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ABSTRACT
Climatic variations, together with large-scale environmental forces and human development
affect the quality of coastal recreational waters, creating potential risks to human health. These
environmental forces, including increased temperature and precipitation, often promote specific
vector-borne diseases in the Caribbean and Gulf of Mexico. Human activities affect water quality
through discharges from urban areas, including nutrient and other pollutants derived from
wastewater systems. Both water quality of recreational beaches and vector-borne diseases can
be better managed by understanding their relationship with local environmental forces.
I evaluated how changes in vector-borne diseases and poor recreational water quality were
related to specific environmental factors through the application of satellite-derived
observations, field observations, and public health records. Variability in dengue fever incidence
rates in coastal towns of the Yucatan Peninsula (Mexico) was evaluated with respect to
environmental factors in Chapter Two. Correlations between fecal indicator bacteria
concentrations (i.e., culturable enterococci) at Escambron Beach (San Juan, Puerto Rico, USA)
and regional environmental factors are discussed in Chapter Three. Predictions of dengue fever
occurrences in the Yucatan Peninsula were tested using a nonlinear approach (i.e., Artificial
Neural Networks) and are presented in Chapter Four. The Artificial Neural Network (ANN) model
was also used to predict culturable enterococci concentration exceeding safe recreational water
quality standards in Escambron Beach and results are presented in Chapter Five. Environmental
factors assessed to understand their influence on dengue fever occurrences and culturable
iv

enterococci concentrations included precipitation, mean sea level (MSL), air temperatures (e.g.,
maximum, minimum, and average), humidity, and satellite-derived sea surface temperature
(SST), dew point, direct normal irradiance (DNI), and turbidity. These factors were combined with
demographic data (e.g., population size) and compared with dengue fever incidence rates and
culturable enterococci concentration using linear and nonlinear statistical approaches.
Dengue incidence rates in Yucatan (Mexico) generally increased in July/August and decreased
during November/December. A linear regression model showed that previous dengue incidence
rates explained 89% of dengue fever variability (p < 0.05). Dengue incidence two weeks prior
(previous incidence) influences future outbreaks by allowing the virus to continue propagating.
Yet dengue incidence was best explained by precipitation, minimum air temperature, humidity,
and SST (p < 0.05). Dengue incidence variability was best explained by SST and minimum air
temperature in our study region (r = 0.50 and 0.48, respectively). Increases in SST preceded
increased dengue incidence rate by eight weeks. Dengue incidence time series were positively
correlated to SST and minimum air temperature anomalies. This is related to the virus and
mosquito behavior. Including oceanographic variables among environmental factors in the model
improved modelling skill of dengue fever in Mexico.
Chapter Three shows that precipitation, MSL, DNI, SST, and turbidity explained some of the
enterococci variation in Escambron Beach surface waters (AIC = 26.76; r = 0.20). Variation in these
parameters preceded increased culturable enterococci concentrations, with lags spanning from
24 h up to 11 days. The highest influence on culturable enterococci was precipitation between
480 mm–900 mm. Rainy events often result in overflows of sewage systems and other non-point
sources near Escambron Beach in Puerto Rico. A significant decrease in culturable enterococci
v

