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ABSTRACT OF THE DISSERTATION 

 

Emerging Techniques in Coastal Water Quality in the US and Belize:  

Remote Sensing and Metagenomics 

 

by 

 

Ileana Callejas 

 

Doctor of Philosophy in Civil Engineering 

University of California, Los Angeles, 2023 

Professor Jennifer Ayla Jay, Chair 

  

 Water quality monitoring is essential for the wellbeing of humans, animals, and the 

environment. Monitoring coastal water quality is critical for the sustainable management and 

development of coastal resources as over one-third of the human population live in coastal areas. 

The health of our coasts, oceans, and cities highly depends on our changing climate and 

anthropogenic activities. Creating robust solutions to climate change and achieving coastal 

resilience requires interdisciplinary research by leveraging various datasets and techniques. The 

water quality monitoring techniques encompassed by this body of work aim to leverage satellite 

remote sensing to monitor water clarity and sea surface temperature for coral health and the second 

are a suite of microbiological techniques to monitor antibiotic resistance. The first two studies 

utilize remote sensing imagery to monitor water clarity and sea surface temperature (SST) in 
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coastal Belize. The third and fourth studies use culture, amplification, and sequencing techniques 

to elucidate levels of antibiotic resistance genes (ARGs) and antibiotic resistant bacteria (ARB) in 

two major cities—Los Angeles, CA, USA and Belize City, Belize. The final chapter captures the 

impact remote sensing modules and a course-based undergraduate research experience (CURE) 

can have on the confidence and self-efficacy of STEM and non-STEM students. 

 The first chapter investigates water clarity changes using Aqua MODIS imagery during the 

COVID-19 anthropause. Here satellite derived Kd(490) (proxy for water clarity), marine traffic 

data, and climate model data were used to uncover significant improvements in water clarity during 

2020 compared to the baseline period from 2002-2019 in areas with typically heavy marine traffic. 

 In the second chapter, a Google Earth Engine and RStudio based toolkit is devised to 

combine Aqua MODIS-derived Kd(490) and SST into a coral vulnerability index for marine 

protected areas (MPAs) in Belize. Using the coral vulnerability index, Belizean MPAs were ranked 

based on the number of heat stress days and index scores to draw attention to MPAs that may need 

more intervention. 

 Chapter three elucidates the impacts of land use and water reclamation plants on ARGs 

and ARB in the Los Angeles River watershed. The developed sampling sites were 2-3 orders of 

magnitude higher ARG concentrations compared to beaches and undeveloped areas.  

 The fourth chapter uses multiple microbiology techniques to measure ARG and ARB levels 

in the Belize River, coastal lagoon, and Belize Barrier Reef. Belize City, in particular the sewage 

treatment lagoons and fish market, were found to contribute most to the resitome. 

 The final chapter allowed students the opportunity to learn remote sensing to investigate 

environmental change and was found to increase their understanding of remote sensing and coding. 
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Chapter 1: Effect of Covid-19 Anthropause on Water Clarity in The 

Belize Coastal Lagoon 

1. Introduction 

 The Central American nation of Belize is home to the Belize Barrier Reef Reserve System, 

the largest barrier reef system in the northern hemisphere and a World Heritage Site1–3. Belize’s 

reef system is approximately 250 km in length, 963 km2 in area, and is located 0.5-80 km offshore 

between Mexico and Guatemala’s borders4–6. This reef system contains hundreds of reef patches 

which developed during the Holocene4,7. Belize’s coral reefs support high levels of biodiversity8, 

and provide essential ecosystem services such as coastal protection and fisheries9, and important 

economic revenue as tourism is a primary contributor to the economy10. Since 1998, the main use 

for Belize’s reefs has been identified as tourism and thus the nation must continuously monitor 

tourism impacts in order to prevent the degradation of the reefs and preserve Belize’s 

competitiveness in ecotourism markets11,12. 

 The Coronavirus disease 2019 (COVID-19) pandemic caused shifts in the environment and 

climate due to global lockdowns resulting in a reduction of social and economic activities13,14. On 

March 23, 2020, a mandatory quarantine was placed on Ambergris Caye within Belize followed 

by a countrywide state of emergency (SoE) declared on March 30, 202015,16. To limit the spread 

of COVID-19, Belize closed their borders to international travelers by closing land borders and its 

international airport17. On October 1, 2020, the reopening phase of Belize’s international airport 

began while expecting 140 travelers on its first day18. 

 Tourism has declined on a global scale, which can have devastating impacts on local and 

regional economies. Other observed impacts include a reduction of anthropogenic footprint on 

natural ecosystems13. Remote sensing datasets are especially well-positioned to assess these 

changes by providing a mechanism to observe larger scale responses to these declines in human 
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activity, often referred to as the “anthropause”19. This is especially important in data-scare regions 

such as Belize. For example, Landsat-8, Sentinel-2, Sentinel-3, and moderate resolution imaging 

spectroradiometer (MODIS) have been used to evaluate changes in air quality emissions20–22, water 

clarity23–25, and coastal/ocean productivity26–28. A variety of satellites have been used for impact 

assessment such as Landsat-829–31, PlanetScope32, Sentinel-233,34, Sentinel-329,35, and MODIS 

(Gaiser et al., in press). Multiple studies report reductions in air, water, and noise pollution due to 

global lockdown orders. Within the hydrosphere, rivers30,34,36, lakes31, lagoons32,33, and coastal 

regions35,37 experienced improvements in water quality with decreases in turbidity, pollution, and 

pathogens. Improvements in water quality were attributed to reductions in industrial discharges, 

boat traffic, and public interactions in general. These anthropogenic activities tend to increase 

water column turbidity and sediment resuspension in the near-shore environments and diminish 

water quality in the lagoon. Here, we hypothesize that the COVID-19 lockdowns and the 

subsequent decline in tourism and marine traffic will improve the water clarity in the Belizean 

coast, namely near major ports and tourist regions. 

 To test the hypothesis, we used satellite datasets, model produced runoff and precipitation 

outputs, and marine traffic data conjunctively to investigate the impacts of the COVID-19 

pandemic on coastal water quality in Belize. Using the vertical diffuse attenuation coefficient 

[Kd(490)] as the primary indicator of water quality, we compared the monthly variations in water 

clarity in 2020 to that observed from 2002 to 2019. 

2. Methods 

2.1 Study Area and High and Low Marine Traffic Areas 

 Belize is located between Mexico and Guatemala with approximately 280 km of coastline. 

The climate is tropical with high humidity occurring from June to October. Belize is also on the 

western side of “Hurricane Alley” with tropical storms and hurricanes appearing from June to 
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November38. Most of Belize’s major cities, towns, tourist centers, and residential properties are 

located along the coast. The Belizean coastal lagoon is classified as a Case-1 waters like other 

Caribbean coastal waters39–42 as well as being oligotrophic in nature43,44. In addition, multiple 

studies operate under the knowledge and understanding of these water being oligotrophic45–48 

which is necessary for the development and flourishing of corals48,49. The Belizean coast hosts 

multiple diverse ecosystems including coral reefs, mangroves, and seagrasses50–54 which not only 

attract tourists but also play an integral role in mitigating coastal erosion and impacts from tropical 

storms55. Though these ecosystems contribute millions of United States dollars to Belize’s 

economy55, industries such as tourism, fisheries, real estate, and agriculture stand to threaten the 

very ecosystems that allow them to operate52. Tourism season in Belize takes place during in dry, 

winter months from November to April56. 

Belize’s Integrated Coastal Zone Management Plan (ICZMP) divides its coast into nine 

regions based on biological, geographical, economic, and administrative characteristics57. Six of 

these nine regions were characterized as high and low traffic areas (HTAs and LTAs, respectively) 

based on a 2019 marine traffic density map assumed to depict typical traffic patterns prior to 

COVID-related lockdowns (Figure 1-1). The four HTAs comprise the Central Region which 

includes Belize City (A), South Northern Region which includes Dangriga (B), part of South 

Central Region containing Placenia, Big Creek, and Harvest Caye (C), and the Southern Region 

containing Punta Gorda and Barranco (D). The two LTAs are to the north, at Ambergris Caye (E), 

and Caye Caulker (F). 
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Figure 1-1. Belize Coastal Zones, Major Ports, and Marine Traffic Density. Six coastal areas were 

used in this study: (A) Central Region, (B) South Northern Region, (C) South Central Region, (D) 

Southern Region, (E) Ambergris Caye, and (F) Caye Caulker. Areas (A–D) are denoted as high 

traffic areas (HTAs) and E & F as low traffic areas (LTAs). Each zone is filled with 2019 marine 

traffic density maps where the color of each line corresponds to the number of routes/0.15 

km2/year. 



  

5 

2.2 High Traffic Areas 

Belize City is the largest city within the Belize District (17.5046° N, 88.1962° W) and is 

home to the nation’s principal port58. The Port of Belize Limited is located on the south side of 

Belize City and is responsible for containerized and break bulk cargo59. Other major port facilities 

in Belize City include Puma Energy Bahamas SA for bulk fuel import, Fort Street Tourism Village, 

a water taxi terminal operated by the Belize Border Management Agency (BMA), Radisson Fort 

George, and Old Belize port. 

Dangriga is a town in southern Belize and the capital of Stann Creek District (16.9696° N, 

88.2315° W). Though the Commerce Bight port 1.5 miles south of Dangriga is currently not 

operational60, Dangriga is known as “the cultural capital of Belize” and is a popular tourist 

location61. 

Placencia is located on the Placencia Peninsula (16.5212° N, 88.3713° W) on the southeast 

coast of Belize within the Stann Creek District and is rapidly growing in tourism56,62. Just south of 

the Stann Creek District in the Toledo District is the Port of Big Creek, the nation’s second major 

port63, responsible for banana exports, crude oil tank farming, and sugar storage64. South of both 

Big Creek and Placencia and a mile off the coast is Harvest Caye, a private island developed for 

tourism by a Miami-based Norwegian Cruise Line56. Belize City and Placencia are two major 

coastal cities which have experienced coral growth declines5 and mangrove clearings50. 

Punta Gorda (16.0989° N, 88.8095° W) and Barranco (16.0011° N, 88.9186° W) are both 

towns located in the southernmost region of Belize located in the Toledo District. Punta Gorda is 

the capital of the Toledo District and is home to the Punta Gorda Port65. The Port of Barranco is a 

very small port in the town of Barranco66. 
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2.3 Low Traffic Areas 

San Pedro is a town in the southern part of Ambergris Caye in the Belize District in 

northern Belize (17.9214° N, 87.9611° W). There is a water taxi terminal with six berths located 

in San Pedro under the Belize BMA67. 

Caye Caulker is a small island off the coast of Belize (17.7612° N, 88.0277° W) accessible 

by water taxis and small planes68. 

2.4 Satellite Images 

The average vertical diffuse attenuation coefficient for downwelling irradiance at 490 nm, 

Kd(490), was calculated in Google Earth Engine (GEE) from images collected from MODIS 

onboard the Aqua satellite. The images processed in GEE started from June 4, 2002 to July 31, 

2020. The rest of the images for 2020 were downloaded from https://oceancolor.gsfc.nasa.gov/ 

and ingested into GEE. All images were Level-3 daily images with a spatial resolution of 4 km 

and Kd(490) was calculated using the NASA operational algorithm69. The algorithm is a fourth-

order polynomial between blue and green remote sensing reflectances (Rrs) and Kd(490). The 

algorithm is based on two high quality bio-optical global datasets, the SeaWiFS Bio-Optical 

Archive and Storage System (SeaBASS) and the NASA bio-Optical Marine Algorithm Data 

(NOMAD) archives. Though the datasets encompass a broad range of water types and locations, 

certain oceanic regions remain underrepresented. 

The NASA operational algorithm is as follows for the MODIS sensor: 

𝐾𝑑(490) = 10(−0.8813−2.0584𝑥+2.5878𝑥2−3.4885𝑥3−1.5061𝑥4)+ 0.0166 

where 𝑥 =  log10
𝑅𝑟𝑠(488)

𝑅𝑟𝑠(547)
. Beside numerous open ocean applications, MODIS-derived Kd(490) 

products have also been used in turbid coastal water70, for coastal river plume characterization 

during high flow71, and turbidity impacts on coral health72,73. Caribbean coastal waters are 
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generally considered as Case-1 waters because thriving seagrass and reef habitats help reduce 

water column turbidity40,41. The NASA operational algorithm for Kd(490) has also been used 

specifically in coastal Caribbean regions71,74,75. A function was created to calculate Kd(490) for 

each image and the newly calculated band was appended to the image collection. Monthly averages 

for Kd(490) were calculated for the coast of Belize using a mean reducer for LTAs and HTAs and 

compared between 2020 and the baseline period. The number of pixels included in each monthly 

calculation was obtained through the count reducer which computes the number of non-null inputs. 

Percent difference maps of Kd(490) were also created in GEE by filtering the images for each 

respective month of the year, taking the average for the years of 2002–2019 and 2020, and mapping 

the percent difference between the two time frames. A decrease in Kd(490) indicates a decline in 

water clarity, generally associated with degradation in water quality, whereas an increase in 

Kd(490) indicates an increase in water clarity, associated with an improvement. 

2.5 Marine Traffic Data 

Marine traffic data were obtained from the company MarineTraffic (marinetraffic.com) for 

ports and anchorages in Belize from January 2020 to November 2020 (Figure 1-2). The data uses 

both Automated Identification System (AIS) data and data from satellite receivers. The data 

includes arrival and departure data for ports in Belize City, Belize City anchorage, Old Belize, 

Radisson Fort George, Placencia, Big Creek, Big Creek anchorage, Harvest Caye, San Pedro, and 

Caye Caulker. The company also detects port calls from Dangriga, Punta Gorda, and Barranco 

ports, but in 2020 there were no port calls detected through AIS or satellite data for these ports. 

2.6 Runoff and Precipitation Models 

Monthly time-averaged precipitation and runoff were calculated over Belize using NASA’s 

Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) model 
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from June 2002 to October 2020. MERRA-2 is a global atmospheric reanalysis produced by 

NASA’s Global Modeling and Assimilation Office76. For precipitation, the “total surface 

precipitation” variable was used (M2TMNXFLX v5.12.4) and for runoff, the “overland runoff 

including throughflow” variable was used (M2TMNXLND v5.12.4). The model outputs were 

extracted from NASA Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/). 

2.7 Statistical Analysis 

For each month of the year where data were available, data for each location for years 

2002–2019 and for the year 2020 were grouped and tested for normality using histograms created 

in R77. In no cases were both the previous years and 2020 found to be normal, so the Wilcoxon 

unpaired test was used to test the null hypothesis that there was no difference between 2020 and 

previous years. We computed means and standard deviation for both time periods. 

3. Results 

At the start of 2020 prior to the Belize SoE COVID shutdown, the Kd(490) was 

consistently similar to that observed for previous years, with no significant differences observed 

for any location (Figure 1-2). However, the monthly Kd(490) maps show notable decreases in 

Kd(490) along the Belizean coast at HTAs following the initial lockdown orders in place on March 

23, 2020 compared to the 2002-2019 average (Figure 1-3A). Following the SOE in April, 2020 

data showed a lower Kd (indicating increased water clarity) compared to previous years in (most) 

HTAs, but not the LTAs. For example, for HTA-D, which includes Placencia, the average Kd(490) 

from 2002 to 2019 for the month of April was 0.068 m–1 (SD 0.002), while for 2020 the value 

was 0.057 m–1 (SD 0.001). In May of 2020, HTA-A, which includes Belize’s most popular port, 

shows a Kd of 0.051 m–1 (SD 0.008) in 2020, compared to 0.090 m–1 (SD 0.008) for the years 

2002–2019. See Table 1-1 for the p-values for hypothesis testing for the difference between 2020 
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and previous years. While LTAs showed some differences in means, these tended to be smaller, 

and statistically significant differences were only observed at HTAs. For both HTAs and LTAs for 

the months of June and July, none of the observed differences in means were significant, possibly 

due to the tourism season ending so no major differences in marine traffic would be expected. 

Figure 1-3A shows the percent difference of Kd(490) between 2020 and previous years. 

A greater fraction of the coastal waters shows a decrease (blue) compared to previous years for the 

months of April through October. In November 2020, Kd(490) increases (brown) drastically across 

the entire coast. This increase coincides with a record-breaking hurricane season where Belize 

experienced impacts of Hurricanes Nana, Eta, Iota, and Tropical Storm Cristobal78. Figures 1-

3B,C show the precipitation and runoff for 2002 through 2020 of Belize. While month to month 

2020 was not an atypical year for precipitation through the month of October, both precipitation 

and runoff were dramatically elevated for the month of November (Figures 1-3B,C). 

Because Kd(490) incorporates both inorganic and organic components within the water 

column, we tested for correlations between in situ chlorophyll-a and MODIS-derived Kd(490). 

