cover transition matrices were created for each of these 

classified image areas within each time interval. Within each matrix, the value in each 

rectangle shows the square kilometer area of its first associated cover class that changed into the 

cover class listed on the later side of the matrix in the intervening years. The highlighted values 

point out the kilometers of cover that did not change with time. The totals listed on each side 

break down the total proportion of kilometer area created by each class during that period. Each 

of the three matrices breaks down the three-time intervals between the images (2010 to 2015, 

2015 to 2019, and 2010 to 2019) within a certain area of the image.    

 

Table 8. The land cover transition matrices showing shifts in land and water cover area between 
year intervals.   
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Land Cover Transition Matrix (Entire Image Area)   

Time 

Intervals   

Land Cover Classes    

(Area, km2)   

Water   Seagrass   Terrestrial 

Vegetation   

Impervious 

Surfaces   

Barren 

Areas   

Total   

                               

    2015                          

2010   Water   1017.16  80.96  0.39  0.50  0.16  1099.18  

    Seagrass   65.48   70.48  0.68  3.36  3.47  143.47  

    Terrestrial Vegetation   1.44          0.01  2.53  0.02   0.06   4.06  

    Impervious Surfaces   0.18   0.10  0.06  0.08   0.21   0.63  

    Barren Areas   1.31   0.32  0.52  0.14   0.30   2.60   

   Total   1085.58     151.87  4.19         4.11  4.20   1249.94   

                               

    2019                          

2015   Water   1006.25   68.37  1.78  1.19   0.40  1077.98   

    Seagrass   88.60   62.52  0.01  0.05   0.36  151.54   

    Terrestrial Vegetation      1.07  0.68  2.33  0.02   0.08  4.17   

    Impervious Surfaces   0.99   0.73  0.003   1.10   1.29  4.10   

    Barren Areas   1.58   1.15  0.05   0.26   1.16   4.19   

     Total    1098.47    133.45    4.17   2.62     3.28   1242.00   

                        

    2019                          

2010   Water   1021.52  68.08  0.74   0.95  1.20   1091.50  

    Seagrass   74.30   64.40   0.17   1.48  2.89   143.24  

    Terrestrial Vegetation   0.81   0.27   2.92   0.02   0.03   4.05  

    Impervious Surfaces   0.29   0.19   0.03   0.06   0.06   0.63   

    Barren Areas   1.55   0.51   0.32   0.12   0.09   2.58   

   Total   1098.47   133.45   4.17   2.62   3.28   1242.00   
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Land Cover Transition Matrix (SWCMR Marine Reserve Area)   

Time 

Intervals   

Land Cover Classes    

(Area, km2)   

Water   Seagrass   Terrestrial 

Vegetation   

Impervious 

Surfaces   

Barren 

Areas   

Total   

                               

    2015                          

2010   Water   353.89   37.61   0.31   0.33   0.13   392.27  

    Seagrass   37.11   36.98   0.49   1.96   2.74   79.28   

    Terrestrial Vegetation   1.37   0.01   2.41   0.02   0.04   3.86   

    Impervious Surfaces   0.06   0.05   0.05   0.06   0.17   0.38   

    Barren Areas   0.37   0.17   0.42   0.08   0.20   1.23   

     Total    392.80       74.82   3.68          2.44   3.29   477.03   

                        

    2019                          

2015   Water   345.52  45.07   1.76   0.30  0.12   392.77   

    Seagrass         41.54   33.07   0.01   0.01         0.18   74.82   

    Terrestrial Vegetation          0.78   0.52   2.33   0.007   0.04   3.68   

    Impervious Surfaces   0.58  0.39   0.003   0.66   0.82   2.44   

    Barren Areas   1.23   0.88   0.04   0.18   0.96   3.29   

     Total    389.65    79.93   4.15   1.16    2.10   477.00   

                        

    2019                          

2010   Water   349.17  41.91   0.73   0.37  0.07  392.25   

    Seagrass   39.16   37.38   0.17   0.66  1.90   79.28   

    Terrestrial Vegetation   0.66   0.26   2.90   0.01   0.02   3.86   

    Impervious Surfaces   0.15   0.09   0.03   0.05   0.06   0.38   

    Barren Areas   0.51   0.28   0.32   0.06   0.06   1.23   

   Total   389.65   79.93   4.15   1.16   2.10   477.00   
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Table 9. Tables containing the descriptive statistics for each land and water cover class within 
each area analyzed to create the land cover transition matrix—the entire image area, and the 
SWCMR area.    
 