concentrations was observed during increased irradiance (r = -0.24). This may be due to bacterial
inactivation. Increased culturable enterococci concentrations were significantly associated with
higher turbidity daily anomalies (r = 0.25), in part because bacteria were protected from light
inactivation. Increased culturable enterococci concentrations were related to warmer SST
anomalies (r = 0.12); this is likely due to increased bacterial activity and reproduction. Higher
culturable enterococci concentrations were also significantly correlated to medium to high values
of dew point daily anomalies (r = 0.19). A significant decrease in culturable enterococci during
higher daily MSL anomalies (r = -0.19) is possibly due to dilution of bacteria in beach waters,
whereas during lower MSL anomalies the back-washing promotes increased bacteria
concentrations through mixing from sediments. These environmental variables improve our
understanding of the ecology of these bacteria over time. The predictive capability increases by
including more than one environmental variable.
Chapter Four explains a predictive model of dengue fever occurrences in San Juan, Puerto
Rico (1994–2012), and Yucatan (2007–2012). The model was modified to predict dengue fever
outbreak occurrences for two population segments: population at risk of infection (i.e., < 24 years
old) and vulnerable population (i.e., < 5 years old and > 65 years old). There were a total of four
predictive models, two sets for each location using the specified population segments. Model
predictions showed previous dengue cases, minimum air temperature, date, and population size
as the factors with the most influence to predict dengue fever outbreak occurrences in Mexico.
Previous dengue cases, maximum air temperature, date, and population size were the most
influential factors for San Juan, Puerto Rico. The models showed an accuracy around 50% and a
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predictive capability of 70%. These environmental and demographic variables are important
primary predictors for dengue fever outbreaks in Puerto Rico and Mexico.
Chapter Five shows the application of the ANNs model to predict culturable enterococci
exceedance based on the U.S. Environmental Protection Agency (U.S. EPA) Recreational Water
Quality Criteria (RWQC) at Escambron Beach, San Juan, Puerto Rico. The model identified DNI,
turbidity, 48 h cumulative precipitation, MSL, and SST as the most influential factors to predict
enterococci concentration exceedance, based on the U.S. EPA RWQC at Escambron Beach from
2005–2014. The model showed an accuracy of 76%, with a predictive capability greater than 60%,
which is higher than linear models. Results showed the applicability of remote sensing data and
ANNs to predict recreational water quality and help improve early warning system and public
health.
This work helps to better understand complex relationships between climatic variations and
public health issues in tropical coastal areas and provides information that can be used by public
health practitioners.
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CHAPTER ONE
INTRODUCTION
Overview and objectives
The overall objective of this dissertation was to assess the influence of environmental factors
on the variability of dengue fever incidence rates in Mexico and Puerto Rico, and culturable
enterococci concentration in Escambron Beach, San Juan, Puerto Rico. The approach included
the application of remotely sensed environmental observations, local meteorological
information, and public health data in both locations. A nonlinear model, based on Artificial
Neural Networks (ANN), was applied to predict dengue fever outbreak occurrences in Mexico
and Puerto Rico, as well as culturable enterococci concentration exceedance at Escambron
Beach. The work is presented in six chapters.
Chapter One is a general introduction to the dissertation. It describes how environmental
factors can influence vector-borne diseases and fecal indicator bacteria in beach environments.
The modelling of dengue fever incidence rates by including satellite-derived sea surface
temperature (SST) and other environmental factors (i.e., precipitation, humidity, air
temperatures) is discussed in Chapter Two. In Chapter Three, satellite-derived data (i.e.,
turbidity, SST, irradiance) and data on other environmental factors (i.e., mean sea level, dew
point, precipitation) were used to better understand variability in fecal indicator bacteria (FIB;
i.e., culturable enterococci concentration). In Chapter Four, a non-linear model based on ANN
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was applied to predict dengue fever occurrences in Mexico and Puerto Rico. The analysis
examined specific population segments. Chapter Five used the ANN approach to model
culturable enterococci concentration exceedance in Escambron Beach, San Juan, Puerto Rico.
The model is based on the U.S. EPA Recreational Water Quality Criteria (RWQC). Chapter Six is a
summary of dissertation findings and implications of this work. The research contributes to
understanding how environmental factors affect temporal patterns of variability of dengue fever
and culturable enterococci concentrations in Mexico and Puerto Rico.
The specific objectives of this dissertation were:
-

Objective 1: Evaluate and model dengue fever incidence rates in Yucatan, Mexico using
regional-scale satellite-derived sea surface temperature.

-

Objective 2: Evaluate the influence of satellite-derived environmental factors and those
measured in situ on culturable enterococci concentration at Escambron Beach, San Juan,
Puerto Rico.

-

Objective 3: Apply a nonlinear model based on artificial neural networks to predict
dengue fever outbreak occurrences in Mexico and Puerto Rico based on specific
population segments.

-

Objective 4: Identify the most influential environmental factors to predict exceedances
of culturable enterococci concentrations at Escambron Beach, San Juan, Puerto Rico.

Environmental forces influence on dengue fever occurrences and recreational water quality
Large-scale environmental forces influence infectious diseases. This is clearly the case in the
Caribbean and Gulf of Mexico (Chretien et al. 2015, Dobson 2009). Variability of specific
environmental factors affects dengue fever occurrence and water quality of recreational beaches
2