Using a dataset from 2018 and 2019, we saw no significant correlation between chlorophyll-a and 

Kd(490) after calculating the Spearman’s rank order correlation coefficient following tests for 

normality using Q–Q plots and histograms (Spearman’s rho = 0.34). 
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Figure 1-2. Kd(490) Time Series Plots and 2020 Total Port Counts. The first vertical column of 

figures are plots of monthly Kd(490) values and standard deviations for the 2020 and 2002–2019 

time periods. The orange vertical line marks the time of the COVID-19 SoE in Belize. The green 

lines represent the beginning and end of the tourist season in Belize. The second column of figures 

are total port counts for each month for 2020. Some ports did not have any port calls in 2020 

through AIS or satellite data. Each lettered row of plots corresponds to the areas in Figure 1. (A) 

Central Region, (B) South Northern Region, (C) South Central Region, (D) Southern Region, (E) 

Ambergris Caye, and (F) Caye Caulker. 
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Figure 1-3. Percent Difference Kd(490) Maps and MERRA-2 Model Outputs. (A) Monthly 

percent difference maps comparing 2020 Kd(490) values against those of the 2002–2019 

(baseline) time period. (B) MERRA-2 precipitation output for the country of Belize from 2002 to 

2020 in kg m–1 s–1. (C) MERRA-2 runoff output for Belize from 2002 to 2020 in kg m–1 s–1. 
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Table 1-1. Wilcoxon test p-values for each month between Kd(490) values in 2020 versus 2002–

2019 baseline for all regions. 

 

4. Discussion 

This preliminary study shows that MODIS Kd(490) data can be used to better understand 

spatiotemporal changes in water quality impacts associated with environmental disturbances. This 

is particularly important in locations where in situ data are limited and healthy ecosystems are 

essential to the local economy. Belize relies on robust tourist traffic to support the economy, and 

water clarity is critical for coral reef health79. Marine traffic due to both commerce and tourism 

have the potential to result in decreased water clarity through an increase in suspended solids. In 

addition, marine traffic is also shown to increase nutrient depositions which spurs phytoplankton 

growth80. For this site, chlorophyll-a and Kd(490) were not significantly associated, suggesting 

that Kd(490) is mainly attributed to sediment resuspension rather than algal particles. Nonetheless, 

the possible contribution of chlorophyll-a to MODIS Kd(490) at the study site needs further 

investigation, and future data collection should attempt to deconvolute their signals. 

The COVID-19 shutdown in 2020, along with the availability of satellite data with an 

extended recorded (2002–2019), presented an opportunity to understand the impacts of tourism on 

water quality and subsequent effects on coral reef health in a data-scarce region. As shown in this 

work, the COVID-19 shutdown resulted in increased water clarity in areas along the Belizean coast 

with typically high marine traffic, while water clarity was similar in areas with typically low 

marine traffic during the tourism season. This finding, along with knowledge of the relationships 

between water clarity and reef health, provides insight on the role of commerce and tourism on the 
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long-term sustainability of the northern hemisphere’s largest barrier reef system. Additionally, this 

finding is similar to other studies that investigated COVID-19 impacts on turbidity, suspended 

particulate matter (SPM), and total suspended matter (TSM). Studies in India show a 15.9% 

decrease in SPM in a lake31, a significant reduction in the usual pre-monsoon phytoplankton 

content in coastal waters81, water quality index increase of 37% in the Yamuna River30, and 

reductions in turbidity in the Ganga River34 all with notable changes in April 2020. A couple of 

studies of the Venice Lagoon, which has high water traffic, found decreases of TSM32 and 

increases in water clarity33 during their lockdowns in March and April 2020. 

One expected outcome of this study is a further collaboration with colleagues at the Coastal 

Zone Management Authority Institute, who is committed to the protection and sustainable 

management of coastal resources and the ICZMP. The ICZMP is an evidence-based set of policy 

recommendations that enable an improved understanding of how land management might impact 

coastal and marine resources82. 

This work also observes substantial water clarity changes, e.g., anomalous coastal plumes, 

following the active hurricane season in 2020, an observation enabled by high-frequency, freely 

available satellite data such as MODIS. Hurricane events in November 2020 coincided with a 

significant decrease in water clarity compared with November during the baseline period83,84. 

Future work should include evaluating the changing climatology of hurricane events on 

corresponding plumes into the marine environment. Furthermore, it is critical that future work 

considers in situ datasets that would allow improved tuning of remote sensing based estimates of 

water quality as well as improved characterization of plume constituents. It has been observed that 

these Belize coastal plumes can be comprised of a variety of constituents, including sediments, 

agricultural runoff, and sewage85–88, with Soto et al. (2009) observing a consistent year-to-year 
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river plume occurrences with coral ecosystems89. Though classified as oligotrophic, river plumes 

can often cause Caribbean waters to become mesotrophic49,90. In Belize, New River is known to 

cause a decline in water quality affecting surrounding corals due to poor farming practices and 

deforestation91,92. Corals in particular are highly sensitive to changing conditions and it is expected 

that agricultural runoff and water temperature increases may contribute to their declines5. 

5. Conclusion 

Remote sensing can be used to evaluate these coupled events and their spatial and temporal 

effects on coastal waters. This study observes an improvement in water clarity during COVID-19 

shutdowns in Belize, followed by a decline in water clarity following an atypical, active hurricane 

season. Use of remote sensing is especially important for coastal waters, as populations rise and 

population density and development along the coasts continue to increase93–95. Remote sensing of 

water quality holds great promise to improve detection of changes in water quality and ecosystem 

health in data-scarce locations impacted by development, tourism, or climate change, and may 

represent an asset for nations and entities seeking to set and advance toward the UN Sustainable 

Development Goals96 (https://sdgs.un.org/goals/goal14). This study in particular is closely 

linked with SDG 14.1 (life in water). Satellite data can be used to extend ground-based monitoring 

programs to increase the temporal and spatial density of data. Future research will involve the use 

of match-ups between in situ and satellite data to further investigate long-term relationships 

between in situ water quality parameters such as chlorophyll-a and TSM and isolate any signal 

related to COVID-19 lockdowns. 
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Chapter 2: A GEE Toolkit for water quality monitoring from 2002-

2022 in support of SDG 14 and coral health in Marine Protected 

Areas in Belize 

1. Introduction 

Coral reefs have substantial cultural, economic, and environmental value1–3. These reefs 

provide a host of ecosystem services through tourism, biodiversity, fisheries, and coastal 

protection4. Coral reefs are estimated to have an asset value of approximately $1 trillion dollars, 

goods and services valued at over $375 billion dollars per year, with benefits reaching around 500 

million people in at least 90 nations5. International efforts must continue to conserve these unique 

habitats, in light of climate change. The 2030 United Nations Agenda for Sustainable Development 

set forth 17 Sustainable Development Goals (SDGs) which include the most recent international 

goals for the sustainability and protection of oceans1,6, succeeding the 2015 Millennium 

Development Goals. SDG 14 entitled “Life Below Water,” most closely outlines targets and 

indicators for the protection of coral reefs7. In particular, SDG indicators 14.1.1a, 14.2.1, 14.3.1, 

and 14.5.1 relate directly to the health of coral reefs and surrounding water, as well as coverage of 

marine protected areas8. Descriptions of these indicators can be found in Supplementary Table 

1. In 2021, the United Nations Environment Programme (UNEP) published an updated manual on 

measuring various indicators of SDG 149. This manual provides a comprehensive guide to 

implementing indicators via a subsection of monitoring parameters and methods under each 

indicator. However, for many parameters, such as water and habitat quality, ecosystem health, 

microalgal growth, and management effectiveness of protected areas, the UNEP states that these 

measurements should be taken when “national capacity to do so exists,” but does not provide any 

available data or methods on the parameter9. Therefore, there is a need for further research 

addressing feasible tactics for measuring these SDG 14 indicators on a national scale. The health 
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of coral reefs may also affect the other 16 SDGs through direct benefits to the economy, indirect 

benefits to society, and general governance10. For example, SDG 12 entitled “Responsible 

Consumption and Production,” includes the consumption of ecosystem services such as tourism 

and fishing, which are both directly impacted by the health of coral reefs. SDG 8 entitled “Decent 

Work and Economic Growth” includes job incomes and economic sectors also relying on tourism 

and fishing. SDG 2, “Zero Hunger,” is impacted by communities that rely on fish catch, which in 

turn relies on coral reef health. Obura’s paper assesses the interactions between coral reefs and 

each SDG, determining that at least 11 of the 17 SDGs are potentially or strongly affected by coral 

reefs10. 

Earth observation data has been vital for assessing coral reef health and coverage2,3,7. Two 

important water quality parameters to monitor for coral reef health include sea surface temperature 

(SST) and turbidity3. SST is important to measure since anomalous warm temperatures can lead 

to coral bleaching, coral disease, coral death, loss of coral cover, and shifts in biodiversity2,5,11,12. 

Aqua MODIS SST imagery has been used for coral reefs monitoring13,14. Daily SST remote 

sensing products are used in nowcast prediction methods such as calculating HotSpot, Degree 

Heating Weeks, and ReefTemp3. In the literature, Degree Heating Weeks (DHW) is often used for 

assessing heat stress on coral. The NOAA Coral Reef Watch DHW product is widely used11,15–17, 

but some studies have utilized Aqua MODIS SST to calculate DHW as well18,19. 

Water clarity or a measure of the diffuse attenuation coefficient is also important to map 

since corals depend on light penetration to grow2 among other water quality parameters such as 

turbidity, nutrients, and sedimentation20. Kd(490) products are used as a proxy for water clarity21–

23. The use of water clarity is important to use in addition to thermal stress data, especially in places 

such as Belize, where thermally induced bleaching events may play a lesser role compared to 
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anthropogenic causes15. The Aqua MODIS Kd(490) product using the NASA operational 

algorithm has been used in global reefs17,24, Brazil13,22,25, and Colombian Caribbean26. DWH and 

Kd(490) have been used in combination for coral health13,27. 

Although literature on remote sensing applications for water quality monitoring is 

prevalent, there is a lack of research specifically using SST and Kd(490) to measure progress 

toward SDG 14 indicators. A systematic literature review of papers mentioning terms related to 

remote sensing, water quality monitoring, SDGs, Kd(490), and SST showed results for only six 

published papers (Supplementary Table 2). Of the six papers, only four were relevant to the 

criteria after closer analysis. In one of these studies, in situ samples validated Sentinel-2 MSI 

satellite data showing decreased water quality in Vembanad Lake, India, after the demolition of 

four high rise buildings on the shore of the lake28. This study measures sea surface temperature 

along with other variables such as salinity, DO, and pH. It also emphasizes that its use of lake 

water quality monitoring has potential to support SDGs 3, 6, 10, and 14. However, no specific 

indicators are mentioned and SDGs are only mentioned briefly in the paper. Additionally, this 

paper focuses on the involvement of the public in water monitoring rather than advancing remote 

sensing applications. Another study used ArcGIS 10.3.1 to map the spatial distribution of in-situ 

groundwater quality in Thatta, Sindh, in support of SDG 6. The study collected samples from 

pumps within the district that were then analyzed for parameters such as pH and turbidity29. 

Variation for each parameter was then interpolated using the “Kriging” tool to visualize water 

quality indicators throughout the entire district. Although this study used spatial variation to 

monitor groundwater, no satellite data were used, and SDGs were only mentioned briefly once. A 

third study targeting Vembanad Lake compared in situ water quality measurements collected from 

scientists with samples and observations determined by citizens through a mobile application28. 
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The study suggests that the future use of community derived data could be used to validate satellite 

data, and emphasizes its potential for contribution to SDG indicator 6.3.2, “proportion of bodies 

of water with good ambient water quality.” A final study proposed a framework involving geo-

spatial maps created via remote sensing data and GIS techniques to compare water quality 

parameters in 13 districts of the Uttarakhand state in India in support of SDG 630. Satellite data 

were applied to machine learning methods such as the random forest model in support of a water 

quality index. Turbidity was among the water quality parameters observed in this study, and SDG 

6 was mentioned briefly as a potential use for the water quality index proposed. None of the studies 

in the criteria-based literature search specifically targeted monitoring of both SST and Kd(490) 

through satellite data in support of particular SDG 14 parameters. Therefore, further research on 

the use remote sensing water quality indices in support of specific SDG parameters is necessary 

for the expansion of accessible water quality monitoring. 

Monitoring coral health through the synthesis of SST and Kd(490) data can directly address 

indicator 14.1.1 (a), Index of coastal eutrophication, since coral decline is often a direct result of 

eutrophication31. This index can also address indicator 14.2.1, Proportion of countries using 

ecosystem-based approaches to managing marine areas, as it provides an accessible way of 

monitoring both water quality and ecosystem health that can be applied to other water systems. 

Additionally, because acidification reduces the skeletal density of corals and makes them more 

prone to deterioration, this index could also be used to validate ocean acidification, in relation with 

SDG indicator 14.3.1, Average marine acidity (pH) measured at agreed suite of representative 

sampling station32. Specifically, increasing SST increases the rate of benthic respiration while 

lowering the ratio of productivity to respiration, therefore increasing the rate of CaCO3 sediment 

dissolution and leading to a lower ocean pH33. Indicator 14.5.1, coverage of protected areas in 
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relation to marine areas, can also be benefitted by a SST and Kd(490) index, as the remote 

assessment of coral health would allow less accessible and larger areas to be monitored. Therefore, 

this study provides an important, accessible workflow model for supplementing monitoring of 

water quality and coral reef habitat in support of at least four indicators of SDG 14 in data scarce 

areas. 

In this study, we created a straightforward workflow based on Google Earth Engine (GEE), 

RStudio, and Aqua MODIS-derived SST, DHW, and Kd(490) from 2002 to early 2022 and applied 

it to Marine Protected Areas (MPAs) in Belize. Region-specific thresholds were used for both SST 

and Kd(490) data to indicate stress days for all MPAs. A coral vulnerability index was created 

based on SST and Kd(490) to indicate MPAs that have experienced both turbidity and temperature 

stress in the last 20 years. Statistical analysis was also performed on the warmest months in Belize 

and visualized as maps. 

2.  Data and methods 

 The overall workflow and accompanying code for each step is outlined in Figure 2-1. 
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Figure 2-1. Schematic of workflow indicating data sources, processing steps, and final indices. 

2.1 Study sites 

Belize is a country located in Central America and home to the Belize Barrier Reef Reserve 

System (BBRRS). The BBRRS is the second largest barrier reef in the world and was inscribed as 
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a UNESCO World Heritage Site in 199634,35. The reef system is around 250 km in length between 

Mexico and Guatemala. The distance between the reefs and the mainland ranges between 0.5 and 

80 km35. The reef system contains reef patches, faros, fringing reefs, cays, and atolls36,37. Marine 

species within the reef include fish, manatees, invertebrates, and multiple species of sea turtles38–

40. The coral reef needs clear water and consistent temperature regimes to thrive12,41. Global climate 

change42, pollution41,43, mining and dredging44, marine transportation45, algal blooms46, and 

overfishing stand to threaten the reef ecosystems of the BBRRS47. Recreational tourism is also 

seen as a threat to the reef system48 which accounts for over 40% of the nation’s GDP49. 

MPAs are managed marine environments with the purpose of conserving biodiversity50. 

MPAs in Belize were established in the early 1980s beginning with the Half Moon Caye National 

Monument. Later through community lobbying, more areas were added to the MPA network, such 

as the Hol Chan Marine Reserve in 198737. Eventually an integrated approach was necessary to 

account for land-based pollution from outside the bounds of the MPAs that threatened the health 

of the reef37. Cox et al. (2017) showed that the MPA network alone had not been enough to promote 

the restoration of reefs in Belize51. In this study, we analyzed 24 MPAs spanning the Belizean 

coastal lagoon as of 2020, comprising a total area of around 5,000 km2, as shown in Figure 2-2. 

Each MPA contains a variety of habitat designations, including fishing and spawning, general use, 

mangrove, marine and coral reefs, preservation, and special management, with some study areas 

becoming MPAs as early as 1982 and others as recently as 2020. 
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Figure 2-2. Map of Belize showing the 24 Marine Protected Areas (MPAs) created with the goal 

of conserving biodiversity. A variety of habitat designations are present, including fishing and 

spawning, general use, mangrove, marine and coral reefs, preservation, and special management. 

2.2 Satellite Imagery 

 Images from the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Aqua 

satellite were accessed through GEE. Images included in the study are Level-3 daily data with a 4 
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km resolution spanning from 4 July 2002 to 28 February 2022. These images were used to calculate 

water clarity and sea surface temperature (SST), a combination of water quality parameters used 

to assess coral health13. 

The average vertical diffuse attenuation coefficient for downwelling irradiance at 490 nm, 

Kd(490), was used as a proxy for water clarity. The NASA operational algorithm was used to 

calculate Kd(490)52, as we used in our previous study of water clarity in Belizean coastal waters45. 

This Kd(490) product has been used for coral health in Brazil13,22,25, for an analysis of global 

corals24, and corals in the Colombian Caribbean26. 

Daily SST averages for each MPA were calculated using Aqua MODIS imagery. The 

MODIS SST product is commonly used to assess temperature stress on corals and impacts of SST 

anomalies. In addition, degree heating weeks (DHW) were calculated for all MPAs using the Aqua 

MODIS SST images. DHW is a common unit of measure to understand long-term thermal stress 

on corals12,15,16. DHW calculates accumulated thermal stress over a 12-week (84 days) period. 

Units are in °C—weeks, where 1°C—weeks is a week of SST over the maximum monthly mean. 