Descriptive Statistics: Entire Image Area   

   Land Cover 

Classes   

            

Statistics 

(km2)   

Water   Seagrass   Terrestrial 

Vegetation   

Impervious 

Surfaces   

Barren Areas   

Mean   1094.433   145.420   4.274   2.449   3.354   

Median   1098.529   143.443   4.185   2.620   3.274   

Standard 

Deviation   

7.693   5.743   0.269   1.743   0.807   

Range   13.654   10.964   0.516   3.474   1.609   

  

Descriptive Statistics: SWCMR Marine Reserve Area   

   Land Cover 

Classes   

            

Statistics 

(km2)   

Water   Seagrass   Terrestrial 

Vegetation   

Impervious 

Surfaces   

Barren Areas   

Mean   392.625   76.307   3.736   1.755   2.602   

Median   392.793   74.827   3.674   2.442   3.290   

Standard 

Deviation   

0.291   2.564   0.107   1.190   1.191   

Range   0.504   4.441   0.185   2.060   2.063   
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Examining each matrix more closely reveals small but notable patterns. First, over the 

entire image area between 2010 and 2015, large shifts are seen between the water and seagrass 

classes—65.48 km of seagrass became water during this time, and 80.96 separate km of 

seagrass in turn became water. The barren and impervious surfaces classes show some instability, 

as they change somewhat between all other classes. Between 2015 and 2019, water and seagrass 

also continued to fluctuate between their classes. The seagrass class experienced a lot of change 

from other classes. 68.37 km of water became seagrass, 0.014 km of seagrass came from 

terrestrial vegetation, and 0.099 km of impervious surfaces became seagrass. The remaining 

classes remained more stable, save for barren areas, of which 0.076 km shifted from terrestrial 

vegetation. The entire time interval, from 2010 to 2019, summarizes these trends. Large shifts 

between seagrass to water (74.30 km) and water to seagrass (68.08 km) are seen compared to 

those between other classes. A high proportion of water, 0.95 km, becomes impervious surfaces, 

but otherwise the highest number of impervious surfaces and barren areas remain stable. Overall, 

throughout this image area, the amount of seagrass decreases by 0.74%. The water class 

increases the most overall, by 0.51%, though barren areas and terrestrial vegetation also increase 

by 0.16% and 0.01% (Table 10, Fig. 8). The rate of change of the impervious surface class 

is most significant. Between 2010 and 2019, the average annual percent rate of change for all 

other classes does not rise above three, and some values are negative. The rate of change for the 

impervious surfaces class, however, is 15.88%. The 2010 to 2015 time interval seems to differ 

most from the other two, likely due to the cloud cover in the 2010 image.   
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Table 10. Chart showing differences between each land and water cover class in the entire image 
area versus only the SWCMR area between 2010 and 2019.   
 
Changes in Area (km2), 2010-2019   

Entire Image   

Land Cover 

Classes   

2010   2015   2019   Difference (2010-

2015)   

Difference (2015-

2019)   

Difference (2010-

2019)   

Percent 

Total 

2010   

Percent 

Total 

2015   

Percent 

Total 

2019   

Water   1099.18   1085.58   1101.02   -13.60   15.44   1.84   87.94   86.85   88.45   

Seagrass   143.47   151.87   133.72   8.40   -18.14   -9.75   11.48   12.15   10.74  

Terrestrial 

Vegetation   

4.06   4.19   4.17   0.13   -0.02   0.11   0.32   0.34   0.34   

Barren 

Areas   

2.60   4.20   3.28   1.60   -0.92   0.68   0.21   0.34   0.26   

Impervious 

Surfaces   

0.63   4.11   2.62   3.48   -1.48   1.99   0.05   0.33   0.21   

   

Land Cover 

Classes  

Percent 

Difference (2010-

2015)   

Percent 

Difference (2015-

2019)   

Percent 

Difference (2010-

2019)   

Average Annual 

% Rate of 

Change 2010-

2015   

Average Annual 

% Rate of 

Change 2015-

2019   

Average Annual 

% Rate of 

Change 2010-

2019   

Water  -1.09   1.60   0.51   -0.250   0.35   0.02   

Seagrass  0.67   -1.41   -0.74   1.14   -3.18   -0.78   

Terrestrial 

Vegetation  

0.01   6.97   0.01   0.63   -0.10   0.31   

Barren Areas  0.13   -0.07   0.06   9.61   -6.20   2.58   

Impervious 

Surfaces  

0.28   -0.12   0.16   37.50   -11.21   15.85   
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Changes in Area (km2), 2010-2019   

SWCMR Marine Reserve Area   

Land Cover Classes   2010   2015   2019   Difference   

(2010-2015)   

Difference   

 (2015-

2019)   

Difference (2010-

2019)   

Percent 

Total 

2010   

Percent 

Total 

2015   

Percent 

Total 

2019   

Water   

    

392.27   392.80   392.67  0.52  -3.12  -2.60   82.23  82.34  81.69   

Seagrass   79.28   74.82   79.94   -4.46   5.12  0.66   16.62   15.68   16.76   

Terrestrial Vegetation  3.86   3.68   4.15   -0.18   0.47  0.29   0.81   0.77   0.87   

Barren Areas   1.23   3.29   2.10   2.06   -1.19  0.87  0.26   0.69   0.44   

Impervious Surfaces   0.38   2.44   1.16   2.06   -1.28  0.78   0.08   0.51   0.24   

  

Land Cover 

Classes  

Percent 

Difference (2010-

2015)   

Percent 

Difference (2015-

2019)   

Percent 

Difference (2010-

2019)   

Average Annual 

% Rate of 

Change 2010-

2015   

Average Annual 

% Rate of 

Change 2015-

2019   

Average Annual 

% Rate of 

Change 2010-

2019   

Water  0.12  -0.65   -0.55  0.03  -0.12  -0.07  

Seagrass  -0.94   1.07   0.14   -1.16   1.65  0.09   

Terrestrial 

Vegetation  

-0.04   0.10   0.06   -0.96   3.02  0.81   

Barren Areas  0.43   -0.25  0.18   19.67   -11.18  5.96   

Impervious 

Surfaces  

0.43   -0.27  0.16   37.08   -18.57  12.35   
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 Figure 8. Charts showing the overall cover change per class inside and outside the SWCMR 
between 2010 and 2019.   