(Chowell and Sanchez 2006, Pednekar et al. 2005). Thus, it should be possible to develop better
management, disease surveillance, and mitigation strategies by understanding the variability of
environmental forces and their influence on public-health related issues. In this dissertation, I
examined these problems in more detail in the northwest coast of the State of Yucatan, Mexico,
and near San Juan, Puerto Rico, USA.
Environmental and demographic factors influence on vector-borne diseases
Human populations in the Caribbean Sea and the Gulf of Mexico have seen an increase in the
incidence of vector-borne diseases. Dengue fever cases have increased especially since the 1970s
(Dick et al. 2012, Laureano-Rosario et al. 2017, Mendez-Lazaro et al. 2014). This increase is in part
due to the adaptation of the mosquito, Aedes aegypti, to live in urban areas (Gratz 1991, Gubler
2002). Previous studies have shown the influence of specific environmental and demographic
factors on the occurrence of dengue fever cases in places like Yucatan State, Mexico and San
Juan, Puerto Rico (Colon-Gonzalez et al. 2011, Colon-Gonzalez et al. 2013, Mendez-Lazaro et al.
2014). Furthermore, local environmental factors and population behavior play a key role in the
epidemiology and phenology of dengue fever (Eastin et al. 2014). Consequently, the
understanding of the local variability of environmental factors is important to understand their
influence on dengue fever occurrences.
Dengue fever is mostly transmitted by Aedes aegypti, a mosquito found around tropical and
subtropical areas (Gubler 2002). These mosquitoes use water containers (natural and artificial)
to develop, being precipitation and temperature the main promoters of their development
(Brady et al. 2013, Campbell-Lendrum et al. 2015, Descloux et al. 2012, Johansson et al. 2009).
Warmer temperatures decrease mosquito development time, increasing mosquito egg
3

production, hatching, and density (Dickerson 2007). Furthermore, increased temperatures lead
to higher metabolic activity, which promotes more mosquito biting (by female mosquitoes) due
to energetic demands (Paaijmans et al. 2013). Both Mexico and Puerto Rico have reported Aedes
albopictus as another vector for dengue fever (Dantes et al. 2014, Dick et al. 2012, Mendez-Lazaro
et al. 2014, Stramer et al. 2012). Dengue has four serotypes (DENV-1, DENV-2, DENV-3, and
DENV-4; Halstead 1988), which have been reported in both Mexico and Puerto Rico. More
recently, studies have shown the emergence of sylvatic dengue 5 (DENV-5; Joob and Wiwanitkit
2016, Mustafa et al. 2015). Peaks in dengue cases usually take place after a shift from one
serotype to another, since during this time the population would only be partially immune to the
other serotypes (Gubler and Clark 1995, Rothman 2004). Relevant epidemiological studies in
Yucatan and Puerto Rico have focused on understanding where Aedes aegypti’s larvae are found
(e.g., schools, households) and how the disease is transmitted (Baak-Baak et al. 2014a, Baak-Baak
et al. 2014b, Garcia-Rejon et al. 2008, Garcia-Rejon et al. 2011). In both tropical locations, dengue
fever coincides with periods of higher precipitation, higher SST, higher mean sea level, and higher
minimum air temperature along the coast.
Climatic variations are expected to influence the ecology and geographic distribution of
vector-borne diseases. Studies have shown how vectors that transmit malaria (i.e., Anopheles
spp.) have been found in higher altitudes in Africa due to warmer temperatures (Afrane et al.
2007, Afrane et al. 2012, Harvell et al. 2002). Similarly, studies have documented both increases
and re-occurrences of vector-borne diseases in Europe due to recent warmer conditions
(Medlock and Leach 2015). Nevertheless, these are also affected by human activities such as
population movement, farming, dams, and changes in irrigations systems. Therefore, some of
4

these climatic effects might be masked by human activities, including human population
movement across the world, leading to further spreading and increasing incidence rates
(Campbell-Lendrum et al. 2015).
Modelling dengue fever in endemic areas is important to better mitigate and manage these
occurrences. The present work was driven by the hypothesis that variability and trends in
environmental factors (e.g., precipitation, temperatures, and humidity) are primary drivers of
dengue fever incidence, and that including satellite-derived SST improves dengue fever incidence
rate predictions. The objective was to help improve epidemiological surveillance through the
combination of oceanographic, meteorological, and long-term epidemiological data.
The influence of environmental factors on fecal indicator bacteria and recreational
water quality
Water quality is a major concern to coastal communities due to the potential for exposure to
pathogens in beaches downstream of watersheds with sources of fecal contamination (GarciaMontiel et al. 2014, Pruss 1998, Soderberg 2012). Wastewater discharges are point sources.
Other sources include septic tanks and open sewers that discharge directly to river streams.
Likewise, resuspension of bacteria by winds and waves, and stormwater discharges are potential
non-point sources of fecal contamination in coastal areas (Cordero et al. 2012, Quiñones 2012,
Rochelle-Newall et al. 2015).
Fecal indicator bacteria (FIB) are used by the United States Environmental Protection Agency
(U.S. EPA) to identify poor recreational water quality. Out of these FIB, culturable enterococci are
commonly used in fresh and marine waters (U.S. EPA 2012). The U.S. EPA established the 2012
Recreational Water Quality Criteria (RWQC), where these culturable enterococci cannot exceed