Instead of using a maximum monthly mean, a region specific threshold for coral bleaching in 

Belize (29.7°C) was used instead15,53. The region specific threshold was originally calculated for 

Channel Cay based on a 15 years record of NOAA/NASA AVHRR (Advanced Very High 

Resolution Radiometer) Oceans Pathfinder data53. Using this method, the DHW for a day is 

calculated over the 12-week running window including that day. The difference between the daily 

SST and Belizean threshold was calculated and retained for summation whenever the difference 

was greater or equal to 1°C, where it was then multiplied by 1/7 for the units to be in weeks. The 

factor of 1/7 is necessary since the development of coral bleaching occurs in the order of weeks54. 
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DHW was calculated using the dbcaDHW package (https://github.com/dbca-wa/dbcaDHW/) in 

RStudio through the following formula: 

𝐷𝐻𝑊𝑖 =  ∑ (
𝑆𝑆𝑇𝑛 − 29.7°C

7
)

𝑖

𝑛=𝑖−83

, 𝑤ℎ𝑒𝑟𝑒 (𝑆𝑆𝑇𝑛 − 29.7°C)  ≥ 1°C 

2.3 Water clarity and sea surface temperature stress classifications 

 A literature review on Kd(490) thresholds and SST was conducted to find appropriate stress 

limits for corals in Belize and the Caribbean. A global coral study found that a Kd(490) value of 

0.127 m−1 is too turbid for coral growth from performing a nonlinear least squares regression on 

the turbidity gradient within the inner Great Barrier Reef24. For Kd(490), “turbid” months were 

classified based on a coral reef diversity study27 in the Mesoamerican Reef at 0.30 m−1. Very turbid 

water was defined as Kd(490) values above 0.50 m−1 based on a Caribbean study that used this 

value to indicate Kd(490) anomalies55. The following was used for Kd(490) value classifications: 

0–0.127 m−1 “Little/No Stress,” 0.127–0.3 m−1 “Turbidity Stress,” 0.3–0.5 m−1 “Turbid Month,” 

0.5 m−1+ “Very Turbid.” The following are the DHW classifications: 0–1°C—weeks “Little/No 

Stress,” 1–4°C—weeks “Temperature stress,” 4–8°C—weeks “Bleaching Risk,” 8°C—weeks + 

“Mortality Risk.” Stress days are calculated as days where SST is greater than 29.7°C and Kd(490) 

is greater than 0.127 m−1. 

2.4 Coral vulnerability index 

 Indices are often created in order to assess coral health56,57 as well as overall habitat 

protection58. Z-scores have also been used previously to normalize data for corals59,60. Here the 

SST and Kd(490) data were normalized and combined to create a coral vulnerability index which 

was calculated for each MPA60,61. First, the z-score for each parameter was calculated for all MPAs 

through the following formula: 
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𝑧 =  
(𝑥 − 𝜇)

𝜎
 

Here x is the mean per MPA per year, μ is the mean across all MPAs per year, and σ is the standard 

deviation across all MPAs per year. The median z-score was calculated for each MPA from all 

years. The median z-scores were then assigned an ordinal value from 1 to 6 based on the general 

distribution of parameters61. The two variables were assumed to have equal weight and were added 

for each MPA in order to compute the coral vulnerability index from 2 to 12, where higher values 

indicate a higher vulnerability due to high SST and Kd(490). The following are the assigned values 

for the corresponding median z-score range: z > 0.4 to “6,” z = 0.2–0.4 to “5,” z = 0–0.2 to “4,” z 

= −0.2–0 to “3,” z = −0.4 to −0.2 to “2,” and z < −0.4 to “1.” 

2.5 Statistical analysis 

All subsequent visualization and calculations were performed in RStudio62. To account for 

dependence between SST temperature values, or how dependent each day’s SST was on the SST 

of the prior day, the lme4 package was used in R to fit the September SST dataset into a linear 

mixed effect model63. Linear fixed effect models can be favorable over linear regression in 

downscaling climate variables64, and have been successfully used by other studies analyzing 

climate trends such as warming sea temperatures65, decreasing sea ice cover66, and declining 

carbon sinks in the Amazon67. 

3.  Results 

DHW was categorized based on the potential for accumulated temperature stress to impact 

corals. Figure 2-3A depicts SST and DHW where they were both plotted from 2002 to 2022 for 

select MPAs. Ten MPAs had most of their DHW measurements in the “Little/No Stress” category 

and occasionally have incidence with more severe risk. Around one-third of the MPAs had 

incidences of DHW values in the “Bleaching Risk” category and the remaining one-fourth had 
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DHW values in the “Mortality Risk” classification. Port Honduras had the highest incidences of 

DHW values in the “Mortality Risk” category at 10% of all calculable DHW. In almost all MPAs, 

an increase in severity in DHW is found following 2016. For SST, seasonality is visible with 

September being the warmest month across all MPAs (Supplementary Figure 1). Higher SSTs 

are particularly shown in 2008, 2017, and 2020 (Figure 2-4). Box plots and linear regression of 

the September SSTs show increases with time (Supplementary Figure 2). 
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Figure 2-3. Sea surface temperature, degree heating weeks, and Kd(490) for select MPAs from 

2002 to 2022. (A) Depicts SST and DHW weeks for six marine protected areas (Glover’s Reef, 

Swallow Caye, Port Honduras, South Water Caye, Sapodilla Cayes Marine Reserve, and Corozal 

Bay). (B) Shows Kd(490) values for the same MPAs from 2002 to 2022. 
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Similarly to DHW, Kd(490) values were categorized based on thresholds and plotted as 

shown in Supplementary Figure 3 for all MPAs. Select plots of MPAs are in Figure 2-3B. In 

general, most MPA did not have water clarity stress, and few had consistently high values. Corozal 

Bay displays significantly higher Kd(490) values compared to all MPAs with most of their 

classifications as “Very Turbid” for the Caribbean region. Swallow Caye also had most of the 

Kd(490) values within the “Turbidity Stress” classification or higher and only a handful of days 

where average Kd(490) would have little stress on corals. Port Honduras and South Water Caye 

both display seasonal trends with their Kd(490) values where higher classifications of stress occur 

during Belize’s wet season. Other MPAs such as Laughing Bird Caye and Sapodilla Cayes Marine 

Reserve display seasonal trends in Kd(490) values, but all within the “Little/No Stress” category. 

Using a z-score approach, sites were characterized for heat, turbidity, and a coral 

vulnerability index combining the two. Supplementary Table 3 lists the median z-scores and 

indices for SST and Kd(490) separately and the combined coral vulnerability index. Port Honduras 

and Sapodilla Cayes Marine Reserve have the highest SST index values while Swallow Caye and 

Corozal Bay have the highest Kd(490) index values. When the variables are combined for the 

overall index, Port Honduras is the most vulnerable, followed by Swallow Caye and Sapodilla 

Cayes Marine Reserve. Swallow Caye, Corozal Bay, Port Honduras, and South Water Caye had 

higher Kd(490) indices. Port Honduras, Sapodilla Cayes Marine Reserve, Glover’s Reef, Laughing 

Bird Caye, Hol Chan, Gladden Spit, and Gladden Spit and Silk Cayes had higher SST indices. 

In accord with a linear fixed effect model (see Section 2.5), all 24 MPAs were assigned as 

random effects while year was assigned as a fixed effect in order to assess the temporal and 

regional effects on SST changes. Results depicted in Supplementary Tables 4, 5 show a highly 

significant SST increase over time (p < 0.0001) for the month of September and all data. 
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Figure 2-4. Maps show mean sea surface temperature for the month of September (hottest month) 

in Marine Protected Areas of Belize from 2002 to 2022. 

4. Discussion 

There are international efforts being made toward the protection and conservation of coral 

reefs, including the “Life Below Water” goal outlined in UN SDG 14. As a result, scientists have 

created indices and use remote sensing to monitor environmental stressors impacting coral health. 

The accessible GEE toolkit presented in this work was applied to identify locations at risk for coral 

decline in Belize as a proof of concept for its use more broadly. Several locations in the region are 

shown to have multiple stressors for corals, as has been observed previously at other locations. In 

2008, a coral susceptibility model was created using environmental stressors including SST, 

chlorophyll-a, solar radiation, and other parameters for corals in the western Indian Ocean68. In 
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this study, the north-western regions of the study area had high vulnerability which may be due to 

high SST and photosynthetically active radiation, where high solar irradiance at the surface 

indicates potential for heating and photochemical damage. A remote sensing coral stress index was 

created for corals in Saudi Arabia using the Quickbird satellite, environmental stressors, and water 

depth69. The areas with higher coral stress index values were areas that were near large towns and 

cities with fishing pressure accounting for the majority of variation. Most recently, a Google Earth 

Engine based tool used a combination of stressors and reducers to find strong correlations between 

their stress exposure score and El Niño bleaching events for corals in the Red Sea, Chagos 

Archipelago, and Gilbert Islands19. While this tool extensively uses SST in their score along with 

other factors like wind, they do not include water clarity as the toolkit presented here. 

Using our toolkit, we saw that nearshore MPAs such as Swallow Caye, Corozal Bay, Port 

Honduras, and South Water Caye had the highest z-scores based on Kd(490) alone. This is 

supported by previous studies that show physical connectivity as evidence through chlorophyll-a 

between land and the BBRRS70, sewage plumes off Caye Caulker, Belize41, and excess nutrients 

near Belize City46. Deviating from the typical use of thermal data for indices, Canto et al. created 

a light-based index for the Great Barrier Reef based on MODIS Kd data. Using a color-coded 

scoring system, similar to the methodology in our workflow, the study found strong correlations 

between “wet” years and discharge data with water clarity for inshore locations71. If runoff and 

discharge indeed play a major role in water clarity patterns nearshore, then we may expect these 

patterns to change in the future as the southern region of Belize is projected to experience less 

precipitation and runoff by 209042. 

Arora et al. (2019) employed remotely sensed data in the calculation of coral stress indices 

including DHW for five major Indian coral reef regions from 1982 to 201872. De et al. (2021) 
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successfully integrated remotely sensed SST data into a coral health monitoring program in the 

Eastern Arabian Sea. Large scale bleaching events resulting from the marine heatwave associated 

with the 2014–2016 El Niño-Southern Oscillation were indicated by bleaching indices relying on 

remotely sensed data and corroborated with underwater coral health surveys16. DHWs for this 

study site were 4.80, 5.09, and 6.92 for the years 2014, 2015, and 2016, respectively. These values 

are comparable with max DHW values for vulnerable Belizean MPAs such as Corozal Bay (3.17 

in 2014 and 5.25 in 2015 and 2016) and Port Honduras (6.08 in 2014, 6.65 in 2015, and 8.34 in 

2016). Baumann et al., 2019 found DHW ranged between 3.80 and 6.55 in Belize in 2015. The 

highest instances of Mortality and Bleaching Risk instances calculated with this workflow were 

greatest in 2002, 2003, 2006, 2011, 2012, and the years following 2017, which align well with 

years reported for having mass bleaching events in the Caribbean15. This shows that using Aqua 

MODIS-derived SST to calculate DHW is also comparable to NOAA Coral Reef Watch DHW. 

Future studies and uses of this workflow should verify these types of findings with coral bleaching 

data or El Niño-Southern Oscillation years. 

The upward trend in September SST is in line with what is being observed globally due to 

climate change. SST has increased on average by 0.14°F each decade for the past 120 years73. 

Additional studies have shown especially high temperature increases in September, such as a paper 

comparing coral reef bleaching and SST over a 30 year time period in La Parguera, Puerto Rico74. 

This study demonstrated recurring severe coral bleaching in coincidence with sharp temperature 

rises in September, with an overall increasing trend throughout the assessed time period. SST has 

increased by at least 1.1°C since the pre-industrial area, and an estimated 60% of marine 

ecosystems have been degraded75. A SST increase of 1.5°C could threaten 70%–90% of coral reefs, 

while a 2°C increase is predicted to destroy nearly 100% of all coral reefs permanently75. 
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In 1998, the government of Belize passed the Coastal Zone Management Act to mitigate 

issues surrounding rapid development, overfishing, and rapid population growth. The Belize 

Coastal Zone Management Authority and Institute (CZMAI) is the leading authority in the nation’s 

management of coastal resources and is responsible for the development of the National Integrated 

Coastal Zone Management Plan (ICZMP). The goal of the ICZMP involves a set of recommended 

actions to ensure sustainable use of coastal resources with conservation and social and economic 

needs in mind76. The most recent plan released in 2016 developed projected scenarios for 2025 

based on three approaches: conservation, informed management, and development. Since 2016, 

additional development activities such as dredging have occurred which may have effects on water 

clarity along with general climate change effects. CZMAI is currently looking to revise the 2016 

ICZMP by looking at impacts of development on their coastline with specific interest on effects 

following the plan itself. This document is paving the way for the recently launched Marine Spatial 

Planning (MSP) process, renamed the Belize Sustainable Ocean Plan, which is a partnership 

between the Government of Belize and The Nature Conservancy. The MSP is part of a set of 

agreements that will enable the country’s debt conversion for marine conservation and will be 

legally enforceable. Under this plan, biodiversity protection zones will be increased from 15.9% 

to 30% of Belize’s open ocean77. 

Through this work, we identified Port Honduras, Swallow Caye, Sapodilla Cayes Marine 

Reserve, and Corozal Bay as recommended MPAs for closer monitoring. In particular, Corozal 

Bay showed a high level of turbidity and heat stress consistently. Swallow Caye had turbidity stress 

most of the time, while Port Honduras and South Water Caye showed strong seasonal trends. This 

GEE workflow has the potential to be used in conjunction with in situ data to continue to monitor 

climatic and anthropogenic changes in water quality. The flexibility and dynamic nature of the 
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toolkit will enable governmental entities to monitor new areas, especially with the expansion of 

protection zones under the new MSP. 

For future research, it would be beneficial to add other potential variables as indicators of 

coral vulnerability that could be remotely detected such as chlorophyll-a measurements and toxic 

heavy metals concentrations. Chlorophyll-a is a key indicator of phytoplankton biomass, which 

can be used to assess the eutrophic status of water bodies, or the level of nutrients enriched within 

the water. Some papers have had success integrating chlorophyll-a as a variable among SST and 

turbidity to assess coral health78,79. Coastal areas such as the MPAs of Belize assessed in this study 

are especially important for chlorophyll-a monitoring because of their vulnerable ecosystems. 

Toxic heavy metals are also a major threat to coral health and their existence in marine ecosystems 

indicates a major concern for marine life. Even at low concentrations, heavy metals released into 

the oceans via anthropogenic activity such as mercury, lead, and arsenic can kill corals80. Existent 

studies sample heavy metal concentrations in marine water with respect to coral health81,82. 

Therefore, with further research, it should be possible to use remote sensing techniques such as 

those described in these studies to also map chlorophyll-a and heavy metal concentrations as 

additional indicators of coral health. 

Prior to the creation of this workflow, coral indices and remote sensing products used to 

monitor water quality are mainly on thermal variables and geared toward well-studied reef systems 

such as the Great Barrier Reef. The workflow outlined here draws attention to certain Belizean 

MPAs in terms of conservation of coral health using freely-available data on SST and water clarity 

in Google Earth Engine and downstream analysis in RStudio. The accessibility of the data used 

and ability to replicate the analysis with ready to use tools and workflows is necessary to have 

robust management of coastal resources and understanding of climate impacts. Users are able to 
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adapt thresholds to their own needs, add other stressors, and change the weights of the variable in 

the index. This toolkit is critical in areas that lack long-term measures of water quality parameters 

like Belize. Aside from the integration of additional coral stress indicators, future improvements 

of this toolkit could include comparisons of data with in situ samples for further validation. 

Because current marine sampling data is limited in Belize, it is necessary to collect more in situ 

data to assess water quality indicators, especially in the significant MPAs in this paper such as Port 

Honduras, Swallow Caye, Sapodilla Cayes Marine Reserve, and Corozal Bay. 

5. Conclusion 

The monitoring of water quality is extremely important for assessing the health of coral 

reefs and protecting coastal and marine resources. Remote sensing is a powerful tool for 

monitoring thermal stress and water clarity, two very important environmental stressors for coral. 

The work presented here used both Aqua MODIS-derived SST and Kd(490) with imagery from 

2002 to 2022 to identify seasonal and long-term patterns in 24 of Belize’s MPAs. Coral stress was 

analyzed using two approaches, one based on previously identified thresholds for SST and Kd(490) 

for suitable conditions for corals, and one based on the distribution of these parameters among all 

sites in the study. With the use of this workflow, certain MPAs are revealed to suffer from either 

high SST, turbidity, or both, which was the case with Port Honduras. The hottest month in Belize 

is September, and an analysis of mean SST for that month over the time period of the study 

revealed statistically significant upward trends at all sites (p < 0.01). The easy accessibility and 

reproducibility of results for MPAs and corals in general can help other data scarce nations manage 

their coastal resources while striving to meet the UN SDGs. Future work should aim to involve 

other known environmental stressors such as chlorophyll-a as well as in situ data. 
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7. Supplementary Materials 

Supplementary Table 1: SDG 14 indicators relevant to this study, as documented by the United 

Nations. (Dep. of Eco. & Soc. Affairs) 

Goal Indicator 

14.1 By 2025, prevent and significantly reduce marine 

pollution of all kinds, in particular from land-based activities, 

including marine debris and nutrient pollution. 