  

 



 
47 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Thematic maps highlighting in red areas where land cover change has occurred inside and outside the SWCMR between 
three time intervals: 2010 and 2015, 2015 and 2019, and 2010 and 2019.
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Dissecting the land cover transition matrix for the SWCMR area shows other patterns—

some similar to the entire image, some different, and some much stronger. Between 2010 and 

2015, there is some change between the water and seagrass classes, but there is much more of 

impervious surfaces into water and seagrass—0.058 km and 0.05 km. The impervious surfaces 

and barren areas classes also experience medium amounts of change to terrestrial vegetation in 

2015. The most striking amount of change in this interval is the 0.078 km change from barren 

areas to impervious surfaces that is most probably due to the similar spectral signatures of these 

two classes. The second time interval from 2015 to 2019 records similar changes. The fluctuation 

between water and seagrass is very strong, with 45.07 km of water becoming seagrass 

and 41.54 km of seagrass turning to water. Only 33.07 km of seagrass remained unchanged 

during this time. A 0.18 km portion of seagrass was also converted to barren areas. The 

terrestrial vegetation class remained mostly stable, and there is some change back and forth 

between impervious surfaces and barren areas. 0.17 km of impervious surfaces shifted to barren 

areas, and 0.18 km of barren areas in turn changed to impervious surfaces. Over this entire time 

interval, the water class decreased by 0.55%, the seagrass class decreased by 0.14%, the 

terrestrial vegetation class increased only slightly by 0.061%, and impervious surfaces and barren 

areas both increased by 0.16%. Notable here are the average annual percent rates of change for 

the impervious surfaces and barren areas classes, 5.99% and 12.35%. Compared to the rates of 

change for the other classes, which range between –0.074% and 0.8%, these two rates of change 

are strikingly high. Mapping out the spatial patterns where changes in land cover classes 

occurred provides further insight into the changes measured in the land cover transition matrix 

(Fig. 9). It appears that most of the changing areas highlighted in red appear in areas of shallow 

water. This is especially apparent in the reserve’s northern waters around the Tobacco Range and 
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close to the reef line extending south.  These maps and statistics evidence both stable and 

unstable trends occurring in and outside the SWCMR between 2010 and 2019. They record 

important baseline changes that may be useful to research stakeholders.  

4.2 Content Analysis Results  

The results of the content analysis give context to the remote sensing change analysis by 

identifying three strong sources of change within Belize’s tropical marine costal environment—

biophysical factors, policy and institutional factors, and infrastructure 

extension. Several visualizations map out some of the main ideas contained within the 

documents. Word frequency queries summarize the most frequently occurring words 

in specified documents. A word frequency query summarizing the 1000 most frequent words 

in all documents appears to stay on topic, with “protection,” “areas,” “managing,” “belize cays,” 

and “marine” most frequently appearing (Fig. 10). The second tier of words contains keywords 

central to MPAs, such as “community,” “conserving,” “fisheries,” and particularly, 

“developments,” showing that monitoring, and likely limiting, development is a key area of focus 

for all documents. Interestingly, “change” is listed later within the third tier of significance, as is 

“impacts.”     

Creating other 1000-word frequency clouds for the documents that were published within 

each satellite image year interval provides slightly different results in each case (Fig. 11). This 

excludes the content of documents written earlier in the SWCMR’s existence but provides a good 

supplement for the image intervals used in the remote sensing analysis. Interestingly, in the 

2010-2014 cloud, “change” appears in the third tier, while “impacts” is relegated to the fourth. 

“Development” appears in the second tier. Conversely, in the 2015-2019 cloud, words like 

“communities” are more prominent, listed in the third tier. “Development” is not shown until the 
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third tier, “change” comes later in the fourth, and “impacts” does not appear until the fifth. These 

different frequencies show that this grouping of documents has a different focus than the 

previous. The 2010 to 2019 cloud, that combines the previous two groups of documents, 

maintains a balance of these trends. “Change” does not appear in the cloud at all, both 

“communities” and “developments” appear in the third tier, and “impacts” is shown in the 

fourth.  

  

  

  

  

  

Figure 10. A word frequency cloud for the 1000 words most frequently appearing in in all coded 
documents. Frequency level is indicated in several levels by word color and size. For example, 
the most frequently appearing words are orange and the largest of the group.   
  