5

the geometric mean of 35 colony forming units (CFU) per 100 mL. This represents 36 illnesses per
1,000 primary contact recreators (U.S. EPA 2012). This value was modified in 2014 to the Beach
Action Value (BAV) of 70 CFU/100 mL based on specific criteria for conducting research (U.S. EPA
2014). These guidelines were adopted by the Environmental Quality Board of Puerto Rico
(PREQB). In Puerto Rico, the PREQB assesses bathing water quality at beaches throughout the
island every two weeks, and if concentrations exceed those values set by the U.S. EPA (i.e., BAV
of 70 CFU/100 mL; PREQB 2016), they issue beach advisories. These data are openly available but
are only used for issuing public warnings.
FIB variability has been associated with environmental forces in both subtropical and tropical
regions (Aranda et al. 2016, Lamparelli et al. 2015, Viau et al. 2011, Wright et al. 2011). These
studies have shown how specific environmental factors (e.g., precipitation, turbidity,
temperatures) influence higher or lower FIB concentrations in marine and fresh waters
(Byappanahalli et al. 2010, He and He 2008, Nevers and Whitman 2005). Therefore, a series of
statistical models (e.g., linear and multiple regression models) were used to better understand
variability of culturable enterococci concentrations. This was guided by the hypothesis that
changes in culturable enterococci concentration in surface waters at Escambron Beach (Puerto
Rico) were related to variations of environmental factors (e.g., SST, turbidity, precipitation). The
main objective was to improve early warnings for FIB and health risks.
Predicting vector-borne diseases and recreational water quality with Artificial Neural Networks
Predictive models can help improve management and mitigation of health-related matters
(de Brauwere et al. 2014, Gonzalez and Noble 2014, Gubler 2010, Tabachnick 2010). In this
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dissertation, a nonlinear model was used to evaluate prediction of dengue fever outbreaks in
endemic areas, as well as exceedances of FIB in tropical areas.
Modelling can help predict and understand the epidemiology of dengue fever in endemic
areas (Medeiros et al. 2011, Racloz et al. 2012). Likewise, recreational water quality modelling
helps protect humans from potential exposure to specific FIB (Colford et al. 2007, Pruss 1998).
For example, some studies have applied Monte Carlo and support vector machine to predict
dengue fever cases (Husin et al. 2008, Wu et al. 2008). Similarly, nonlinear modelling using ANNs,
decisions trees, and Monte Carlo approaches helped model water quality (Jiang et al. 2013, Lin
et al. 2008) and have supported beach management (Mavani et al. 2014, Zhang et al. 1998, Thoe
et al. 2014).
Predicting health-related matters is a management goal. These ANN models do not assume
functional relationships between predictor factors (e.g., environmental factors) and target
variable (e.g., dengue fever, culturable enterococci concentration), thus they can identify
nonlinear, complex relationships (Zhang et al. 1998). ANN models were applied to predict dengue
fever outbreak occurrences in Mexico and Puerto Rico for specific population segments (i.e.,
population younger than 24 years and those younger than 5 years and older than 65 years). These
ANNs models were also applied to predict culturable enterococci concentration exceedance in
surface waters at Escambron Beach in Puerto Rico. The objective was to help management and
mitigation of these two health-related matters.
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Study areas
Northwest coast, Yucatan State, Mexico
The study was focused on the mainland region in the northwest coastal area of the State of
Yucatan, Mexico, located adjacent to the Gulf of Mexico (19.55°N–21.63°N, 87.53°W–90.40°W).
The study area has nine municipalities: Chicxulub Pueblo, Dzemul, Hunucma, Ixil, Progreso,
Telchac Pueblo, Telchac Puerto, Ucu, and Merida, which is the capital and largest municipality
within this region (Figure 1). The highest precipitation occurs between July and October (with an
average of 400–700 mm of precipitation over the season). The dry season occurs between March
and June (0–50 mm for the season). A third season, the “Nortes” season, is characterized by
strong (~80 km h-1) winds coming from the continental mass of the U.S. and associated with cold
fronts during November–February. Air temperatures generally range from 36–40 °C during the
dry season, 30–35 °C during the rainy season, and 20–23 °C during “Nortes” (Herrera-Silveira
1994).