14.1.1 (a) Index of coastal 

eutrophication 

14.2 By 2020, sustainably manage and protect marine and 

coastal ecosystems to avoid significant adverse impacts, 

including by strengthening their resilience, and take action 

for their restoration in order to achieve healthy and 

productive oceans 

14.2.1 Number of countries 

using ecosystem-based 

approaches to managing 

marine areas 

14.3 Number of countries using ecosystem-based approaches 

to managing marine areas 

14.3.1 Average marine acidity 

(pH) measured at agreed suite 

of representative sampling 

stations 

14.5 By 2020, conserve at least 10 percent of coastal and 

marine areas, consistent with national and international law 

and based on the best available scientific information 

14.5.1 Coverage of protected 

areas in relation to marine 

areas 
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Supplementary Table 2. Results of the criteria literature review search via Web of Science, last 

updated on July 26, 2022. Search criteria were applied to all fields for maximum range of papers. 

Search Criteria # of results for all 

fields 

• remote sensing OR satellite OR Earth Observation OR EO OR 

Google Earth Engine OR GEE 

• water quality OR coastal OR recreational water OR marine OR 

coral OR corals 

• monitoring OR sampling OR measurement OR measuring 

41,718 

+ 
 

• sustainable development goals OR sustainable development goal 

OR SDGs OR SDG 

139 

+ 
 

•  turbidity OR Kd490 OR SST OR sea surface temperature 6 

 

 

  



  

50 

Supplementary Table 3. Median z-scores and indices for SST, Kd(490), and a combination of 

both SST and Kd(490) in the coral index.  
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Supplementary Table 4: Results of the fixed linear effect model on September SST data 

assessed via the lme4 package in R. df refers to the degrees of freedom based on Satterthwaite’s 

approximation, and Pr(>|t|) refers to the p value for the t test. The resulting p-value shows that 

time is highly significant in determining sea surface temperature. 

Random Effects (MPAs) Variance Std. Dev       

Intercept 0.119 0.3449 
  

  

Residual 0.5552 0.7451 
  

  

Fixed Effect (Year) Estimate St. Error df t value Pr(>|t|) 

Intercept 3.00E+01 7.25E-02 2.50E+01 413.474 < 2e-16  

Slope 1.07E-02 1.52E-03 6.91E+03 7.051 1.95E-12 

Correlation of Fixed Effect:           

Year -0.2         

 

 

Supplementary Table 5: Same as Table S5 but for the full SST dataset. 

Random Effects (MPAs) Variance Std. Dev       

Intercept 0.06302 0.251 
  

  

Residual 1.89565 1.377 
  

  

Fixed Effect (Year) Estimate St. Error df t value Pr(>|t|) 

Intercept 2.81E+01 5.21E-02 2.42E+01 539.17 < 2e-16  

Slope 1.31E-02 8.21E-04 8.89E+04 15.92 < 2e-16  

Correlation of Fixed Effect:           

Year -0.156         
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Supplementary Table 6. Total stress days divided by total observed days by MPA as a 

percentage. Only MPAs with one or more stress days are included in the table. Northern Glover’s 

Reef had one stress day and therefore the ratio of stress days to total days was insignificant and 

rounded to 0.00 for all months. 

Total Stress Days/Total Observed Days by Region (2002-2022) 

 

MPA All Days April May June July Aug Sep Oct Nov 

Blue Hole 1.35 0.00 15.79 20.00 14.29 5.26 0.00 0.00 0.00 

Corozal 17.83 0.00 5.88 15.38 95.00 96.97 92.73 41.90 3.89 

Gladden Spit 0.43 0.00 2.22 6.85 0.00 0.00 0.00 0.00 0.00 

Gladden Spit and Silk Cayes 1.08 6.59 5.13 5.48 0.00 0.00 0.00 0.00 0.00 

Glover's Reef 0.26 0.00 0.00 5.45 0.00 0.00 0.00 0.00 0.00 

Halfmoon Caye 0.08 0.00 1.22 0.00 0.00 0.00 0.00 0.00 0.00 

Hol Chan 2.22 2.27 16.67 9.52 0.00 0.00 0.00 0.00 0.00 

Laughing Bird Caye 0.62 4.55 2.67 5.41 0.00 0.00 0.00 0.00 0.00 

Northern Glover's Reef 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Port Honduras 12.93 0.00 0.00 0.00 43.42 43.86 40.41 29.19 8.67 

Sapodilla Cayes Marine Reserve 2.40 5.49 8.05 10.64 1.41 2.75 6.29 2.76 0.64 

South Water Caye 12.05 0.00 0.00 0.00 38.89 38.46 45.90 22.86 1.10 

Swallow Caye 19.66 0.00 0.00 0.00 36.36 82.61 90.00 47.37 7.78 
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Supplementary Figure 1: SST and DHW plotted from 2002-2022 for all MPAs. The blue lines 

represent SST values, while the bars represent DHW. Red bars indicate mortality risk, orange 

bars indicate bleaching risk, yellow bars represent temperature stress, and green bars represent 

little or no stress. 
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Supplementary Figure 2: September SST values for all MPAs from 2002-2022. Blue lines are 

the linear regression lines using the “lm” method in RStudio. 
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Supplementary Figure 3: Kd(490) values for all MPAs from 2002-2022. Red points indicate 

very turbid waters, orange points indicate a turbid month, yellow points indicate turbidity stress, 

and green points indicate little or no stress. 
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Chapter 3: The Influence of Land Use and Water Reclamation 

Plants on Fecal Indicator Bacteria and Antibiotic Resistance in the 

Los Angeles River Watershed 

1. Introduction 

Antibiotic resistance is deemed one of the world’s greatest public health challenges. Over 

2.8 million infections in the United States are caused by antibiotic resistance annually, and over 

35,000 people die annually from these infections1. Although use of antibiotics is known to cause 

resistance in clinical isolates in as little as a year2, antibiotics are still widely used in humans and 

animals. Presence of antibiotics as well as other stressors in the environment such as detergents, 

heavy metals, and consistent temperature, pH, and nutrient loadings give rise to the emergence, 

persistence, and dissemination of antibiotic resistance genes (ARGs) in bacteria3,4. ARGs can be 

transferred among bacteria through vertical gene transfer (VGT) and horizontal gene transfer 

(HGT)5. Mobile genetic elements (MGEs) such as integrons, plasmids, and transposons facilitate 

the transfer of ARGs among opportunistic microorganisms6,7. Due to the health threats to the 

public, research studies are quantifying and characterizing ARGs and antibiotic resistant bacteria 

(ARB) in various environmental compartments. Though these environmental compartments are 

recognized as hotspots for the proliferation and dissemination of antibiotic resistance, routine 

monitoring and standard methods for monitoring antibiotic resistance in them currently doesn’t 

exist. Of these environmental compartments, studies on ARGs and ARB in surface waters, 

especially in populous coastal areas are increasing8,9. 

Anthropogenic pollution is largely responsible for the dissemination of antibiotic resistance 

in water ways. These sources include discharges from wastewater treatment plants (WWTPs)10–16 

livestock operations, agriculture, and land applications of manure17–23, and hospitals5,24–27. Larger 

and denser cities were found to increase the impacts of antibiotic resistance in surface waters28, 
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with urban runoff contributing significant amounts of chemical pollutants, bacteria, sediments, and 

nutrients in water29. Direct discharge sources from WWTPs were found to contribute to ARG 

loadings in urban rivers in Beijing, China28. Sewage was found to greatly influence ARG reservoirs 

in coastal waters in the capital of Uruguay30. Though many studies have been conducted on 

quantifying antibiotic resistance in surface waters, not many have been conducted in large cities 

in the coast of the western United States9 or tested existing frameworks and standardized methods 

for doing so31–33. 

There are various techniques employed to quantify and characterize antibiotic resistance. 

The most prevalent technologies for monitoring environmental antibiotic resistance in water 

include microbial source tracking, qPCR, whole genome sequencing, metagenomics, and culture-

based methods12,34,35 each with their own pros and cons. Culture-based methods allow for isolation 

of viable target organisms36, but is time and labor intensive and many organisms are 

unculturable34,37. Amplification methods like qPCR are more sensitive than metagenomics, but 

require higher efforts to cover a wide variety of genes and taxonomic markers12. Metagenomics is 

thought to be superior in identifying ARGs in complex environmental and clinical metagenomes 

using an array of databases, but is a costly method4,38. Some experts argue for antibiotic 

susceptibility tests for phenotypic data and suggest combining that with molecular analysis from 

whole genome sequencing37,39. However, there is still no standard method to quantify AR or 

standard ARG unit40, and dose and response models for ARB are still being explored41. 

This study aimed to test an existing framework for antibiotic resistance and cross-validate 

between culture, qPCR, and metagenomic techniques in varying land types and applying it to one 

of the most populous cities in the United States—Los Angeles, California. The Los Angeles River 

(LAR) watershed was evaluated for ARGs, fecal indicator bacteria, and Extended-spectrum beta-
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lactamase (ESBL) producing E. coli in varying land use types. Quantified ARGs and MGEs 

include sul1 (resistance to sulfonamides), tetW (resistance to tetracyclines), intI1 (proxy for 

anthropogenic pollution), ermF (resistance to macrolides), and blaSHV (resistance to beta-

lactams) as well as 16S rRNA genes. DNA samples were sent for shotgun sequencing in order to 

compare them against relevant antibiotic resistance databases, calculate ARG abundance, and 

resistome risk. Water samples were taken in the river at points above and below three different 

water reclamation plants (WRPs), swimming and kayak sites, and from beaches near the coastal 

pour point using a snapshot study approach.   

2. Materials and methods 

2.1 Study Area 

The LAR watershed is approximately 824 mi2 and is home to approximately 4.5 million 

people. The LAR is 51 miles long and is bounded by the San Gabriel, Santa Susana, and Santa 

Monica Mountains in the west and north, the San Gabriel River Watershed in the east, and the 

Pacific Ocean in the south. The river outpours at the San Pedro/Los Angeles and Long Beach 

Harbor complex which has a semi-enclosed breakwater of 7.5 miles. The river’s estuary is about 

three miles from where it meets Queensway Bay. The LAR watershed is diverse in land use 

distribution with 324 mi2 being open space and forest and the rest being highly developed 

residential, industrial, and commercial areas. Land use distributions are as follows: 35% 

residential, 5% commercial, 8% industrial, and 51% open land42. Most of the river in the developed 

area is lined with concrete, but some areas in the Glendale Narrows and Sepulveda Flood Control 

Basin are unlined to provide riparian habitat. 

 Currently, most water volume in the LAR stem from three water reclamation plants with 

some inputs from runoff and groundwater upwelling. Approximately 27.1 million gallons per day 

(MGD) originate from the DC Tillman WRP, 7.8 MGD from the LA Glendale WRP, 4.5 MGD 
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from the Burbank WRP, 3.6 MGD from groundwater upwelling, and a range between 0.032 and 

7.8 MGD from runoff43. All WRPs use tertiary treatment technologies to treat municipal and 

industrial waste before discharging effluent into the river. Burbank and LA Glendale WRPs 

discharge directly into the river while Tillman WRP discharges partially to nearby garden and lake 

systems before reaching the river. 

 The LAR has multiple recreational sites for kayaking, fishing, and swimming. There are 

two recreation zones along the main stem of the river—the Elysian Valley and Sepulveda Basin 

LA River Recreation Zones44. Reportedly, thousands of people swim in unpermitted and 

designated areas in the LAR45. Most recreational swimming sites are in the upper LAR watershed 

in Hansen Dam and the Angeles National Forest.  

2.2 Sample collection and filtration 

Sample collection took place at sixteen sites with varying land uses as mapped in Figure 

3-1. Five locations were above and below the three WRPs (Tillman Above, Tillman Below, 

Burbank Below, Glendale Above, Glendale Below), with exception of above the Burbank WRP 

due to no flow. Three kayaking sites (Sepulveda Dam, Rattlesnake Park, Steelhead Park) and four 

swim sites (Eaton Canyon Falls, Switzer Canyon Falls, Big Tujunga Creek, and Tujunga Wash) 

were sampled. Three beaches (Alamitos Beach, Long Beach City Beach, and Rosie’s Dog Beach) 

and one estuary/tidal site (LA River in Long Beach) were included where the LAR discharges to 

the ocean. Each location was classified as “Developed”, “Undeveloped,” and “Beach” based on a 

land use map of Los Angeles County. Land use designations, coordinates, and sampling dates are 

located in Table 3-1. Site locations were selected based on water quality sample locations by the 

Council for Watershed Health45 and Heal the Bay for their river and beach report cards46,47. 

Samples were collected during a one-week time range between October and November 2021. 
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Water sample collection occurred during the early morning hours to ensure minimal UV solar 

radiation. Four liters of water was collected in sterile polypropylene bottles first which were rinsed 

three times with ambient water before collection. Samples were transported on ice (4 °C) to the 

laboratory, and processed within six hours of collection. Water temperature, pH, conductivity, 

dissolved oxygen, and turbidity were measured for each location using a multiparameter sonde 

(Hydrolab HL4, OTT Hydromet, Loveland, CO). 

 

Figure 3-1. Land Use Types and Sampling Sites in the LAR Watershed. 

Upon arrival at the laboratory, water samples were filtered in at least triplicate samples on 

0.2 µm polycarbonate filters (MilliporeSigma, Burlington, MA). Volumes of water necessary to 

clog the filter ranged from 100-600 mL per sample and were recorded per replicate. Filters were 
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stored in 2 mL screw cap tubes with flame sterilized tweezers and fixed with 50% ethanol. Samples 

were stored at -20 °C prior to DNA extraction. A phosphate buffer solution blank was filtered and 

stored during each sampling event. 

2.3 DNA extraction, qPCR, and ddPCR 

Ethanol-fixed filters were cut into approximately 1 cm2 pieces with flame-sterilized 

scissors and placed into lysing matrix tubes from the FastDNA SPIN Kit for Soil (MP Biomedicals, 

Irvine, CA). The remaining ethanol solution was subjected to centrifugation at 5000 x g for 10 

minutes before being resuspended with the sodium phosphate buffer contained in the DNA kit and 

added to the lysing matrix tube. All samples were extracted according to manufacturer instructions 

taking the longest suggested times for incubation, mixing, and settling. An extraction blank was 

extracted per each extraction batch. Total DNA concentrations and 260/280 absorbance ratios were 

determined through spectrophotometry via a NanoDrop 2000c (Thermo Scientific, Waltham, 

MA).  

All samples were analyzed for ARG abundance of sul1, tetW, blaSHV, and ermF. The intI1 

gene was quantified as a proxy for anthropogenic pollution and the 16S rRNA gene was quantified 

as a surrogate for total bacteria. Gene target sequences and cycling conditions are in the 

Supplementary Material. qPCR amplification was performed using the StepOnePlus system 

(Applied Biosystems, Foster City, CA) in 25 µL reaction volumes containing 12.5 µL PowerUp 

SYBR Green Master Mix (Applied Biosystems, Foster City, CA), 1.25 µL of each forward and 

reverse primer, 2 µL of template DNA, and molecular grade water for the remaining volume for 

all genes except 16S rRNA. The 16S rRNA gene was performed in a 20 µL reaction volume with 

10 µL of PowerUp SYBR Green Master Mix, 1 µL of each forward and reverse primer, 3 µL of 

template DNA, and molecular grade water for the remaining volume. All assays were performed 
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in 96-well plates. At least a five-point standard curve was run with each plate utilizing double-

stranded gBlock gene fragments resuspended according to manufacturer instructions (IDT, 

Coralville, IA) and quantified on the NanoDrop 2000c (Thermo Scientific, Waltham, MA). Ten-

fold dilutions were carried out for the 16S rRNA gene to uncover the presence of PCR inhibitors. 

The minimum accepted qPCR efficiency was 83% and the lowest R2 value was 0.997. The limit 

of detection was set based on the lowest standard per assay. 

Molecular quantification of human associated fecal maker targets was conducted using a Bio-

Rad QX200 Droplet Digital PCR System (Bio-Rad Laboratories, Hercules, CA). The assay 

primers targeting crAssphage and HF183/BacR287 molecular indicator region were adapted and 

performed (Supplementary Material). 20-μL reactions were made using 4x Supermix of Probes 

(Bio-Rad Laboratories, Hercules, CA). Targets were analyzed in duplex. Droplets were generated 

with a Bio-Rad QX200 Auto Droplet Generator, and amplification was performed using a C1000 

Touch Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) according to manufacturer’s 

recommendations: 94°C for 10 minutes, followed by 40 cycles of 94°C for 30 seconds, then 60°C 

for 1 minute. At least two no template control (NTC) assays were performed for each assay by 

replacing the DNA with molecular grade water. Droplets were read on a QX200 Droplet Reader 

(Bio-Rad Laboratories, Hercules, CA). QA/QC was performed for all samples. Samples with less 

than 10,000 accepted droplets were excluded from data analysis. Copy number concentrations 

were calculated by taking the data generated and normalizing to 100 mL of sampled water to 

compare all markers on the same scale. 
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Table 3-1. Coordinates and Dates Sampled for Sampling Locations. 