 Word Frequency Cloud 2010-2014 
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Word Frequency Cloud 2015-2019 

 

 

 

 

 

 

 

 

 

 

Word Frequency Cloud 2010-2019 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. A word frequency cloud for the 1000 words most frequently occurring in documents 
published between 2010 and 2014, 2015 and 2019, and 2010 and 2019.   
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  Other visual analyses represent relationships between documents and the words and 

phrases within documents. A word tree query for all documents centered on the word “change” 

produced a large map of results (Fig. 12). One word clearly dominates the first layer of the tree—

climate. This highlights the myriad ways that climate change is discussed, and these 

represent most of the discussions of change in the texts. Another type of analysis, cluster 

analysis, groups text units together based on their covariance derived from Pearson’s correlation 

coefficient. Two cluster analyses performed on all documents group them together in a nested 

format that shows their similarities (Fig. 13). The word similarity cluster groups documents by 

how similar their words and phrases are between the texts. As might be predicted, this mainly 

groups documents by their author, as the language used by each author group is unique from the 

others. For example, the National Protected Area System Plans (NPASP) are grouped together, 

since they are the same type of management plan, and they lie within another cluster that 

includes other documents authored by the Belizean government. All UN-affiliated documents are 

grouped close together at the bottom, and third-party NGO authored texts cluster at the top. The 

second cluster analysis groups the texts by coding similarity. The results here are much 

more variable but show which documents’ content is most similar according based on coding 

references. There is no consistency by author, year, or other attributes in these results, 

emphasizing that each document approaches its subject individually with new plans and 

observations. Together these visual analyses show the shifting priorities that can be represented 

in the language of these documents, that may affect changes on the ground within the SWCMR.  
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Figure 12. A word tree resulting from a query of all documents for allusions to “change.” In the tree, words are clustered together if 
they occur together.  
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Figure 13. Cluster analyses showing the relationship between documents by word similarity and 
coding similarity.  

  

Numerical and matrix analyses applied to the coding results delve deeper into change 

drivers at work in and around tropical socioenvironmental concepts—specifically, the 

SWCMR. Geist and Lambin (2001) divide their coding units into two overarching categories that 

then branch out into a hierarchy of more specific categories in two smaller levels. The first two 

categories are underlying causes of change and proximate causes of change. There are more 

coding units contained within the underlying category, and accordingly, more coding references 

were attributed to underlying causes (Fig. 14). Within each category of proximate and underlying 

change, there are more specific second-level categories of change drivers. Listing these out by 

number of references reveals that there are three main categories of change drivers that dominate 

the number of references throughout all documents—biophysical drivers, policy and institutional 

factors, and infrastructure extension (Fig. 15). These are the most coded drivers regardless of 

coded file size, the number of files coded, and all other file attributes, from year to author to the 

area covered by the document. Biophysical drivers include climate change, invasive species 

effects, land degradation, soil fertility decline, and water-related factors, among others. Some 

policy and institutional factors are formal policies on land, credits and concessions, pro-

deforestation policy, mismanagement, corruption, and land tenure insecurity. All of these are 

underlying causes of change that stem from social processes or norms. Proximate causes of 

change within infrastructure extension are public and private infrastructure expansion, mining, 

oil exploration, mining, and settlement expansion. These changes are localized and often occur 

suddenly in time. Statistically, these factors can be said to be most active or of concern to 

managers and stakeholders of the BBR and SWCMR.   
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Figure 14. A large-scale hierarchy chart showing each code weighted in color and thickness by 
the number of references it received during the coding process. First and second tier codes are 
labeled. 
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Figure 15. Bar chart showing the number of files and references per second-level change 
driver. The number of references is displayed on the left Y axis, and the number of files is shown 
on the right Y axis. 
 

The content of one document in particular gave relevant information to the remote 

sensing analysis—especially the increase observed in the impervious surfaces cover class. This 

information was encountered when reading the document during coding. It is not included in the 

content analysis itself but merits discussion. The South Water Caye Marine Reserve Management 

Plan 2010-2015 authored by the Wildtracks NGO in conjunction with the Belize Fisheries 

Department described the history of development, occupation, and use of the land and water 

contained within the reserve. Upon the reserve’s creation, it contained 66 grants and 58 leases, all 

private, that are not technically considered part of the reserve. The main stakeholders in the 

reserve are fishing, tourism, and research, and these groups own certain parcels of land within 

the reserve, mostly on Tobacco Caye, South Water Caye, Carrie Bow Caye, and Thatch Caye.  

After designation, the sale of government lands was prohibited. However, between 2004 and 

2008, four more grants of the reserve’s government land were issued and subsequently resold to 

developers (Wildtracks 2009, Jones 2003) (Table 11). While these leases did not take place 

during the time intervals studied in the remote sensing analysis, they set a precedent in the Lands 

Department that ignores moratoriums, even in the face of the UN’s World Heritage designation 

and the interests of other conservation groups. This supports both analyses, by showing 

concrete existence of infrastructure extension and giving credence to the subsequent increase in 

impervious surfaces found in the change analysis. These results record important changes, and 

their implications are relevant to future applications in research and management.  
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Table 11. Chart showing the location and amount of land within the SWCMR that has been 
granted or leased before 2010. Derived from Wildtracks 2009.   
 