8

Figure 1.1 Northwest coast of the Yucatan Peninsula, Mexico. Map depicts the location of
municipalities used in the study: Chicxulub Pueblo, Dzemul, Hunucma, Ixil, Progreso, Telchac
Pueblo, Telchac Puerto, Ucu, and Merida. Modified from Modelling dengue fever risk in the State
of Yucatan, Mexico using regional-scale satellite-derived sea surface temperature by LaureanoRosario et al. 2017, published by Acta Tropica 172 pp. 50-57. ©2017 Laureano-Rosario CC-BY-NCND. Used with permission (Appendix E).
Escambron Beach, San Juan, Puerto Rico
Escambron beach is located on the north coast of Puerto Rico (18.47°N, 66.08°W, Figure 2).
It has a year-long swimming season and the average annual air temperatures range between 24–
29 °C (Murphy et al. 2011). Two sites, separated by ~100 m, were sampled by the PREQB (Figure
2). These sites may have been affected by: (1) stormwater drainage (18.46°N, 66.09°W) located
immediately adjacent to one of the sampling sites, which includes urban runoff, precipitation,
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and other graywaters (e.g., showers, washing machines; Diaz 2007); (2) wastewater treatment
plant (WWTP) ocean outfall (18.47°N, 66.14°W); (3) beach public bathrooms; and (4) Rio Grande
de Loiza, a river that receives agricultural runoff, WWTP effluent (secondary treatment only), and
septic system effluent and seepage (PREQB 2011, PREQB 2007, Ortiz-Zayas et al. 2006).

Figure 1.2 San Juan, Puerto Rico. The inset map depicts Escambron Beach study area, both
sampling locations (green triangles), stormwater discharge drain (black circle), and public
bathrooms (bathroom symbol). Modified from Environmental Factors Correlated with Culturable
Enterococci Concentrations in Tropical Recreational Waters: A Case Study in Escambron Beach,
San Juan, Puerto Rico by Laureano-Rosario et al. 2017, published by International Journal of
Environmental Research and Public Health 14(12), 1602. ©2017 Laureano-Rosario CC-BY-4.0.
Used with permission (Appendix E).

10

Literature cited
Afrane, Y. A., Githeko, A. K., & Yan, G. (2012). The ecology of Anopheles mosquitoes under climate change:
case studies from the effects of deforestation in East African highlands. Annals of the New York
Academy of Sciences, 1249(1), 204-210.
Afrane, Y. A., Zhou, G., Lawson, B. W., Githeko, A. K., & Yan, G. (2007). Life-table analysis of Anopheles
arabiensis in western Kenya highlands: effects of land covers on larval and adult survivorship. The
American journal of tropical medicine and hygiene, 77(4), 660-666.
Aranda, D., Lopez, J.V., Solo-Gabriele, H.M. and Fleisher, J.M. (2016) Using probabilities of enterococci
exceedance and logistic regression to evaluate long term weekly beach monitoring data. J. Water
Health 14(1), 81-89.
Baak-Baak, C.M., Arana-Guardia, R., Cigarroa-Toledo, N., Lorono-Pino, M.A., Reyes-Solis, G., MachainWilliams, C., Beaty, B.J., Eisen, L. and Garcia-Rejon, J.E. (2014a) Vacant lots: Productive sites for Aedes
(Stegomyia) aegypti (Diptera: Culicidae) in Merida City, Mexico. J. Med. Entomol. 51(2), 475-483.
Baak-Baak, C.M., Arana-Guardia, R., Cigarroa-Toledo, N., Puc-Tinal, M., Coba-Tun, C., Rivero-Osorno, V.,
Lavalle-Kantun, D., Lorono-Pino, M.A., Machain-Williams, C., Reyes-Solis, G.C., Beaty, B.J., Eisen, L.
and Garcia-Rejon, J.E. (2014b) Urban mosquito fauna in Merida City, Mexico: Immatures collected
from containers and storm-water drains/catch basins. Southwest. Entomol. 39(2), 291-305.
Brady, O.J., Johansson, M.A., Guerra, C.A., Bhatt, S., Golding, N., Pigott, D.M., Delatte, H., Grech, M.G.,
Leisnham, P.T., Maciel-de-Freitas, R., Styer, L.M., Smith, D.L., Scott, T.W., Gething, P.W. and Hay, S.I.
(2013) Modelling adult Aedes aegypti and Aedes albopictus survival at different temperatures in
laboratory and field settings. Parasites & Vectors 6, 12.
Campbell-Lendrum, D., Manga, L., Bagayoko, M., & Sommerfeld, J. (2015). Climate change and vectorborne diseases: what are the implications for public health research and policy?. Phil. Trans. R. Soc. B,
370(1665), 20130552.
Chowell, G. and Sanchez, F. (2006) Climate-based descriptive models of Dengue fever: The 2002 epidemic
in Colima, Mexico. J. Environ. Health 68(10), 40-44.
Chretien, J.-P., Anyamba, A., Small, J., Britch, S., Sanchez, J.L., Halbach, A.C., Tucker, C. and Linthicum, K.J.
(2015) Global climate anomalies and potential infectious disease risks: 2014-2015. PLoS currents 7.
Colford, J.M., Wade, T.J., Schiff, K.C., Wright, C.C., Griffith, J.F., Sandhu, S.K., Burns, S., Sobsey, M.,
Lovelace, G. and Weisberg, S.B. (2007) Water quality indicators and the risk of illness at beaches with
nonpoint sources of fecal contamination. Epidemiology 18(1), 27-35.
Colon-Gonzalez, F.J., Fezzi, C., Lake, I.R. and Hunter, P.R. (2013) The effects of weather and climate change
on dengue. PLoS Negl. Trop. Dis. 7(11), 9.
Colon-Gonzalez, F.J., Lake, I.R. and Bentham, G. (2011) Climate variability and Dengue Fever in warm and
humid Mexico. Am. J. Trop. Med. Hyg. 84(5), 757-763.
Cordero, L., Norat, J., Mattei, H. and Nazario, C. (2012) Seasonal variations in the risk of gastrointestinal
illness on a tropical recreational beach. J. Water Health 10(4), 579-593.
Dantes, H.G., Farfan-Ale, J.A. and Sarti, E. (2014) Epidemiological trends of Dengue disease in Mexico
(2000-2011): A systematic literature search and analysis. PLoS Negl. Trop. Dis. 8(11), 13.
11