Sample Site Abbreviation Date sampled Latitude Longitude 

Tillman Above TA 10/30/2021 34.179716 -118.50097 

Tillman Below TB 10/30/2021 34.161736 -118.466389 

Burbank Below BB 10/30/2021 34.180021 -118.315391 

Glendale Above GA 10/30/2021 34.139541 -118.275949 

Glendale Below GB 10/30/2021 34.13503 -118.274646 

Sepulveda Dam SD 10/30/2021 34.169951 -118.476915 

Rattlesnake Park RP 10/30/2021 34.108343 -118.253356 

Steelhead Park SP 10/30/2021 34.084798 -118.227951 

Eaton Canyon 

Falls 
EF 10/28/2021 34.196567 -118.102397 

Switzer Canyon 

Falls 
SF 10/28/2021 34.256484 -118.152752 

Big Tujunga 

Creek 
TC 10/28/2021 34.29346 -118.240723 

Tujunga Wash TW 10/28/2021 34.268204 -118.365301 

Alamitos Beach AB 11/1/2021 33.763226 -118.179424 

Long Beach City 

Beach 
LB 11/1/2021 33.759783 -118.155302 

Rosie's Dog 

Beach 
DB 11/1/2021 33.754426 -118.140329 

LA River in 

Long Beach 
LA 11/1/2021 33.782896 -118.2055 
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2.4 FIB, heavy metal analysis, and ESBL E. coli enumeration 

FIB enumeration includes quantifying levels of total coliforms, Escherichia coli (Colilert-

18, IDEXX), and Enterococci (Enterolert, IDEXX) bacteria using standard methods and kits 

(IDEXX Laboratories, Westbrook, ME). Final concentrations were reported in MPN/100 mL. 

Marine samples and samples along the main stem of the river were diluted ten-fold and up to 

1,000-fold respectively according to manufacturer recommendations.  

 For quantifying ESBL E. coli, 100 µL of 1 mg/mL cefotaxime was added to each prepared 

100 mL IDEXX bottle with Colilert-18 media. Samples were diluted at most 100-fold.  

 Heavy metals were quantified from the water samples using ICP-OES for Cu, Ni, Cr, Mn, 

Fe, V, and Al expressed in mg/L. 

2.5 Sequencing and Bioinformatics 

Approximately 100 ng of DNA for all 16 samples were sequenced via 2x150 bp paired-end 

shotgun metagenomic sequencing on an Illumina NovaSeq 6000 by Mr. DNA (Shallowater, TX). 

Each library ranges from 10 - 30 million paired-end sequences. All sequence data were deposited 

into the public NCBI Short Read Archive (SRA) database. The raw sequences were uploaded into 

Galaxy (https://usegalaxy.org) for processing and assembly. Trimmomatic (Galaxy Version 

0.38.0) was used to remove low quality reads from our pair-end data48. The Trimmomatic 

operation SLIDINGWINDOW was set to 4 bases and a quality score of 20, the MINLEN operation 

was set to a length of 50 bases, and AVGQUAL operation was set to a score of 20. The paired data 

was assembled using de novo metagenomic assembly by MEGHIT (Galaxy Version 1.2.9) using 

the default settings of 2 for minimum multiplicity and 200 bp for the minimum length of output 

contigs49. FastQC (Galaxy Version 0.73) and Fasta Statistics (Galaxy Version 2.0) were used for 

quality control.  
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ARGs were characterized using the ARGs-OAP pipeline (v2.3) which uses the Structured 

Antibiotic Resistance Genes database to quantify ARG subtypes by cell number and 16S rRNA50. 

Environmental resistome risk scores were calculated using the MetaCompare pipeline which 

assigns a risk score based on the co-occurrence of ARGs, MGEs, and pathogens on assembled 

contigs51. Read-based taxonomic classification was performed via the Kraken2 (v2.0.8) software 

on the National Microbiome Data Collaborative (NMDC) EDGE bioinformatics platform 

(https://nmdc-edge.org/). 

2.6 Statistical Analysis 

 Data were analyzed and visualized in RStudio (v4.0.2).  ARG data categorized by land use 

and tested for statistical significance through the Wilcoxon test at the 0.05 alpha level. Correlation 

plots were created with the “corrplot” (v0.90) package. The principal component analysis plot was 

created using the “prcomp” function and “ggbiplot” (v0.55) package. The “ggplot2” (v3.3.6) 

package was used to create all bar plots. The 3D plot of the resistome risk factors was created 

using the “plot3D” (v1.4) package. Heatplots and chord plots were created using the “pheatmap” 

(v1.0.1) and “circlize” (v0.4.1) package, respectively. 

3. Results and discussion 

3.1 Absolute gene abundances of ARGs and intI1 

 In this study, four ARGs (sul1, ermF, blaSHV, and tetW), 16S rRNA, and intI1 were 

quantified using qPCR in all water samples. The absolute abundances of all genes per land use are 

displayed in Figure 3-2. The undeveloped areas consistently had the lowest gene values, while 

sites in developed areas had the highest, and beaches had moderate levels for all genes, except 

tetW where beaches had similar values to developed sites. On average, developed sites exhibited 

median gene values from 1-3 orders of magnitude greater than undeveloped sites and 1-2 orders 
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of magnitude greater than beach sites, except for tetW.  LA River in Long Beach (LA), the lowest 

developed area, consistently had the highest average absolute gene value. Big Tujunga Creek (TC) 

had the lowest average relative abundance for sul1, intI1, and tetW, and Switzer Canyon Falls (SF) 

had the lowest for blaSHV and ermF. Absolute gene abundances were statistically significant 

between developed and undeveloped land uses for all genes (p < 0.05). Developed gene 

abundances for sul1, intI1, and ermF were significantly different compared to beaches (p < 0.05). 

Beach and undeveloped gene abundances were not statistically significant. 

 Similar results where downstream concentrations of genes increased for all genes except 

tetW were also found in a study that measured ARGs in a wastewater effluent receiving river in 

the Netherlands14. Comparing the same gene targets (sul1, intI1, and tetW), the values in the 

Netherlands were only similar to our developed locations and our tetW values were lower. Our 

sul1 gene values in developed areas were the most comparable to that in the Funan52 and Zenne 

Rivers, which are both impacted by wastewater. We had significantly less tetW levels which may 

be due to tetracycline being most commonly detected in the Zenne River13. Our absolute sul1 and 

intI1 values were also similar to the river Murg in Switzerland which receives WWTP effluent 

with increased values during bypass events11.  
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Figure 3-2. Absolute gene abundances per land use. 

3.2 AMR trends in the watershed captured by qPCR versus metagenomic data 

 Comparing normalized gene abundances between qPCR data (Figure 3-3A) and 

metagenomic data (Figure 3-3B) reveal similar trends through the LAR watershed. The four 

undeveloped sites begin with low AMR abundances with Eaton Canyon Falls (EF) displaying 

higher values. Both methods capture increases in AMR in developed regions beginning at Tillman 

Above (TA) with qPCR capturing significant increases in sul1 and intI1 at Tillman Below (TB). 

High AMR values increase until they are diluted by the Pacific Ocean as evidenced by the lower 

values at the three beaches. In the qPCR data, higher AMR values are retained compared to the 
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undeveloped sites whereas in the metagenomic data the AMR values are lower than the 

undeveloped sites.  

 

Figure 3-3. Heat plots of relative gene abundances through the watershed from (A) qPCR and (B) 

metagenomic data. 

3.3 Diversity of AMR through metagenomic data 

 The use of sequencing data enables the search of a greater diversity of ARGs from different 

classes. 20 out of the 24 antibiotic classes that the ARGsOAP pipeline searches for were found in 

the water samples. Based on the relative abundance ARG data from the pipeline, there is a greater 

diversity of antibiotic classes represented in the developed sites (Figure 3-4A). Burbank Below 

(BB) had the highest relative abundance mainly stemming from multidrug resistance ARG types. 

Figure 3-4B, depicts the top 10 ARG classes among all samples. Multidrug resistant ARG types 

were the most abundant followed by bacitracin, unclassified, MLS, sulfonamide, aminoglycoside, 

beta-lactam, fosfomycin, tetracycline, and vancomycin. Multidrug resistant ARGs were also the 

largest proportion of ARGs in an urban stream in Nebraska, USA53. Lee et al. 2022, also found 

high abundance of MLS, aminoglycosides, beta-lactam, sulfonamide, and tetracycline resistance 
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classes in metagenomic data in WWTP effluent and bypass in a Swiss river11. Multidrug, MLS, 

and beta-lactam ARG types were also most abundantly found in a WWTP in Virgina, USA54. 

Developed land uses have the highest portion of ARGs, followed by undeveloped and beaches. 

 

Figure 3-4. Diversity and relative abundance of ARG classes (A) and top 10 ARG classes per land 

use.  

3.4 Bacterial diversity 

 After comparing the top three taxonomies for each site, there were nineteen unique species 

and Limnohabitans sp. 63ED37-2 appeared in half of the sites. This organism is commonly found 

in freshwater habitats55, and was found in LA, SP, RP, GB, TB, GA, SD, and TA. Limnohabitans 

sp. 63ED37-2 was the most predominant species in six of their taxonomies. The eight sites that 

lacked Limnohabitans sp. 63ED27-2 in their top ten taxonomies were the three beach sites (AB, 

LB, DB), the four undeveloped sites (TW, TC, SF, EF), and one developed site, Burbank Below 

(BB). BB was the closest site downstream from the undeveloped sites, which could explain why 

its taxonomy differs from the other eight developed sites, in that it lacks an organism that typically 

features in the taxonomies of freshwater sites. 12 out of the 16 samples had Homo sapiens as a top 

contributor which was commonly found in large US rivers56. 
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3.5 Resistome risk 

 Resistome risk scores were calculated for all samples from assembled contigs containing 

ARGs with the potential for mobility and presence in pathogens (Figure 3-5A). The MetaCompare 

results were then plotted in a 3-dimensional hazard space based on the hits from the 

Comprehensive Antibiotic Resistance Database (CARD), ACLAME, and PATRIC databases 

(Figure 3-5B). Resistome risk scores are greater in developed areas with the highest being at the 

Burbank Below (BB) location (RR = 27.94). Beach and undeveloped land use sites had similar 

resistome risk scores (18.80 < RR < 22.80), where Switzer Canyon Falls (SF) had the lowest score. 

Co-occurrence of ARGs, MGEs, and pathogens increase from undeveloped to the developed sites 

and decrease at the beaches though not to the extent on the undeveloped sites. Notably, the sites 

below water reclamation plants (TB) have higher instances of co-occurrence than the sites above 

the respective plants (TA). Here the highest score was a river sample impacted by treatment plant 

water which was also seen in a study in Puerto Rico32. The resistome risk scores in the developed 

areas were similar to those of secondary effluent of a US-based treatment plant54. Compared to 

European samples, our beach and undeveloped resistome risk scores were similar to WWTP 

effluent (18.42 < RR < 22.77) and the developed sites were similar to that of dairy lagoons (22.71 

< RR < 29.02) but lower than hospital sewage (RR > 34.47)51.  
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Figure 3-5. (A) Resistome risk scores and (B) co-occurence of ARGs, MGEs, and pathogens in a 

3D hazard space. 

3.6 Correlation of ARGs and water quality parameters 

 Figure 3-6A depicts the correlation coefficients between normalized ARGs, 16S rRNA, 

intI1, FIB, heavy metals, and other physicochemical properties. There were statistically significant 

positive correlations among turbidity and ESBL E.coli (p < 0.01), Fe (p < 0.05), total coliforms 

(p<0.05). There were also positive correlations between 16S rRNA, total coliforms, ESBL E.coli, 

and E. coli. All ARGs and intI1 correlated positively with each other and with pH. There are 

statistically significant negative correlations between dissolved oxygen and ESBL E. coli (p < 

0.05), E. coli (p < 0.001), total coliforms (p < 0.001), and 16S rRNA (p < 0.01). There were strong 

negative correlations between 16S rRNA and Ni (p < 0.05) and Mn (p  <0.05) concentrations. Ni 

concentrations also correlated negatively with ESBL E. coli (p < 0.05) and the ESBL E. coli 

resistance ratio (p<0.01). 

 The principal component analysis (PCA) displayed sample separation based on land use 

classification where the principal components together accounted for 63% of the total variation 
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(Figure 3-6B). The first PCA axis correlates best with Enterococcus and the sul1 and intI1 genes. 

The second PCA axis generally separated the developed sites from beach and undeveloped 

samples. Within the developed sites, the most upstream (TA) and downstream developed sites 

(LA) were outliers. All genes and FIB were driving factors in developed sites and dissolved oxygen 

and conductivity were big drivers for beach sites.  

 

Figure 3-6. (A) Correlation plot of ARGs, heavy metals, FIB, and physicochemical properties.  

One star ('*'), Two stars ('**'), Three stars ('***') denote p-values less than 0.05, 0.01, and 0.001, 

respectively. (B) PCA plot of ARGs, FIB, and physicochemical properties by land use. 

3.7 FIB and ESBL E. coli 

Figures 3-7A-D depict the results from FIB, ESBL E. coli for the sampling campaign. In 

the undeveloped areas in the Angeles National Forest, there were low levels of FIB and ESBL E. 

coli. In the developed areas of the river where the kayaking sites and WRPs are located, levels of 

FIB and ESBL E. coli increase and remain high until the tidal/estuarine area. Most areas exceed 

their respective recreational limits. Levels of FIB and ESBL E. coli decrease at the beaches near 

the LAR pour point. WRPs mostly have a dilution effect on FIB and ESBL E. coli due to high 

treatment standards for the effluent before it is discharged to the river.  
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Our E. coli levels were comparable to Funan River in Chengdu, China where higher levels 

were found downstream from residential areas, a hospital, and a WWTP52. A study on antibiotic 

resistant E. coli in a wastewater-impacted Belgian river also reported higher levels of bacteria 

downstream compared to upstream sampling sites13. However, the bacterial levels and resistance 

were amplified by inputs from the wastewater treatment plants. These contrasting results may be 

due to their treatment plants encompassing processes equivalent to secondary treatment in the US, 

whereas the WRPs discharging in the LAR have tertiary treatment technologies.  

 

Figure 3-7. (A) Total coliforms, (B) Enterococcus, (C) E. coli, and (D) ESBL E. coli levels for all 

sampling locations. EPA recreational limits for total coliforms, Enterococcus, and E. coli are 

denoted by horizontal lines. 

3.8 HF183 and crAssphage 

A total of sixteen field samples were analyzed for HF183 and crAssphage targets using the 

ddPCR method (Figure 3-8). The average concentrations of crAssphage were 0.32, 3.62, and 1.62 
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log10 copies/100 ml for undeveloped, developed, and beach sites, respectively, while HF183 

concentrations were 0, 3.062, and 0.92  log10 copies/100 ml for undeveloped, developed, and beach 

sites, respectively. Overall, the levels of HF183 and crAssphage were highest in developed areas, 

followed by beach sites. The Burbank Below (BB) site exhibited the highest concentration of 

HF183, which corresponds to the resistome risk scores obtained. The concentrations measured in 

our study were comparable to or greater than concentrations measured in other studies. For 

instance, in an impacted urban watershed in Pittsburgh, PA, USA, crAssphage concentrations 

ranged from 3.0 to 5.2 log10 copies/100 ml, which is similar to the average concentrations of 

crAssphage observed in our developed area sites57. Ahmed et al. reported HF183 ranging from 

2.18 to 4.83 log10 copies/100 ml and crAssphage ranging from 2.17 to 3.80 log10 copies/100 ml 

for crAssphage, respectively, in the stormwater collected from urban sites and peri-urban sites in 

Australia58. The co-occurrence of the two human fecal markers is more obvious at the developed 

sites. Moreover, the crAssphage and HF183 concentrations in our study sites were strongly 

correlated (r=0.9, p<0.05), suggesting that both markers may originate from similar sources and 

undergo similar environmental fates within the time scale required for water to pass through the 

Los Angeles River watershed. These findings contribute to our understanding of human fecal 

markers and microbial source marker dynamics in the study areas. 
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Figure 3-8. ddPCR results for HF183 and crAssphage expressed in log copies per 100 mL of water 

filtered.  

4. Conclusions 

 This study compared ARG and FIB trends in the Los Angeles River watershed based on 

land use and influence of water reclamation plants. Metagenomic and amplification-based analysis 

of ARGs revealed increased loadings of ARGs in the river in the developed areas compared to 

undeveloped sites and beaches. Viability-based methods for FIB display similar trends where there 

are larger FIB concentrations in developed sites compared to beaches and undeveloped places 

exceeding recreational limits. Though WRPs in general diluted FIB due to high water quality 

standards in effluent water, ARG loadings were higher and downstream of WRPs and there were 

greater instances of ARGs being co-located on MGEs and pathogens. Our work shows that both 

qPCR and metagenomics are comparable in elucidating ARG trends based on land use and 

anthropogenic pollution which can be supplemented by viability-based methods. This work serves 
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to compare various methods in monitoring ARGs and FIB in one of the most populated cities in 

the United States in the hopes of standardizing methods for monitoring these contaminants in 

aquatic environments. 
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6. Supplementary Materials 

Supplementary table 1. qPCR assay information. 