Caye   Number of Grants   Number of Leases   Total Acres   

Blue Ground Range   6   9   16.03   

Coco Plum Caye   1   3   30.99   

Spruce Caye   1   0   1.10   

Carrie Bow Caye   1   0   1.00   

Wee Wee Caye   0   2   0.84   

Ragged Caye   1   0   2.33   

South Water Caye   15   0   13.27   

Tobacco Caye   27   0   5.87   

Tobacco Range   10   20   99.40   

Twin Cayes   3   10   20.96   

Channel Caye   0   1   0.20   

Peter Douglas   0   1   2.00   

Northeast Pelican   1   1   4.20   

Northwest Pelican   0   1   1.50   

Pelican (Cat) Caye   0   1   5.24   

Lagoon Caye   0   2   2.50   

Quamina Caye   0   1   2.00   

Saddle Caye   1   1   1.00   

Slasher Sandbore   0   1   0.50   

Tarpon Caye   0   1   1.00   

Baker’s Rendezvous North   0   1   0.22   

Crawl Caye   0   2   6.12   

Bread and Butter Caye   0   1   No Data   

Wiparri Caye   0   1   1.02   

Lark Caye   3   0   No Data   

Peter Douglas Caye   0   2   No Data   

Total   70   62      
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5. DISCUSSION  

Together, the results of the LULC change analysis and the content analysis elucidate 

changes in the land and water cover types in and around the SWCMR, establish an increase in 

anthropogenic impact in the area, and show that this increase, if not illegal, most likely 

contradicts the goals set for the SWCMR as an MPA and limits its efficacy. The degree to which 

the changes observed reflect short-term shifts or long-term trends cannot be determined, 

but observations are important to consider here. The cumulative trend of seagrass loss by 0.74%, 

while small, could have several sources. The decrease could support losses in seagrass cover that 

have lately been measured worldwide, point to low water quality, or suggest shorter lifespans for 

seagrass beds in Belizean waters (Duarte 2002, Kendrick et al. 2012, Unsworth et al. 

2019). Whatever the cause, the effects of seagrass loss could wreak havoc on the fisheries in the 

SWCMR, which could bring staggering losses for the communities that depend on subsistence 

fishing, and the tourism and commercial fishing sectors that support a large part of Belize’s 

GDP and fund conservation efforts (Key 2002, Cho 2005).    

The global increases in impervious surfaces and barren areas cover, on the other 

hand, (0.68% and 1.99%) seem more stable and meaningful. Though these cover types have 

similar spectral signatures and may be mixed up somewhat in the results, the fact that 

both types of increase do reinforce the probability that some of this increase is due to increases in 

development and anthropogenic impacts on the cayes. Documentation of past grants in the face 

of the public land sale moratorium further supports this (Wildtracks 2009). While community 

involvement in reserve management is one of the foundational tenets of MPAs, and small 
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additions in infrastructure may be necessary for this, it is known that large levels of human 

activity in protected areas harm the health of the ecologies within them (Halpern et al. 2008, 

Western 2001, Hoegh-Guldberg and Bruno 2010, Halpern et al. 2015, Sponsel n.d.). Thus, such 

dramatic increases in the rate of development seen in and around the SWCMR—12.35%—

are not sustainable in a healthy environment in the long term, which is why it has been 

legislatively banned.   

The discourses gleaned from the content analysis show that managers and stakeholders 

are aware of this fact, as “development” is shown in the third or fourth tier of all word frequency 

clouds for the documents coded between 2010 and 2019. However, when change is considered 

and mapped throughout the documents in a word tree, changes due to development take a 

backseat to climate change, which dominates the discourse around change in each document. 

This could be due to the current global discourse on climate change in science, which may 

dominate research and funding for universities and management regimes (Feulner 2015). Tuning 

into the global climate change discourse might then give the SWCMR more merit where funding 

and international attention is concerned. The BBR’s UNESCO affiliation may also contribute to 

global priorities in the area. On the other hand, the omission of development in the documents 

could perhaps be intentional if land leases are continuing to occur illegally.  

Since these are not discussed in depth within the documents, habitat transformation and 

land conversion into developed areas could be a new emphasis for managers. As they take entire 

ecosystems and habitats into their consideration, the health and extent of these areas in 

cumulative might assist monitoring efforts and help create new ideas for management 

strategies (Roberts and Polunin 1993; Arkema, Abramson, and Dewsbury 2006; Levin et al. 

2009). The main change drivers gleaned from the coding process also provide insight into the 
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mechanisms behind ecological and anthropogenic shifts in the SWCMR. Biophysical factors, 

policy and institutional factors, and infrastructure extension are broad underlying and proximate 

factors that directly and indirectly contribute to changes that are likely recorded in the sensitive 

environments around them (Baldacchino 2006, 2007).   