de Brauwere, A., Ouattara, N.K. and Servais, P. (2014) Modelling fecal indicator bacteria concentrations in
natural surface waters: A review. Crit. Rev. Environ. Sci. Technol. 44(21), 2380-2453.
Descloux, E., Mangeas, M., Menkes, C.E., Lengaigne, M., Leroy, A., Tehei, T., Guillaumot, L., Teurlai, M.,
Gourinat, A.C., Benzler, J., Pfannstiel, A., Grangeon, J.P., Degallier, N. and De Lamballerie, X. (2012)
Climate-based models for understanding and forecasting Dengue epidemics. PLoS Negl. Trop. Dis.
6(2), 19.
Dick, O.B., San Martin, J.L., Montoya, R.H., del Diego, J., Zambrano, B. and Dayan, G.H. (2012) The history
of Dengue outbreaks in the Americas. Am. J. Trop. Med. Hyg. 87(4), 584-593.
Dickerson, C. Z. (2007). The effects of temperature and humidity on the eggs of Aedes aegypti (L.) and
Aedes albopictus (Skuse) in Texas. Texas A&M University.
Dobson, A. (2009) Climate variability, global change, immunity, and the dynamics of infectious diseases.
Ecology 90(4), 920-927.
Eastin, M.D., Delmelle, E., Casas, I., Wexler, J. and Self, C. (2014) Intra- and Interseasonal autoregressive
prediction of Dengue outbreaks using local weather and regional climate for a tropical environment
in Colombia. Am. J. Trop. Med. Hyg. 91(3), 598-610.
Garcia-Montiel, D.C., Verdejo-Ortiz, J.C., Santiago-Bartolomei, R., Vila-Ruiz, C.P., Santiago, L. and
Melendez-Ackerman, E. (2014) Food sources and accessibility and waste disposal patterns across an
urban tropical watershed: Implications for the flow of materials and energy. Ecol. Soc. 19(1).
Garcia-Rejon, J., Lorono-Pino, M.A., Farfan-Ale, J.A., Flores-Flores, L., Rosado-Paredes, E.D., RiveroCardenas, N., Najera-Vazquez, R., Gomez-Carro, S., Lira-Zumbardo, V., Gonzalez-Martinez, P., LozanoFuentes, S., Elizondo-Quiroga, D., Beaty, B.J. and Eisen, L. (2008) Dengue virus-infected Aedes aegypti
in the home environment. Am. J. Trop. Med. Hyg. 79(6), 940-950.
Garcia-Rejon, J.E., Lorono-Pino, M.A., Farfan-Ale, J.A., Flores-Flores, L.F., Lopez-Uribe, M.P., NajeraVazquez, M.D., Nunez-Ayala, G., Beaty, B.J. and Eisen, L. (2011) Mosquito infestation and Dengue virus
infection in Aedes aegypti females in schools in Merida, Mexico. Am. J. Trop. Med. Hyg. 84(3), 489496.
Gonzalez, R.A. and Noble, R.T. (2014) Comparisons of statistical models to predict fecal indicator bacteria
concentrations enumerated by qPCR- and culture-based methods. Water Res. 48, 296-305.
Gratz, N.G. (1991) Emergency control of Aedes aegypti as a disease vector in urban areas. J. Am. Mosq.
Control Assoc. 7(3), 353-365.
Gubler, D.J. (2002) Epidemic dengue/dengue hemorrhagic fever as a public health, social and economic
problem in the 21st century. Trends Microbiol. 10(2), 100-103.
Gubler, D.J. (2010) Vector biology, ecology and control, pp. 39-62, Springer.
Gubler, D.J. and Clark, G.G. (1995) Dengue/dengue hemorrhagic fever - the emergences of a global health
prolem. Emerg. Infect. Dis. 1(2), 55-57.
Halstead, S.B. (1988) Pathogenesis of Dengue - challenges to molecular-biology. Science 239(4839), 476481.
Harvell, C. D., Mitchell, C. E., Ward, J. R., Altizer, S., Dobson, A. P., Ostfeld, R. S., & Samuel, M. D. (2002).
Climate warming and disease risks for terrestrial and marine biota. Science, 296(5576), 2158-2162.
12