 

  

Oligo

Gene Name Sequence (5'-3')

intI1-FW CCTCCCGCACGATGATC

intl1-RV TCCACGCATCGTCAGGC

sul1-FW CGCACCGGAAACATCGCTGCAC

sul1-RV TGAAGTTCCGCCGCAAGGCTCG

tetW-FW GAGAGCCTGCTATATGCCAGC

tetW-RV GGGCGTATCCACAATGTTAAC

ermF-FW TCGTTTTACGGGTCAGCACTT

ermF-RV CAACCAAAGCTGTGTCGTTT

blaSHV-FW TGATTTATCTGCGGGATACG

blaSHV-RV TTAGCGTTGCCAGTGCTCG

16S-FW CGGTGAATACGTTCYCGG

16S-RV GGWTACCTTGTTACGACTT

0.999289.26%3.59

163

16S rRNA

280

tetW

blaSHV

ermF

65sul1 0.99955.11 89.32%45

intI1 40

16.9

3.64

0.6

5.23

Goldstein et al. 2001

Pei et al. 2006

56

55

50

60

58

88.08%

96.19%

95.34%

88.78%

0.999

0.9995

0.9993

0.9983

40124

215

268

168

Suzuki et al., 2000

Knapp et al. 2010

Knapp et al. 2010

Zhou et al. 2014

40

45

45

Target
Reference

Annealing 

Temperature (°C)
Size (bp) R

2Efficiency 

(%)
LOD

N of 

cycles
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Chapter 4: Antibiotic Resistance Genes and Nutrients in the Lower 

Belize River and Belize Barrier Reef 

1. Introduction 

 Antibiotic resistance has been widely regarded as a global health crisis since the mid 

1900s1,2. In 2019, about 1.27 million deaths were attributed to antibiotic resistance globally3. 

Antibiotic resistance arises due through misuse and overuse of antibiotics among humans and 

animals. Though antibiotic resistance genes (ARGs) have evolved and exist in natural and remote 

environments, anthropogenic stressors such as heavy metals and pharmaceuticals can promote the 

conferring of ARGs by bacteria. Aside from clinical settings, environment compartments, such as 

air, soil, and water, play an important role in the proliferation and dissemination of antibiotic 

resistance4. Sources of anthropogenic activities that impact the human resistome include livestock 

operations5–7, land application of manure to crop fields8–10, composting and biosolid production11–

14, non-point discharges15–18, and effluent from wastewater treatment plants that have industrial, 

hospital, and residential influents19–23. Thus, the need to monitor and understand the intersection 

between environment and humans in terms of antibiotic resistance is warranted24–28.  

 Antibiotic resistance disproportionately affects low- and middle- income countries 

(LMICs)29–31. In fact, multidrug resistant organisms are the main cause of healthcare-associated 

infections (HAI) in Latin America29 which may be attributed to high population density, poor 

living conditions, ineffective healthcare systems, and poor quality of antibiotics. Additionally, 

poor infrastructure leads to sanitation and water issues resulting in inaccessibility to potable water, 

illegal discharges, untreated wastewater, and poor solid waste disposal29,32. Though behavioral 

interventions have been proven to have positive impact on use of antibiotics in LMICs33, antibiotic 

resistance in these countries is still prevalent29,34–36. A review of studies conducted in Latin 

America found that plasmid-mediated quinolone resistance genes are prevalent in humans, 
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animals, food, and the environment37. Antibiotic resistant Helicobacter pylori had also been 

identified in Latin America and the Caribbean38,39. However, disparities among studies conducted 

within LMICs also exist. For example, most studies in Latin America are in Brazil and Mexico40 

with not many investigations being conducted in Central America. There are very few studies that 

elucidate the impacts of antibiotic resistance in coral reefs, with all studies being concentrated in 

China41,42. The urgent need to monitor antibiotic resistance in other LMICs and various 

environmental matrices such as coral reefs, groundwater, soil, and coastal areas still remains40. 

 Belize, a country in Central America, has previously identified antibiotic-resistant bacteria 

(ARB) as an issue in its healthcare system. Though antibiotics are prohibited for sale without a 

prescription through the Belize Antibiotic Act, a study showed that around 47.2 % of surveyed 

community pharmacies were willing to sell antibiotics without a prescription43 most likely due to 

seeking of economic gain, weak regulatory enforcement, and consumer demands. Another survey 

of Belizean college students reported that around 29% of students self-medicate with antibiotics, 

which may potentially lead to adverse drug reactions, bacterial resistance, and drug interactions44. 

Children from San Pedro were found to have tetracycline- and sulfonamide-resistant 

Enterobacteriaceae45 and 56.97% of Neisseria Gonorrhoeae isolates collected were penicillinase-

producing46. Belize has a large tourism economy accounting for over 40% of gross domestic 

product (GDP)47 and many international visitors chose to recreate along Belize’s coastline, cayes, 

and atolls. There are several potential inputs of pollution into Belizean waterways such as 

agricultural runoff, waste, nutrients, and sewage48–51. Particularly, high tourism and poor sewage 

system is thought to be the reason for ARB in nurse sharks near the Hol Chan Marine Reserve52. 

There are also anecdotes of community members experiencing itching, rashes, and other health 
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effects from recreating in rivers53. As the nation continues to develop, the need to elucidate sources 

of ARGs and ARB in waterways is crucial to ensure the safety of Belizeans and tourists alike.  

 Current gaps in the AR surveillance in LMICs involve sampling the environmental 

resistome to understand resistance determinants and potentially contributing niches34. There are 

multiple ways to monitor antibiotic resistance in waterways such as use of qPCR, sequencing and 

metagenomics, and culture-based methods25,54,55. However, there is a need to cross-validate 

between different AR monitoring methods and move towards standardization protocols20,25. The 

World Health Organization (WHO) has a set of standard protocols under the Global Tricycle 

Surveillance for ESBL- producing E. coli aimed at monitoring ARGs in different environments. 

For environmental samples, a study conducted in a major city would consist of sampling from 

surface waters downstream and upstream from the city, near wet market or poultry market areas, 

and wastewater treatment plant inputs56. Additionally, Davis et al. describes an integrated approach 

to AR monitoring using qPCR and metagenomics analysis20. Incorporating the Davis approach 

and WHO standard protocols, the purpose of this study was to assess ARGs and ARB using qPCR 

and metagenomics in the lower Belize River watershed, reef system near Belize City, and Glover’s 

Reef Atoll. Five ARGs (sul1, sul2, ermF, tetA, and blaSHV) were quantified through qPCR, along 

with intI1 and 16S rRNA at 18 locations in Belize where a subset of six samples were sent for 

shotgun sequencing. Nutrients (nitrate, phosphate, total nitrogen, and ammonia), total organic 

carbon (TOC), and turbidity were also measured at all sites. To our knowledge, this study is the 

first of its kind in comprehensively surveying antibiotic resistance in Belize and Central America. 

2. Methods and Materials 

2.1 Study Area 

 Belize is a small Central American country bordered by Mexico, Guatemala, and the 

Caribbean Sea. Belize is in the heart of the Mesoamerican Barrier Reef System which is the 
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world’s second largest barrier reef. The Belize Barrier Reef Reserve System (BBRRS) is a 

UNESCO world heritage site which encompasses a variety of the country’s biodiverse ecosystems 

including seagrass, coral reefs, and mangroves57. The reef system contributes about 30% of the 

nation’s GDP through coastal protection, fisheries, and tourism58,59. The BBRRS has seven 

protected sites which include the Glover’s Reef Marine Reserve established in 199360. Glover’s 

Reef Atoll (260 km2) is 45 km offshore from Belizean coastline and contains around 850 coral reef 

patches in its interior lagoon61. Glover’s Reef has designated zones for spawning, general use, and 

conservation. Glover’s Reef is home to a variety of fish species62,63 and the Glover’s Reef Research 

Station owned by the Wildlife Conservation Society located in the reef’s conservation zone. 

The Belize River is the largest river in Belize running across the center of the country and 

flowing from the Peten District of Guatemala to the Belize coastal lagoon. The river outpours near 

Belize City, the most populous city in Belize (around 60,000 residents) and is approximately 290 

km in length. It’s a source for drinking water, tourism, fisheries, and mangrove cayes. Excessive 

nutrient loading, sediments, and pesticides have depleted the water quality of the river in part from 

deforestation and unsustainable agricultural practices. The pour point of the Belize River is located 

around 20 km away from the BBRRS. Studies have found trace metals, color dissolved organic 

matter, and nitrogen loading enrichment in the reef system from land-based pollution49,51,64. 
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Figure 4-1. Sampling locations in the lower Belize River watershed and Belize coastal lagoon. 

The top panel shows all of the sampling locations (pink circles) between inland forested areas and 

coral reefs. The subset of samples sent for shotgun sequencing are filled in red. The bottom yellow 

panel depicts where the Belize River outpours to the coastal lagoon in the top left corner and 

Haulover Creek flows through Belize City. In this panel, the yellow circle in the bottom center is 

the wastewater treatment lagoon system. The bottom red panel shows the Glover’s Reef and 

Tobacco Caye (TC) sampling locations. 

2.2 Sample Collection and filtration 

 Water samples were collected at 18 sites in Belize: eight within the lower portion of the 

Belize River watershed, three near the surrounding coast of Belize City, two in coral areas in the 

BBRRS, and five locations at Glover’s Reef Atoll (Figure 4-1 and Table 4-1). Water samples 

were taken using sterile polypropylene bottles within a four-day time period between August and 
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September 2022. Bottles were rinsed three times with ambient water before collection, transported 

on ice to the laboratory, and processed within twelve hours of collection. 

 At the laboratory, water samples were filtered on 0.2 µm polycarbonate filters 

(MilliporeSigma, Burlington, MA). Volume of water necessary to clog the filter ranged from 100 

- 750 mL and was recorded for each replicate. Filters were stored in 2 mL screw cap tubes with 

flame sterilized tweezers and fixed with 50% ethanol. Samples were stored at -20 °C prior to arrival 

in the US. Filters were flown to the US on ice and stored at -20 °C immediately upon arrival until 

DNA extraction.  

Table 4-1. Name and Coordinates of Sampling Sites. 

 

2.3 DNA Extraction and qPCR 

 To prepare for the DNA extraction, filters were cut into approximately 1 cm2 pieces with 

flame-sterilized scissors and placed into lysing matrix tubes from the FastDNA SPIN Kit for Soil 

(MP Biomedicals, Irvine, CA). The remaining ethanol solution was subjected to centrifugation at 

5000 x g for 10 minutes before being resuspended with the sodium phosphate buffer contained in 

Name Date Description Latitude Longitude

BRB 8/29/2022 Belize River bridge 17.535921 -88.241917

BRO 8/29/2022 Belize River outpour 17.534666 -88.236874

MAN 8/29/2022 Mangrove canal 17.50556 -88.22691

HCM 8/29/2022 Upper Haulover Creek 17.50763 -88.22006

POUL 8/29/2022 Downstream from poulty operations 17.49872 -88.19202

FISH 8/29/2022 Near fish market 17.49715 -88.19202

NA12 8/29/2022 Haulover Creek outpour 17.48931 -88.18317

NA11 8/29/2022 Near wastewater treatment lagoons 17.477333 -88.2121667

NA31 8/30/2022 Offshore Belize City 17.52735 -88.1800833

GAL 8/30/2022 Gallow's Point Reef 17.50889 -88.05099

TC 8/31/2022 Tobacco Caye 16.89898 -88.06194

WFR3 8/31/2022 Glover's Reef: West/Forereef 16.80375 -87.85625

CZPR1 8/31/2022 Glover's Reef: Conservation zone/Patch reefs 16.75611 -87.82483

LC2 8/31/2022 Glover's Reef: Long Caye 16.75541 -87.76903

SNORKEL 8/31/2022 Glover's Reef: Glover's Reef Research Station 16.74251 -87.8131

SWC2 8/31/2022 Glover's Reef: Southwest Caye 16.71761 -87.8476

WCSL 9/1/2022 Inland Belize River: Lagoon 17.432719 -88.5546919

WCSR 9/1/2022 Inland Belize River: River 17.432562 -88.5545589
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the DNA kit and added to the lysing matrix tube. All samples were extracted according to 

manufacturer instructions taking the longest suggested times for incubation, mixing, and settling. 

An extraction blank was extracted per extraction batch. Total DNA concentrations and 260/280 

absorbance ratios were determined through spectrophotometry via a NanoDrop 2000c (Thermo 

Scientific, Waltham, MA). 

 Five ARGs, sul1, sul2, ermF, tetA, and blaSHV, were targeted for analysis through qPCR 

along with intI1 (a proxy for anthropogenic pollution) and the 16S rRNA gene (a surrogate for 

total bacteria). Gene target sequences are in Table 4-2. qPCR amplification was performed using 

the StepOnePlus system (Applied Biosystems, Foster City, CA) in 25 µL reaction volumes 

containing 12.5 µL PowerUp SYBR Green Master Mix (Applied Biosystems, Foster City, CA), 

1.25 µL of each forward and reverse primer, 2 µL of template DNA, and molecular grade water 

for the remaining volume for all genes except 16S rRNA. The 16S rRNA gene was performed in 

a 20 µL reaction volume with 10 µL of PowerUp SYBR Green Master Mix, 1 µL of each forward 

and reverse primer, 3 µL of template DNA, and molecular grade water for the remaining volume. 

All assays were performed in 96-well plates. At least a five-point standard curve was run with each 

plate utilizing double-stranded gBlock gene fragments resuspended according to manufacturer 

instructions (IDT, Coralville, IA) and quantified on the NanoDrop 2000c (Thermo Scientific, 

Waltham, MA). Ten-fold dilutions were carried out for the 16S rRNA gene to detect the presence 

of PCR inhibitors. The lowest qPCR efficiency was 90.6% and the lowest R2 value was 0.998. The 

limit of detection was set based on the lowest standard per assay. 
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Table 4-2. qPCR assay information. 

 

2.4 Sequencing 

 Approximately 100 ng of DNA for a subset of six locations were sequenced via paired-end 

shotgun metagenomic sequencing (2x150 bp) on an Illumina NovaSeq 6000 by Mr. DNA 

(Shallowater, TX). Each library ranges from 10 - 30 million paired-end sequences. All sequence 

data were deposited into the public NCBI Short Read Archive (SRA) database. The raw sequences 

were uploaded into Galaxy (https://usegalaxy.org) for processing and assembly. Trimmomatic 

(Galaxy Version 0.38.0) was used to remove low quality reads from our pair-end data65. The 

following Trimmomatic operations were used: SLIDINGWINDOW: 4, 20, MINLEN: 50, and 

AVGQUAL: 20. The paired data was assembled using de novo metagenomic assembly by 

MEGHIT (Galaxy Version 1.2.9) using the default settings of 2 for minimum multiplicity and 200 

bp for the minimum length of output contigs66. FastQC (Galaxy Version 0.73) and Fasta Statistics 

(Galaxy Version 2.0) were used for quality control.  

ARGs were characterized using the ARGs-OAP pipeline (v2.3) which uses the Structured 

Antibiotic Resistance Genes database to quantify ARG subtypes by cell number and 16S rRNA67. 

Environmental resistome risk scores were calculated using the MetaCompare pipeline which 

assigns a risk score based on the co-occurrence of ARGs, MGEs, and pathogens on assembled 

contigs in a 3D hazard space68. Read-based taxonomic classification was performed via the 
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Kraken2 (v2.0.8) software on the National Microbiome Data Collaborative (NMDC) EDGE 

bioinformatics platform (https://nmdc-edge.org/). 

2.5 Nutrients and turbidity 

 Total organic carbon (TOC), nitrate, phosphate, total nitrogen, and ammonia 

concentrations were measured in mg/L for all samples using a Hach DR 2800 spectrophotometer 

and DRB 200 reactor block (Hach Company, Loveland, CO) according to manufacturer’s 

instructions.  

 Turbidity was measured on an Orion AQUAfast AQ3010 turbidity meter (Thermo 

Scientific, Waltham, MA) in NTU. 

2.6 Fecal indicator bacteria and antibiotic resistant E. coli enumeration 

 Fecal indicator bacteria and antibiotic resistant E. coli were measured in areas samples 

taken in Belize City and surrounding coast (n=8). FIB enumeration includes quantifying levels of 

total coliforms, Escherichia coli (Colilert-18, IDEXX), and Enterococci (Enterolert, IDEXX) 

bacteria using standard methods and kits (IDEXX Laboratories, Westbrook, ME). Final 

concentrations were reported in MPN/100 mL. Marine samples and samples along the main stem 

of the river were diluted 10-fold and up to 1,000-fold respectively according to manufacturer 

recommendations.  

 For quantifying ESBL E. coli, 100 µL of 1 mg/mL cefotaxime was added to each prepared 

100 mL IDEXX bottle with Colilert-18 media. Samples were diluted at most 10-fold. 

2.7 Statistical analysis 

 Data were analyzed and visualized in RStudio (v4.0.2). Correlation plots were created with 

the “corrplot” (v0.90) package. The principal component analysis plot was created using the 

“prcomp” function and “ggbiplot” (v0.55) package. The “ggplot2” (v3.3.6) package was used to 
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create all bar plots. The 3D plot of the resistome risk factors was created using the “plot3D” (v1.4) 

package. Heatplots and chord plots were created using the “pheatmap” (v1.0.1) and “circlize” 

(v0.4.1) package, respectively. 

3. Results and discussion 

3.1 Concentrations of ARGs and intI1 

 In this study, five ARGs (sul1, sul2, ermF, tetA, and blaSHV) were quantified along with 

intI1 via qPCR. Figure 4-2 depicts the absolute abundances of ARGs and intI1 across 18 water 

samples. The genes sul1, intI1, and sul2 clustered together while ermF and tetA had similar trends. 