The size and scope of the satellite images as well as the varying extent of the 

management plans and documents allowed a helpful comparison of the land and water cover in 

and out of the SWCMR area. This aided in isolating differences between protected and non-

protected areas and evaluating the SWCMR’s past management strategies. Some overall trends 

in the LULC analysis remained consistent throughout both areas, but there were some notable 

differences. A -0.55% decrease in water was seen within the SWCMR while the areas of all 

other cover classes increased. Barren areas increased by a whole 0.18%. In the entire area, 

only the seagrass class decreased by 0.74%. The spatial distribution of change also shows that 

most of it occurs within the reserve, whose boundaries contain most of the shallow water in the 

area. This could simply reflect a greater diversity of cover classes in these shallow areas, or a 

greater ease of mapping them. Either way, the proliferation of change in shallow water stands out 

as important information for monitoring efforts in the SWCMR. There is no way of specifically 

attributing differences inside and outside the marine reserve to the benefits or downsides of MPA 

strategies, but it is important to note these differences to see how they may continue to 

change through time.   

What sets this project apart from others, however, is the precedent that the methods set 

and the potential for the results to be incorporated into future management plans and replicated 

in other areas by future research. Change monitoring via remote sensing is an important and 

accessible tool to evaluate large habitats that are usually present in marine reserves and has only 
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been carried out so far in inland areas and small targeted caye zones (Cherrington 

2013; Sweetman et al. 2019; Voight et al. n.d.; Doyle, Beach, and Luzzadder-Beach 2021). One 

NGO that operates in the area regularly, the Ya’axché Conservation Trust, uses LULC analyses 

to measure deforestation and border encroachment, but there is no evidence that the government 

of Belize has ever done so on its own (Sapp 2022). A workshop spreading this technology and 

methods for its use could help the Belizean Fisheries Department to do this independently, 

without third-party assistance, and incorporate it into its monitoring protocols for all seven of the 

country’s marine reserves (Cissell et al. 2021).   

5.1 Limits and Applications  

Like most scientific endeavors, this study has several limitations and potential sources of 

bias, though its benefits outweigh these and inspire more future research and applications. The 

quantitative remote sensing portion of the study is hindered by several sources of error and 

limitations inherent in the data. Because the study aimed to investigate change using only high-

resolution remote sensing imagery (3-5 m), it was limited in the number and type of images that 

could be included. The RapidEye and PlanetScope CubeSat satellites that captured the imagery 

were launched in 2008 and 2016, respectively, so the study could not include data from farther 

back than 2008 (“Third Party Missions Infographic - Earth Online” n.d.). This time series is so 

short that it may not be able to capture long term environmental changes, especially in a dynamic 

environment like the benthic habitats in the SWCMR. Thus, the trends observed in the results 

section may not be ones of special concern. Several sources of error in this analysis stem from 

other aspects of the data and land class types included in the study. The 2010 RapidEye 

image has several strings of clouds that obscure certain features, and though they amount to less 

than 10 percent of the image cover, they introduce error into the classification by inflating the 
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amounts of land area in the 2010 cover classes with higher reflectance (barren areas, seagrass, 

and impervious surfaces). The similar spectral signatures between barren areas and impervious 

surfaces also create error into the cover classification. There is a high rate of misclassification 

between these two classes because their reflectance values are closely related, especially when 

open areas of sand make up the barren areas class. The accuracy assessment shows that these 

errors are small, but they still complicate the classification and prevent it from achieving higher 

accuracy. Another anomaly is involved in the ground truthing points used to conduct the 

accuracy assessment for the images. A field work trip to Belize allowed collection of ground 

truth points straight from the landscape in the SWCMR that were included in the accuracy 

assessment on the 2019 image. Because no field GCP (ground control point) data is available for 

the earlier image years, however, random control points were generated and used for the other 

images. While this should not greatly affect the study results, it does create inconsistency in the 

methodology. Acknowledging these errors and how they may affect study results helps those 

results be better understood and provides opportunities to improve the methodology in future 

replications.   

The content analysis half of the study also contains several small sources of error. As 

stated in the literature review, content analysis methods have been used to analyze environmental 

management plans, but none have ever approached management documents in this way. This 

makes this analysis new and informative, but it also prevents it from being backed up by 

previous studies. The content analysis methodology used is also much more directed than most 

content analyses, as the code used is pre-existing and not developed during this specific inquiry. 

This limits the information that the documents tell organically, although their directed meanings 

help illuminate pieces of the remote sensing analysis. Another limitation is caused by the small 
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sample size of documents included in the content analysis. This is due to 

the finite availability of SWCMR reports and management plans and the amount of time the 

SWCMR has been protected. These may distort the statistical significance of the 

results. Additionally, while these two halves of the research tell important components of the 

SWCMR’s story, they are not directly related, and one cannot be attributed as the cause or effect 

of the other.    

  Despite these limitations, however, this research’s methodology and results create 

meaningful knowledge that can be used by other researchers, communities, and 

stakeholders to make the SWCMR’s special habitats truly sustainable. This is the first exercise in 

high resolution cover change studies in Central America as well as Belize, and the results 

confirm that high resolution imagery and general LULC methods work well for measuring 

change over time in benthic habitats, especially for seagrass habitats. This is also the first land 

and water cover change analysis for the SWCMR, and it provides a baseline measure of change 

in the area over the past ten years that can be incorporated into planning, used in other studies, or 

built on in the future in a longer-term project. These measurements also give insight into the 

similarities and differences inside and out of an MPA. The research methods establish an analytic 

procedure that can be replicated by others in the future, in Belize or other benthic environments 

in the Caribbean. The mixed methods approach that it uses helps tell the complete story 

of change in the area, from the perspective of the environment itself and the people 

monitoring it. Together, the methods tell a well-rounded story of the SWCMR over the last ten 

years that teaches us about actionable change in the past and what it may mean for the future.   