He, L.M. and He, Z.L. 2008 Water quality prediction of marine recreational beaches receiving watershed
baseflow and stormwater runoff in southern California, USA. Water Res. 42(10-11), 2563-2573.
Herrera-Silveira, J.A. (1994) Spatial heterogeneity and seasonal patterns in a tropical coastal lagoon. J.
Coast. Res. 10(3), 738-746.
Husin, N.A., Salim, N. and Ahmad, A.R. (2008) Modelling of Dengue outbreak prediction in Malaysia: A
comparison of Neural Network and Nonlinear Regression Model. International Symposium of
Information Technology 2008, Vols 1-4, Proceedings: Cognitive Informatics: Bridging Natural and
Artificial Knowledge, 1796-1799.
Jiang, Y.C., Nan, Z.R. and Yang, S.C. (2013) Risk assessment of water quality using Monte Carlo simulation
and artificial neural network method. J. Environ. Manage. 122, 130-136.
Johansson, M.A., Dominici, F. and Glass, G.E. (2009) Local and global effects of climate on Dengue
transmission in Puerto Rico. PLoS Negl. Trop. Dis. 3(2).
Joob, B., and Wiwanitkit, V. (2016). Fifth serotype of dengue virus: What we should prepare for?. Medical
Journal Armed Forces India, 72(2), 194-195.
Lamparelli, C.C., Pogreba-Brown, K., Verhougstraete, M., Sato, M.I.Z., de Castro Bruni, A., Wade, T.J. and
Eisenberg, J.N. (2015) Are fecal indicator bacteria appropriate measures of recreational water risks in
the tropics: A cohort study of beach goers in Brazil? Water Res. 87, 59-68.
Laureano-Rosario, A.E., Garcia-Rejon, J.E., Gomez-Carro, S., Farfan-Ale, J.A. and Muller-Karger, F.E. (2017)
Modelling dengue fever risk in the State of Yucatan, Mexico using regional-scale satellite-derived Sea
Surface Temperature. Acta Trop. 172, 50-57.
Lin, B., Syed, M. and Falconer, R.A. (2008) Predicting faecal indicator levels in estuarine receiving waters An integrated hydrodynamic and ANN modelling approach. Environ. Model. Software 23(6), 729-740.
Mavani, J., Chen, L., Joksimovic, D. and Li, S. (2014) Development and testing of data driven nowcasting
models of Beach water quality; City University of New York: New York, NY, USA, 2014; p. 318.
Medeiros, L.C.D., Castilho, C.A.R., Braga, C., de Souza, W.V., Regis, L. and Monteiro, A.M.V. (2011)
Modelling the dynamic transmission of Dengue Fever: Investigating disease persistence. PLoS Negl.
Trop. Dis. 5(1).
Medlock, J. M., and Leach, S. A. (2015). Effect of climate change on vector-borne disease risk in the UK.
The Lancet Infectious Diseases, 15(6), 721-730.
Mendez-Lazaro, P., Muller-Karger, F.E., Otis, D., McCarthy, M.J. and Pena-Orellana, M. (2014) Assessing
climate variability effects on Dengue incidence in San Juan, Puerto Rico. Int. J. Environ. Res. Public
Health 11(9), 9409-9428.
Murphy, D.J., Hall, M.H., Hall, C.A.S., Heisler, G.M., Stehman, S.V. and Anselmi-Molina, C. (2011) The
relationship between land cover and the urban heat island in northeastern Puerto Rico. IJCli 31(8),
1222-1239.
Mustafa, M. S., Rasotgi, V., Jain, S., & Gupta, V. (2015). Discovery of fifth serotype of dengue virus (DENV5): A new public health dilemma in dengue control. Medical Journal Armed Forces India, 71(1), 67-70.
Ortiz-Zayas, J.R., Cuevas, E., Mayol-Bracero, O.L., Donoso, L., Trebs, I., Figueroa-Nieves, D. and McDowell,
W.H. (2006) Urban influences on the nitrogen cycle in Puerto Rico. Biogeochemistry 79(1-2), 109-133.
13