The sites displayed four general clusters with genes being the highest at through Haulover Creek 

in Belize City (FISH and POUL), the creek’s pourpoint at the coast (NA12), and near the treatment 

lagoons discharge point (NA11). The next highest groups encompass the other inland samples 

from Belize River (BRO, BRB, WCSR) and areas in Haulover Creek just before Belize City (MAN 

and HCM). The third group clustered together areas that are further from the coast of Belize (TC 

and NA31) and the other inland location in Belize River (WCSL). The sites with the lowest gene 

concentrations include all locations at Glover’s Reef Atoll (WFR3, CZPR1, LC2, SNORKEL, 

SWC2) and the coral reef area closest to Belize City, Gallow’s Point Reef (GAL).   

 Compared to a study in China that surveyed ARGs in corals, our ARG values (2.62  × 10-

3 copies/L to 5.42 × 103 copies/L) are significantly lower than theirs (7.34 × 104 copies/L to 1.33 

× 107 copies/L). The sul1 values in Belize are in the range of three magnitudes lower than those in 

their study while the sul2 in our study are higher41. This may be due to the larger populations on 

one of the islands studied which receive thousands of tourists per day. Another study in Chinese 

corals also had very high gene copies in their reefs (3.96 × 107 to 1.65 × 109 copies/L). In their 

case, sul2 was the most prevalent among their samples42.   
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Figure 4-2. Absolute gene abundances for water samples with clustering among genes and 

locations.  

3.2 AMR trends via metagenomic data 

 Out of the 24 antibiotic classes searched for by the ARGsOAP pipeline, 17 were 

represented among the samples. The inland locations (WCSR, BRB, FISH) had the highest relative 

abundances and distribution of AMR classes compared to the coastal waters (NA12 and NA11) 

and coral reef location (SNORKEL) (Figure 4-3A). The fish market location had the highest gene 

levels while the coral reef location had the lowest. Figure 4-3B shows the distribution of the top 

10 AMR classes among the six samples sent for sequencing. The top 10 antibiotic classes are 

bacitracin, multidrug, unclassified, MLS, tetracycline, beta-lactam, sulfonamide, vancomycin, 

aminoglycoside, and rifamycin. This data also shows the fish market having the highest partition 
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of AMR gene occurrences. 161 out of the 1244 gene were found across the six samples with bacA, 

mdtB, and CpxR being the three most prevalent.  

 A similar study that utilized shotgun sequencing in the coastal waters near the capital of 

Uruguay also found differing AMR classes between surface waters influenced by sewage and 

beaches not near sewage pipes69. A study in China monitoring the influence of wastewater on 

antibiotic resistance in surface waters also found bacitracin to be most prevalent among samples. 

This study attributes this to the inability of the treatment system to eradicate bacitracin resistance 

genes and its common use for topical therapy and growth promotion in animals70. A study in Puerto 

Rico found higher relative ARG abundances in urbanized surface waters compared to rural and 

less impacted areas. The most dominant AMR class represented in their samples were multidrug 

and beta-lactam ARGs revealed through metagenomic data20. 

 

Figure 4-3. (A) Stacked bar plot and (B) chord plot of relative gene abundances of AMR classes 

among metagenomic samples.  
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3.3 Microbial diversity 

 After comparing the top five taxonomies for each site, there were fifteen unique species, 

with Polynucleobacter necessarius (n=4) and Limnohabitans sp. 103DPR2 (n=3) being the only 

two organisms that appeared in over half of the sites. Polynucleobacter necessarius and 

Limnohabitans sp. 103DPR2 are ubiquitous in freshwater habitats71,72, and both are found in sites 

such as FISH, BRB, and WCSR. The presence of Polynucleobacter necessarius is a key indicator 

of freshwater habitats73, thus it is absent from the SNORKEL and NA11 sites.  

3.4 Resistome risk 

 Resistome risk (RR) scores were calculated using the MetaCompare pipeline (Figure 4-

4A). The inland most site (WCSR) had the highest resistome risk score of 27.6 with the lowest, 

RR of 21.7, being the coral reef site at Glover’s Reef Atoll (SNORKEL). Inland sites in both the 

Belize River (FISH) and Haulover Creek (BRB) were slightly higher than the corresponding 

pourpoint samples, NA12 and NA11. The 3-dimensional hazard space was plotted to visualize the 

co-location of ARGs, MGEs, and pathogens as seen in Figure 4-4B. Here the fish market sample 

had the highest co-location per contig of ARGs, MGEs, and pathogens while the inland Belize 

River site (WCSR) had the lowest.  

 Compared to RR scores calculated for a diversity of European water samples, the Belizean 

samples had scores resembling that on dairy lagoons and wastewater treatment plant effluent68. 

WCSR, FISH, and NA12 sites had the highest RR scores among the samples (24.34 to 27.66) and 

were similar to the range of European dairy lagoons (22.71 < RR < 29.02). BRB, NA11, and 

SNORKEL had the lowest scores (21.69 -23.35) and most closely resembled the RR scores of 

European wastewater treatment plant effluent (18.42 < RR < 22.77). Our values are also 

comparable to those found in water samples in Puerto Rico where rural areas had lower values 

(RR < 23) compared to surface waters in urban areas that have impacts of wastewater (RR > 25)20. 
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In general, RR scores range from 18 to 28 in surface waters where waters with sewage influences 

may have similar or even lower scores than those that do not. The RR scores are better suited to 

distinguish among surface waters and sewage and wastewater treatment plant influent.  

 In terms of co-location, FISH had the highest instances of contigs (n=7) with the presence 

of ARGs, MGEs, and pathogens which resulted in a high RR score. Though WCSR did not exhibit 

any contigs with co-location of ARGs with MGEs and pathogens, the higher ratio of ARGs per 

contig resulted in the highest RR score even compared to FISH which has the most co-location. 

This shows that the RR score is greatly influenced by the hits against the CARD database and 

number of contigs. Other MetaCompare users have also calculated similar RR scores despite 

having variations among co-located contigs, specifically for samples with decent water quality74. 

 

Figure 4-4. (A) Resistome risk scores and (B) 3D hazard space of co-located ARG, MGEs, and 

pathogens per contig. 
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3.5 Fecal indicator bacteria and ESBL E. coli 

 Figure 4-5A and 4-B depict levels of total coliform and E. coli measured by the IDEXX 

Colilert-18 tests. The red and yellow lines signify the EPA standards for bacteria in recreational 

waters. From the eight sites measured, FIB levels were highest near the poultry (POUL) and fish 

market (FISH) along Haulover Creek. Total coliform and E. coli levels for FISH exceeded EPA 

standards, with POUL also being above recommendations for E. coli. With the addition of 

Cefotaxime to the Colilert-18 tests, ESBL-producing E. coli were detected mainly at FISH, 

although the resistance ratio was highest for POUL and NA12. 

 

Figure 4-5. Results from IDEXX Colilert-18 tests measuring total coliform (A) and E. coli levels 

(B). Graphs (C) and (D) are results from Colilert-18 tests modified with Cefotaxime antibiotic. 
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3.6 Correlations among ARGs, nutrients, and FIB 

 Figure 4-6 shows the correlation coefficients for normalized ARGs, 16S rRNA, intI1, FIB, 

and nutrients. There were very strong positive correlations (p < 0.001) among all ARGs except 

ermF and blaSHV. The correlations between sul1, sul2, and intI1 are typically strong compared to 

macrolide and tetracycline resistance genes75,76. There were also strong positive correlations 

among FIB (p < 0.001) and FIB and ammonia (p < 0.05). Ammonia also had strong correlations 

with 16S rRNA (p < 0.001) and total nitrogen correlated with the E. coli resistance ratio (p < 0.05). 

The blaSHV gene also correlated with phosphate (p < 0.05) and ammonia (p < 0.05). A study in 

surface waters in Malaysia also found strong positive correlations among ARGs, ESBL E. coli, 

MGEs, and nutrients77. 

 

Figure 4-6. Correlation plot of ARGs, nutrients, and FIB.  One star ('*'), Two stars ('**'), Three 

stars ('***') denote p-values less than 0.05, 0.01, and 0.001, respectively. 
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4. Conclusions 

 In this study, various methods to monitor antibiotic resistance were conducted in a variety 

of water types in Belize, including coral reefs. This study adhered to the World Health 

Organization’s Tricyle environmental surveillance framework which calls for a collection of water 

samples in hotspot sources such as wet markets, wastewater discharge, and upstream and 

downstream of major cities. The areas closest to Belize City, the most populated city in Belize, 

had elevated ARGs, particularly the fish market in Haulover Creek and the area of the coast closest 

to the treatment lagoon. These two areas also had the greatest instances of co-location of ARGs, 

MGEs, and pathogens as revealed by metagenomic data and high FIB and ESBL E. coli by culture 

methods. Though coral reef areas had lower ARGs than the inland and coastal sites, they were not 

completely devoid of ARGs, indicating the influence of anthropogenic pollution. Here, viability, 

amplification, and sequencing methods for monitoring antibiotic resistance proved to be useful in 

identifying these dynamic pollutants in an understudied part of the world. Thus more studies 

should be conducted in Central America to reveal the threats of antibiotic resistance on human 

health and ecological impacts. 
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Chapter 5: Use of Google Earth Engine for teaching coding and 

monitoring of environmental change: a case study among STEM 

and non-STEM students 

1. Introduction 

Underrepresented minorities (URM) and women remain at disproportionately low numbers 

in science, technology, engineering, and math (STEM) and the research workforce despite efforts 

to increase diversity 1–4. In 2016, women earned only 20% of Bachelor’s degrees in engineering 

and URM students only received 22% of all engineering Bachelor’s degrees in the United States 

5. Intervention efforts seeking to increase diversity in STEM include research experiences, 

mentoring, financial assistance, and graduate school preparation 6. However, most first-generation 

and URM students do not have sufficient resources, time, and knowledge of opportunities to secure 

an intern position in a STEM laboratory 7. This issue was heightened during the COVID-19 

pandemic as students had limited research opportunities and weren’t effectively able to explore 

and learn new skills to inform their future careers 8,9. Interventions in the classroom setting have 

proven to increase self-efficacy, feelings of agency, and desire to pursue research among women 

and URM. Class modules incorporating research have been shown to improve female students’ 

self-perception in inquiry skills and attitudes toward science 10. Teaching undergraduate research 

skills in an engineering classroom found that 20% of participating students enjoyed research 

enough to pursue a Ph.D. degree 11. 

Course-based undergraduate research experiences (CUREs) are considered to be the next 

generation of inquiry-based learning, which traditionally has engaged students in research that was 

not of wide interest to the scientific community. CUREs provide an opportunity for students to 

engage in research, such as through the collection and analysis of environmental samples, that 

could lead to important and relevant scientific discoveries 12. The data from a CURE should either 
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be of interest to the wider scientific community or contribute to a larger database.  Notably, CUREs 

are viewed as an inclusive model for engaging students in research 13–15. When research is included 

as part of college courses and all students take part in the research project, there is more equitable 

access to research opportunities, which bring significant and well-documented advantages for the 

learning process 7,16. This practice is encouraged by the National Academies of Science, 

Engineering, and Mathematics as a way to increase inclusivity, encourage collaborative work, and 

expose more students to the research methodology of particular scientific disciplines 17. Because 

outcomes are unknown, students can experience the excitement of true discovery. Further, when 

research embedded in courses contributes to a collective dataset, students feel part of a larger 

research community 18 and can promote conversations between scientists and students outside of 

class 19. 

Coding, remote sensing, and data visualization are useful skills for undergraduate students 

to learn. Learning scientific and problem-solving skills should not be limited to only STEM 

majors, but also to non-STEM students to increase science literacy among all citizens 20,21. 

Computational skills are necessary for fields beyond engineering and computer science, and a 

study has found utility in teaching these skills to non-STEM students 22. Foundationally, 

programming encompasses the wider practice of conceptualizing and visualizing abstract data and 

translating it into other situations which develops one’s critical thinking further 23. Coding skills 

can further be used to popularize remote sensing skills which can be utilized to help students 

understand human-environment interaction 24,25. 

It is important to increase students’ self-efficacy and sense of agency to visualize 

environmental change and to gauge their interest in a career in STEM research, especially during 

the COVID-19 pandemic. Studies have yet to investigate the value of teaching remote sensing and 
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computational skills to STEM and non-STEM students. The goal of this study was to integrate 

remote sensing modules in an engineering, upper-division class (STEM class) and freshman 

writing course with a focus on the environment (non-STEM class) and understand its influences 

on feelings of agency and self-efficacy in using the skills learned and interest in STEM research. 

The STEM students also partook in a CURE to apply their skills from the remote sensing modules 

on an original research topic. 

2. Methods 

2.1 Background on the courses 

This study was implemented in two different courses at a large public research university 

in southern California during the winter term of 2022. During this term, the first two weeks of the 

courses were virtual due to rising COVID-19 cases in the university’s county. The rest of the term 

was hybrid. The first course is an upper-division engineering course (STEM class) focused on the 

chemical fate and transport in aquatic environments. This 10-week course usually takes place once 

a year with around 50 students self-enrolling in the class. The course was taught by one professor 

with three 25% teaching assistants. These students are typically STEM majors in their junior or 

senior year at the university. The second course where the intervention was implemented is a 

freshman writing cluster course (non-STEM class) focused on food systems through the lens of 

the environment and sustainability. The class is offered yearlong with approximately 150 mainly 

non-STEM students self-enrolling to fulfill science and writing general education requirements. In 

this course, four instructors collaboratively taught different portions of the class with four teaching 

assistants and the intervention took place during two of the professors’ instructional periods.  

To gauge the demographics of the students in both classes, participants self-reported their 

information in a survey. The frequencies and percentages of student demographic information for 

the two classes including data for students who fully participated in the study are in Table 5-1. A 
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first-generation student herein was defined as “a student whose parent(s)/guardian(s) have no 

education experience past high school” according to a definition from the US Department of 

Education 26. Participating students were allowed to select one or multiple racial and ethnic 

identities and underrepresented minorities (URM) were classified based on three racial and ethnic 

groups—blacks, Hispanics, and American Indians or Alaska Natives according to the National 

Science Foundation 27. In the STEM class (n=25), 44% female, 52% male, and 4% non-binary 

were reported. 24% of students were identified as first-generation students, and 16% were 

identified as URM. In the non-STEM class (n=95), 75%, 22%, 1%, and 1% of participants were 

identified as female, male, gender-nonconforming, and preferred not to answer, respectively. 

Among the same participants, approximately 24% identified as first-generation, and 33% URM 

were classified. At the institutional level, students are 58% female, 41% male, 31% first-generation 

students, and around 23% are classified as URM. 

Table 5-1. Frequency and percent of student classification by gender, first-generation student, 

underrepresented minority, and COVID-19 pandemic research opportunity response per class. 

Course Category Frequency Percent (%) 

Gender 

STEM 

Female 11 44 

Male 13 52 

Non-binary 1 4 

Non-STEM 

Female 72 75.79 

Male 21 22.11 

Gender-nonconforming 1 1.05 

Prefer not to answer 1 1.05 

First-generation Student 

STEM 
No 19 76 

Yes 6 24 

Non-STEM 
No 72 75.79 

Yes 23 24.21 

Underrepresented Minority Students (URM) 

STEM 
Non-URM 21 84 

URM 4 16 
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Non-STEM 
Non-URM 63 66.32 

URM 32 33.68 

Research opportunity impacted by pandemic 

STEM 

Maybe 3 12 

No 11 44 

Yes 11 44 

Non-STEM 

Maybe 41 43.16 

No 45 47.37 

Yes 9 9.47 

 

2.2 The intervention 

The intervention involved two modules consisting of both in-class instruction and 

assignments. Students learned the basics of Google Earth Engine (GEE) through the two modules 

over a three-week time span. GEE is a cloud-based geospatial analysis platform that allows users 

to visualize and analyze satellite-derived data. GEE may be used with JavaScript and Python, but 

in this intervention, we used the JavaScript Application Programming Interface (API). Throughout 

the class instruction, students were introduced to GEE with interactive tutorials with guidance from 

the instructor. Topics of the tutorials involve climate change effects on sea ice, sea surface 

temperature, and deforestation. Tutorials consist of pre-created and tested scripts adapted from 

existing Geospatial Ecology and Remote Sensing (GEARS) labs (www.gears-lab.com) that 

students were able to paste into their code editors in real-time. During in-class instruction, students 

learned how to change the area of analysis and the time frame within the coded script, learned 

about different satellite missions and their different properties, and how to create maps and charts 

for analysis. 

2.3 Assignments 

There were two short assignments following in-class instruction for students to explore the 

basic functionalities of GEE and begin to compare results from different locations and time frames. 

The objectives of the assignments were for students to learn to modify scripts to answer questions 



  

108 

regarding environmental change and to identify potential causes (i.e., climate and/or anthropogenic 

causes). The students were required to create new maps in addition to their responses. 

In Assignment 1, students visualized albedo, sea surface temperature, and sea ice cover 

around the world using 500 m Daily MODIS Albedo and 4 km NOAA AVHRR Pathfinder images. 

Students were asked to visualize a part of the world different from the example and explain why 

some areas have different values and characteristics for the respective parameters.  

In Assignment 2, students used true color imagery to visualize the campus. In particular, 

they used a false-color composite to look at vegetation and calculated the normalized-difference 

vegetation index (NDVI) using Sentinel-2 MSI images. Students applied the same skills to 

examine deforestation in Rondonopolis, Brazil due to the edge effects of agricultural conversion.   