Future studies may extend this research or apply its findings to the next round of 

management objectives developed for the SWCMR. Within the canon of academic research, this 
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study should be replicated to confirm its methods and extend it to other geographical areas. In 

another decade or so, once more high-resolution imagery is available, replicating this exact same 

study would provide more comprehensive and long-term information about change in the 

SWCMR. Methods could also be replicated in Belize’s other MPAs to see how recent changes 

there are progressing, and how they may compare to the SWCMR. Remote sensing analytics 

could be expanded in other ways to explore different aspects of the results in more detail. It could 

be useful to use a time series of remote sensing images to track shoreline changes and erosion 

patterns on the cayes in the SWCMR, to see how changes in land area may be affecting changes 

in habitat types and cover seen in this study. Using LULC metrics to focus on mapping each of 

the above five cover types across the SWCMR could provide more detail on how each of 

these have changed. Another important future extension of this project is to share its results and 

methods with community members, NGOs, and government planners in Belize, so 

that they may be able to use these remote sensing and LULC monitoring techniques on their 

reserves themselves. The information found here may also be helpful for inclusion in the next 

round of NPASPs that will be developed in 2025, so that development may be addressed, and the 

concept of short-term change could be included in the management discourse.   
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6. CONCLUSION  

The purpose of this study was to measure change in land and water cover in and around the 

SWCMR in the last ten years and document anthropogenic development within a protected, 

public area. Altogether, the results of the remote sensing LULC analysis and content analysis tell 

a short but meaningful story of the SWCMR. The work fills a knowledge gap in high resolution 

remote sensing in tropical marine environments, establishes a baseline change study for the area, 

and sets a precedent for studying the discourse within management plans. As seen in decreasing 

levels of seagrass and increasing amounts of barren and impervious (developed) areas, the future 

health of the terrestrial mangrove and seagrass ecosystems within MPAs depend on their 

management and cooperation between stakeholders, governments, and communities. This has 

been noted within management plans as well, which highlight biophysical drivers, policy and 

institutional factors, and infrastructure extension as the most likely causes of change within the 

SWCMR. This knowledge is integral to knowing how successful MPAs are, and how 

interactions between humans and the environment create change in the environment in the short 

and long term.   
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APPENDIX  

  
Below is listed the hierarchy of coding nodes derived from Geist and Lambin 2001. It wasused to 
code the documents in the content analysis.  
 
Code Name and Hierarchy  

1. Proximate Causes of Change  
2. Agricultural Expansion  

a. Cattle Ranching  
i.Large-scale cattle ranching (pasture creation)  

ii.Smallholder cattle ranching (pasture creation)  
iii.Unspecified  

b. Colonization, transmigration, resettlement  
i.Estate settlement (agricultural, nucleus)  

ii.Industrial forestry plantation settlement  
iii.Local transmigration (resettlement)  
iv.Military transmigration  
v.Spontaneous transmigration  

vi.Unspecified  
c. Permanent cultivation  

i.Agricultural(Integ. Rural) development projects  
ii.Commercial agriculture (large-scale, smallholder)  

iii.Subsistence (food, smallholder) agriculture  
d. Shifting cultivation  

i.Colonist shifting cultivation  
ii.Traditional shifting cultivation  

3. Infrastructure Extension  
a. Market infrastructure  

i.Private infrastructure (sawmills, food markets, etc.)  
ii.Public infrastructure (food markets, storage, etc.)  

b. Private enterprise infrastructure  
i.Hydropower development  

ii.Mining (gold, coal, tin ore, etc.)  
iii.Oil exploration  

c. Public services  
i.Unspecified  

ii.Water and sanitation facilities, electrical grids, etc.)  
d. Settlement expansion  

i.(Semi-)urban settlements  
ii.Military defense villages  

iii.Rural settlements  
iv.Unspecified  
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e. Transport infrastructure  
i.Railroads  

ii.Rivers and tributaries  
iii.Roads (public, military, logging, mining, etc.)  

4. Wood (RESOURCE) Extraction  
a. Charcoal production  

i.Domestic uses (rural, urban)  
ii.Industrial uses (rural, urban)  

iii.Unspecified  
b. Commercial wood extraction (clear-cutting, selective harvesting)  

i.Growth-coalition led logging  
ii.Illegal (illicit, undeclared) logging  

iii.Private company logging (selective, clear-cutting)  
iv.State-run logging (selective, clear-cutting)  
v.Unspecified  

c. Fuelwood extraction  
i.Domestic uses (rural, urban)  

ii.Industrial uses (rural, urban)  
iii.Unspecified  

d. Polewood extraction  
i.Domestic uses (rural, urban)  

ii.Industrial (rural, urban)  
iii.Unspecified  

5. Underlying Causes of Change  
6. Biophysical drivers (triggers)  

a. Climate change  
b. Invasive species effects  
c. Soil-related  

i.Land degradation (unspecified)  
ii.Soil compaction  

iii.Soil fertility decline  
d. Vegetation-related  

i.Forest fires  
ii.Weed intrusion  

e. Water-related  
i.Drought conditions (aridity)  

ii.Floods  
iii.Wet conditions (high humidity)  