The STEM students had an additional assignment before the CURE to prepare them for 

their respective projects. Since the CURE would involve using remote sensing to look at the effects 

of the COVID-19 anthropause on water quality during and after the pandemic, students read an 

article that conducted a similar analysis in Belize28. The STEM students completed a reading guide 

assignment based on this article to indicate an understanding of the appropriate background and 

methods for the CURE project. 

2.4 The CURE 

In the second half of the term, the STEM students were introduced to the CURE portion of 

the class. The project involved using a water quality remote sensing tool to investigate changes to 

water quality due to the COVID-19 anthropause. Students were assigned to randomized groups of 

three to five students and selected a region of interest for their project. The students used a modified 

version of the Optical Reef and Coastal Area Assessment (ORCAA) tool created by the Belize and 

Honduras Water Resources NASA DEVELOP team (https://github.com/NASA-
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DEVELOP/ORCAA). In this tool, Sentinel-2 MSI and Aqua MODIS satellite imagery are used to 

visualize water quality changes in coastal areas around the world. Sentinel-2 imagery is used to 

visualize turbidity, color dissolved organic matter, chlorophyll-a, and normalized difference 

chlorophyll index. Sea surface temperature, chlorophyll-a, Kd(490) (a proxy for water clarity), and 

particulate organic carbon can be assessed with Aqua. The students had to identify two nearby 

locations in their study region for comparison: one where they suspect the anthropause will have 

affected water quality and a control site. A total of 15 STEM student groups analyzed the following 

areas: Thailand, Singapore, San Diego, California, USA, Port of Long Beach in California, 

Australia, Nigeria, Maldives, India, Houston, Texas, USA, Ho Chi Minh City, Vietnam, Hawaii, 

USA, and Alaska, USA. The students wrote a final report giving background on how COVID-19 

shutdowns affected their area of interest in terms of travel and commerce and attempted to explain 

water quality findings during and after the COVID-19 shutdown using scientific literature and 

regional news articles. The report also included their maps and time series plots for each location 

and water quality parameters. The students augmented their conclusions through supplemental 

spreadsheets of their time series data and images of their maps. 

2.5 Surveys 

Confidential pre- and post-surveys were used to assess shifts in self-efficacy in coding, 

remote sensing, interest in science, and an environmental research career. The surveys were 

administered through Google Forms which collected responses anonymously. Previously, we’ve 

used similar assessment methods which revealed an increased interest in science among K-12 

students through service learning research courses 29,30. The surveys included a five-point Likert 

scale, free response, and multiple-choice questions. There were five core Likert statements in both 

surveys for students to rate their ability to modify code, understand remote sensing, interest in 
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science, and have an environmental research career (Table 5-2). The first three questions of each 

survey asked for the students’ favorite number, the name of their first best friend, and the name of 

their first pet to facilitate pairing the pre- and post-surveys. The pre-survey had additional 

questions on demographics, major, year, gender, and identification as a first-generation college 

student. The post-survey included additional multiple-choice and free-response questions on the 

effect of the pandemic on their ability to engage in a research experience. The surveys were 

approved by the university’s Institutional Review Board. 

Table 5-2. Likert statements included in both pre- and post-surveys. 

Core Likert Statements 

Q1. I am confident in my ability to leverage current coding skills to 

investigate environmental change. 

Q2. I am confident in my ability to make small edits to code.  

Q3. I understand remote sensing for studying the environment. 

Q4. I have a strong interest in science. 

Q5. I would consider a career in environmental research. 

 

2.6 Statistical analysis 

Survey results were processed and analyzed using Excel, RStudio, and Python. The survey 

data was screened for duplicate entries, typos, and inconsistent response entries in RStudio. The 

pre- and post-surveys were paired for students using Fuzzy Lookup in Excel using the first three 

questions. Python was then utilized for statistical processing and visualization of the paired data. 

Different student identities were grouped for analysis by gender, first-generation, and URM with 

the Pandas package. Likert statement results were visualized using the Plot_Likert and Pyplot 

extensions of Matplotlib in Python. The SciPy.Stats sub-package was used to calculate the means 

for the Likert responses based on each grouping and question and mean differences in the paired 

data. A paired t-test analysis was done in Python through SciPy.Stats library, at a 95% level of 

significance for each student grouping and Likert statement. The COVID-19 free responses were 
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recorded into more meaningful categories where recurring themes were identified, such as lack of 

opportunity and financial burden. 

3. Results 

In the two courses, the non-STEM class had 160 students enrolled and 95 pairable surveys 

(59% response rate), and the STEM class had 60 students enrolled which resulted in 25 pairable 

surveys (41% response rate). In reporting summative gains for each goal, overall students in both 

courses demonstrated increased confidence values regarding their environmental literacy and 

ability to modify and apply code for research purposes (Figure 5-1). Additional Likert plots are in 

the Supplementary Material.  

 

Figure 5-1. Likert plots of non-STEM and STEM student participants pre and post responses to 

the 5 Likert statements. 
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3.1 Non-STEM case study 

In pre-course and post-course surveys, respondents in the non-STEM course in all 

concerned demographic groups increased their mean response score (on a scale of 1 to 5) regarding 

skill-based assessments (Q1: coding in environmental research relationship, Q2: coding edits 

(literacy), and Q3: remote sensing) indicating some gained knowledge and confidence (Table 5-

3). Based on the paired t-test p-values all non-STEM students had statistically significant increases 

for Q1, Q2, and Q3. Most notably, non-STEM females displayed greater differences (p ≤ 0.001) 

after the modules compared to the non-STEM males (p ≤ 0.01). All first-generation and URM non-

STEM students had statistically significant increases (p ≤ 0.001) in their selections for Q1, Q2, 

and Q3.  

Table 5-3. Mean differences for the five core Likert statements between pre- and post-surveys for 

paired student responses per student grouping. Three asterisks denote paired t-test p-values ≤ 

0.001, 2 asterisks denote p-values ≤ 0.01, and one asterisk is p-values ≤ 0.05. 

 

The responses for interest-based assessment (Q4: science interest and Q5: environmental 

research career interest) exhibited marginal improvements. Based on Figure 5-1, non-STEM 

students display a wide range of selections on the Likert scale for Q4 and Q5. Concerning interest 

Category Class Q1 Q2 Q3 Q4 Q5 

Female 
STEM 0.364 0.636 1.455** 0.000 0.182 

Non-STEM 1.111*** 0.986*** 1.056*** 0.000 0.125 

Male 
STEM 0.462*** 0.462 1.154** 0.231 -0.154 

Non-STEM 0.857** 0.667* 0.714** 0.000 -0.286 

First-

Generation 

STEM 0.333 0.500 1.666 0.166 -0.333 

Non-STEM 1.217*** 1.217*** 0.957*** -0.391 -0.13 

Non-First-

Generation 

STEM 0.421* 0.579* 1.211*** 0.105 0.105 

Non-STEM 1.000*** 0.819*** 0.972*** 0.139 0.083 

URM 
STEM 0.750 1.000 1.250 0.750 0.000 

Non-STEM 0.969*** 1.031*** 0.969*** 0.125 0.094 

Not URM 
STEM 0.333* 0.476 1.333*** 0.000 0.000 

Non-STEM 1.095*** 0.857*** 0.968*** -0.048 0.000 
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in science (Q4), a greater proportion of students had neutral responses (33-36%) compared to 

interest in a career in research (25-28%). There were no statistically significant increases in the 

mean responses for Q4 and Q5. The only identities to see marginal increases in mean response 

were females, non-first-generation students, and URM in the non-STEM class. 

3.2 STEM CURE case study 

 Similar to the non-STEM students, STEM students displayed positive movement in 

confidence concerning coding (Q1 and Q2) and understanding of remote sensing (Q3) based on 

Figure 5-1. For Q1, there were no STEM students that selected “Disagree” or “Strongly Disagree” 

before the intervention. Following the modules and CURE, there were no “Neutral” responses for 

Q1 in the STEM class. For Q2, STEM students had increases in the proportion of students selecting 

“Agree” and “Strongly Agree” following the intervention. Q3 had the most drastic shift in 

movement among the Likert results for the STEM students where only 24% of students selected 

“Agree” and “Strongly Agree” for their understanding of remote sensing at the beginning of the 

course compared to 84% of students following the intervention. For the differences in mean 

responses, males, non-first-generation, and non-URM STEM students had statistically significant 

increases for Q1 and non-first-generation students for Q2. For Q3, females, males, non-first-

generation, and non-URM students had statistically significant differences in their mean responses. 

For the STEM students, there was less movement for Q4 and Q5 with most students already 

having a strong interest in science (92%) and interest in a career in environmental research (60%) 

at the start of the course. STEM males, first-generation, non-first-generation, and URM students 

had increases in their mean responses for Q4. For Q5, only females and non-first-generation STEM 

students had increased mean responses through the course. 
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3.3 CURE reports 

Additionally, students in the STEM course utilized their new skills in accessing remotely-

sensed data to compile their group research report on water bodies of their choosing. The students 

contributed water quality data and analysis for more than fifteen water regions spanning nine 

countries. Students tested their hypotheses on the anthropogenic effects on water quality by 

observing differences in indicators, including sea surface temperature, Kd(490), chlorophyll-a, 

particulate organic carbon, and turbidity. In the reports, some groups reported improvements in 

water quality while others found deteriorations. 

Two exceptional student project reports uncovered improvements in areas with heavy 

marine traffic. The first group used the ORCAA tool for the Bangkok Port in Thailand and 

compared water quality during 2018 (01/01/2018-12/31/2018) to that in 2020 (01/01/2020-

12/31/2020). The Bangkok Port is the largest in Thailand and is located in the nation’s capital. The 

students’ most notable finding was the improvement in turbidity in 2020 (Figure 5-2C) at the port 

compared to 2018 (Figure 5-2A) as shown in their created maps. Another group selected Hawaii 

for their region of interest and similarly noticed an improvement in turbidity in Kahului Bay in 

Hawaii, USA (Figure 5-3). The Kahului Harbor was contained in the area of interest and is the 

main port of Maui for receiving both commercial and tourist-based marine traffic. The students 

compared the water quality during part of 2018 (03/01/2018-11/30/2018) to 2020 (03/01/2020-

11/30/2020) using Sentinel-2 imagery. Their time series plots in particular shows a decline in 

turbidity following the respective COVID-19 shutdown in Hawaii in March 2020 (Figure 5-3D). 
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Figure 5-2. Turbidity Results from CURE on Bangkok Port in Thailand. (A) Map of average 

turbidity before COVID-19 anthropause. (B) Time series of daily average turbidity of Bangkok 

before COVID-19 anthropause. (C) Map of average turbidity during the COVID-19 anthropause. 

(D) Time series of daily average turbidity of Bangkok during the COVID-19 anthropause. 
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Figure 5-3. Turbidity Results from CURE on Kahului Bay in Hawaii, USA. (A) Map of average 

turbidity before COVID-19 anthropause. (B) Time series of daily average turbidity of Hawaii 

before COVID-19 anthropause. (C) Map of average turbidity during the COVID-19 anthropause. 

(D) Time series of daily average turbidity of Hawaii during the COVID-19 anthropause. 

3.4 Research opportunities during the COVID-19 pandemic 

Regarding research opportunities, 44% of STEM students and 9.5% of non-STEM students 

responded that they had experienced difficulties accessing research due to the pandemic. Among 

22 free-response answers for both classes, 8 students in the STEM class and 5 students in the non-

STEM class stated that there were limited research opportunities on campus and for obtaining 

internships. A couple of responses involved financial burden and lack of information on how to 

find research opportunities among first-year non-STEM students. A couple of STEM students 

mentioned partaking in research activities virtually or in-person despite the pandemic. Post CURE 

assessments, a couple of STEM students mentioned anecdotally that their applied skills in coding 
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through Google Earth Engine helped them obtain internship positions through their ability to 

demonstrate competency and enthusiasm for their research projects during the interview stage. 

4. Discussion 

The study explored outcomes of remote sensing modules in environmental science and 

engineering courses containing participants from both STEM and non-STEM backgrounds. 

Implementation of these modules in both STEM- and non-STEM-based courses showed positive 

outcomes in scientific methodologies, coding skills, and attitudes toward scientific fields for all 

students. Equitable access to research skills benefits underrepresented demographics in equal if 

not greater proportions. For the duration of the study, positive growth was fostered directly in the 

STEM course through the modules and research applications that utilized CURE practices and 

pedagogy. Even without the scaffolding through the modules, the non-STEM class participants 

benefited and exhibited short-term growth from receiving lessons centered around CURE 

pedagogy. Student agency towards their learning and skills will become the building blocks for 

further integration of their work with the sciences and the efforts to invite diversity into the field. 

The results are similar to findings in implementation and observation of earlier completed CURE 

studies. 

Through the CUREs, the STEM students were able to engage in original research regarding 

the COVID-19 anthropause and rebounding effects on water quality. Distinct from usual laboratory 

and research classes, students had autonomy in selecting the region of interest for their projects 

and had to investigate region-specific trends for themselves. There are several published and 

ongoing studies on the impacts of the COVID-19 anthropause on the environment. Having the 

students engage in this CURE and create a database of their findings may allow for the collection 

of preliminary results for future investigation. The scientific data provided by these CUREs has 



  

118 

been evaluated to be reliable and of sufficient quality for research use, especially when compared 

to data collected by a non-experimental (i.e. not in a CURE) group 31, which supports an ideology 

for the increased inclusion of CUREs to contribute to large environmental investigations. Research 

groups may use such databases in confidence, and in turn, the students gain new skills through 

working on an original research topic that can pique their interest in similar fields. 

In comparing the differences in mean responses between similar groups (i.e., female vs 

male participants, first-generation vs not, STEM vs non-STEM, and underrepresented minority vs 

not) the results were found to be not statistically significantly different for interest in a career in 

environmental research. The underrepresented groups, therefore, did not appear to benefit 

considerably more than their peers from the CUREs, but the process is still conducive to the 

collective advancement of scientific understanding and personal self-confidence. A recent review 

of the state of undergraduate research experiences states that CUREs alone don’t offer the 

necessary mentoring to support URM students to persist in STEM 32. 

This study shows the viability of GEE as a powerful teaching tool for investigating 

environmental change, working with remote sensing data, and learning to code in JavaScript. GEE 

is advantageous in that it houses many datasets and students can get access to imagery without 

downloading space-intensive images onto their computers. It is also accessible to any student with 

internet access regardless of their computer’s operating system without the need to download 

costly software. A recent study found that using Google Earth tools can help students bolster grades 

and increase critical thinking skills in physical geology courses 33. In the future, the integration of 

remote sensing products in teaching will be more important as online learning education continues 

to grow 34. 
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5. Conclusions 

In this study, we examined the effects of remote sensing modules on confidence in 

students’ ability to alter code, investigate environmental change, and interest in science and a 

career in environmental research. The study involved both STEM and non-STEM students where 

the STEM students engaged in a CURE on COVID-19 anthropause effects on water quality. 

Through the intervention, students’ confidence in their ability to alter code, understand remote 

sensing, and ability to apply skills on environmental issues significantly increased among all 

student identities for both classes. There were no significant differences in students’ existing 

interest in science and career in environmental research through the one-term study. Nonetheless, 

GEE proved to be an accessible tool for teaching remote sensing to a wide range of students 

compared to other geospatial tools. A CURE was also an excellent option for making research 

more accessible to advanced engineering and environmental science students, especially during 

the COVID-19 pandemic when opportunities were scarce. Educators in environmental sciences 

and engineering should consider integrating Google Earth Engine as a teaching resource in their 

courses and use CUREs to capitalize on students’ curiosity and decrease barriers to partaking in 

original research. 
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7. Supplementary Materials 

Likert plots 

 

Figure 1. Likert plots for male and female students. 
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Figure 2. Likert plots for first-generation and non-first-generation students. 

 

Figure 3. Likert plots for underrepresented minority (URM) students and non-URM students. 
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Pre and Post Surveys 

Below are the pre and post surveys along with question type. 

Pre-Survey 

1. What is your favorite number? (Short answer) 

2. What is the name of your first best friend? (Short answer) 

3. What is the name of your first pet? (Short answer) 

4. What gender do you identify with? (Multiple choice) 

5. What is your major? (Short answer) 

6. What year are you in? (Multiple choice) 

7. With what group or groups do you identify? Please select any boxes that apply. (Checkboxes) 

8. Are you a first-generation student (a student whose parent(s)/guardian(s) have no education 

experience past high school)? (Multiple choice) 

9. I am confident in my ability to make small edits to code. (5-point likert) 

10. I am confident in my ability to leverage current coding skills to investigate environmental 

change. (5-point likert) 

11. I understand remote sensing for studying the environment. (5-point likert) 

12. I have a strong interest in science. (5-point likert) 

13. I would consider a career in environmental research. (5-point likert) 

Post-Survey 

1. What is your favorite number? (Short answer) 

2. What is the name of your first best friend? (Short answer) 

3. What is the name of your first pet? (Short answer) 

4. I am confident in my ability to make small edits to code. (5-point likert) 

5. I am confident in my ability to leverage current coding skills to investigate environmental 

change. (5-point likert) 

6. I understand remote sensing for studying the environment. (5-point likert) 

7. I have a strong interest in science. (5-point likert) 

8. I would consider a career in environmental research. (5-point likert) 

9. Has the COVID-19 pandemic impacted your search for research opportunities? (Short answer) 

10. If answered yes above, how? (Short answer) 

 