7. Cultural (or socio-political) factors  
a. Individual and household behavior  

i.Situation-specific behaviour of actors-rent-seeking, non-profit orientation, 
tradition, imitation, continuation of inherited modes of resource use  

ii.Unconcern by individuals about the environment as reflected in increasing 
levels of demands, aspirations, materials and commercialisation and 
increased income  

b. Public attitudes, values, beliefs  
i.Beliefs about how environmental conditions affect those things which 

individual values  
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ii.Public unconcern or lack of (public, political) support for forest protection 
and sustainable use-low morale or education, frontier mentality, and 
dominance of other public attitudes (modernization, development, nation-
building, etc.)  

iii.Unconcern about the welfare of others and future generations, or disregard 
of the sacredness of nature  

8. Demographic factors (human population dynamics)  
a. (uneven) spatial population distribution  
b. In-migration  
c. Life cycle features  
d. Natural increment (fertility, mortality)  
e. Pollution  

i.Light pollution  
ii.Waste dumping  

f. Population density  
g. Population growth (unspecified)  
h. Population pressure (unspecified)  

9. Economic factors (economic growth, change or development, commercialisation)  
a. Market growth and commercialisation  

i.Growth of demand for consumer goods and services procured with cash 
due to a rise in well-being (unspecified, wood-related, agriculture-related, 
housing and transport)  

ii.Growth of sectoral industries (wood-related, agriculture, mineral-related, 
others)  

iii.Increased market accessibility (esp. of semi-urban and urban markets)  
iv.Lucrative foreign exchange earnings  
v.Unspecified rapid market growth (especially of the export-oriented sector), 

rise of cash economy, increasing commercialisation, incorporation into 
(world) economy  

b. Special economic parameters  
i.Comparative advantages due to cheap, abundant production factors in 

resource extraction and use  
ii.Price (value) increases (of fuel, land, cash crops)  

iii.Price decreases (of cash crops)  
iv.Special, mainly artificially low kept production conditions  

c. Specific economic structures  
i.Economic downturn, crisis conditions  

ii.Indebtedness, heavy foreign debt  
iii.Large individual (mostly) speculative gains  
iv.Poverty and related factors (lack of income opportunities, joblessness, 

resource poverty, low living standard, etc.)  
v.Unspecified  

d. Urbanization and industrialization  
i.Industrialization rapid built-up of new basic, heavy and forest based or 

related industries  
ii.Urbanization growth of urban markets  

10. Land characteristics (biophysical environment)  
a. Slope and topography-related  

i.Flat areas  



 
84 

 
 
 
 

ii.Gently sloping areas  
iii.Lowlying areas  

b. Soil-related  
i.Good-bad soil quality  

c. Vegetation-related  
i.Forest size and fragmentation  

ii.Vegetation density (high, of marketable woods)  
d. Water-related  

i.Location next to water resources  
11. Policy and institutional factors (change of political economy institutions)  

a. Formal policies  
i.On credits, subsidies, licenses, concessions, (logging) bans  

ii.On economic development (agriculture, infrastructure)  
iii.On finance, legislation, investment, trade  
iv.On land  
v.On population (migration)  

vi.On taxation, charges, tariffs, prices  
vii.Other pro-deforestation policy (unspecified)  

b. Informal policies (policy climate)  
i.Clientelism, vested (private) interests  

ii.Corruption, lawlessness  
iii.Growth of development coalitions at work  
iv.Poor performance, mismanagement  
v.Redefinition of (forestry) policy goals  

c. Property rights regimes  
i.Insecure ownership, land tenure insecurity (unspec.)  

ii.Land race, race for property rights  
iii.Low empowerment, deprivation, marginality  
iv.Malfunct customary rights  
v.Open access conditions  

vi.Titling, legalization, consolidation (of individual titles)  
12. Social trigger events  

a. (Civil) war, rebellion, social unrest and disorder  
b. Abrupt (and violent) population displacements (refugee movements)  
c. Government policy failures (e.g. abrupt shifts in macro-policies)  
d. Health and economic crisis conditions (e.g. epidemics, economic collapse)  

13. Technological factors (technological change or progress)  
a. Agro-technological change  

i.Agricultural involution  
ii.Land-use extensification  

iii.Land-use intensification  
iv.Other changes (landholding, production orientation, etc.)  

b. Other production factors in agriculture  
i.Capital-related factors (no credits, limited irrigation)  

ii.Labour-related factors (limited labour availability)  
iii.Land-related factors (landlessness, land scarcity)  
iv.Low level of technological inputs (unspec.)  

c. Technological application in the wood sector  
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i.Damage and wastage due to poor logging performance  
ii.Lack of cheap, technological alternatives to woodfuel; poor domestic and 

industrial furnace performance  
iii.Wastage in wood processing, poor industry performance  

  
 