Paaijmans, K. P., Cator, L. J., & Thomas, M. B. (2013). Temperature-dependent pre-bloodmeal period and
temperature-driven asynchrony between parasite development and mosquito biting rate reduce
malaria transmission intensity. PLoS One, 8(1), e55777.
Pednekar, A.M., Grant, S.B., Jeong, Y., Poon, Y. and Oancea, C. (2005) Influence of climate change, tidal
mixing, and watershed urbanization on historical water quality in Newport Bay, a saltwater wetland
and tidal embayment in southern California. Environ. Sci. Technol. 39(23), 9071-9082.
Pruss, A. (1998) Review of epidemiological studies on health effects from exposure to recreational water.
Int. J. Epidemiol. 27(1), 1-9.
Puerto Rico Environmental Quality Board (PREQB). 2007 Total maximum daily loads (TMDL) Rio Grande
de Loiza watershed. Junta de Calidad Ambiental, San Juan, Puerto Rico. p. 281.
Puerto Rico Environmental Quality Board (PREQB). 2011 Total Maximum Daily Loads (TMDL) of fecal
coliform for evaluation units, Puerto Rico. Division de Planes y Proyectos Especiales, Area de
Evaluacion y Planificacion Estrategica. Junta de Calidad Ambiental, San Juan, Puerto Rico. p. 164.
Puerto Rico Environmental Quality Board (PREQB). 2016 Beach Monitoring and Public Notification
Program - Performance criteria 2016-2017, p. 40.
Quiñones, F. (2012) Impacto ambiental de pozos sépticos en puerto rico y su diseño y control. Dimensión,
Revista del Colegio de Ingenieros y Agrimensores de Puerto Rico 1, 16-22.
Racloz, V., Ramsey, R., Tong, S.L. and Hu, W.B. (2012) Surveillance of Dengue Fever Virus: A review of
epidemiological models and early warning systems. PLoS Negl. Trop. Dis. 6(5).
Rochelle-Newall, E., Nguyen, T.M.H., Le, T.P.Q., Sengteheuanghoung, O. and Ribolzi, O. (2015) A short
review of fecal indicator bacteria in tropical aquatic ecosystems: knowledge gaps and future
directions. Front. Microbiol. 6, 308.
Rothman, A.L. (2004) Dengue: Defining protective versus pathologic immunity. J. Clin. Investig. 113(7),
946-951.
Shuman, E.K. (2010) Global climate change and infectious diseases. N. Engl. J. Med. 362(12), 1061-1063.
Soderberg, C.-A.P. (2012) Agua potable y saneamiento para comunidades aisladas: Un imperativo social y
ambiental para Puerto Rico. Revista Internacional de Desastres Naturales, Accidentes e
Infraestructura Civil 8(1), 4.
Stramer, S.L., Linnen, J.M., Carrick, J.M., Foster, G.A., Krysztof, D.E., Zou, S.M., Dodd, R.Y., Tirado-Marrero,
L.M., Hunsperger, E., Santiago, G.A., Munoz-Jordan, J.L. and Tomashek, K.M. (2012) Dengue viremia
in blood donors identified by RNA and detection of dengue transfusion transmission during the 2007
dengue outbreak in Puerto Rico. Transfusion 52(8), 1657-1666.
Tabachnick, W.J. (2010) Challenges in predicting climate and environmental effects on vector-borne
disease episystems in a changing world. J. Exp. Biol. 213(6), 946-954.
Thoe, W., Gold, M., Griesbach, A., Grimmer, M., Taggart, M.L. and Boehm, A.B. (2014) Predicting water
quality at Santa Monica Beach: Evaluation of five different models for public notification of unsafe
swimming conditions. Water Res. 67, 105-117.

14

United States Environmental Protection Agency (U.S. EPA). 2012 Recreational Water Quality Criteria; US
EPA:Washington,
DC,
USA.
Available
online:
https://www.epa.gov/wqc/microbialpathogenrecreational-water-qualitycriteria (accessed on 30 July 2017).
United States Environmental Protection Agency (U.S. EPA). 2014 National Beach Guidance and Required
Performance Criteria for Grants. Available online: https://www.epa.gov/sites/production/files/201407/documents/beach guidance-final-2014.pdf (accessed on 30 July 2017).
Viau, E.J., Goodwin, K.D., Yamahara, K.M., Layton, B.A., Sassoubre, L.M., Burns, S.L., Tong, H.I., Wong,
S.H.C., Lu, Y.A. and Boehm, A.B. (2011) Bacterial pathogens in Hawaiian coastal streams-associations
with fecal indicators, land cover, and water quality. Water Res. 45(11), 3279-3290.
Wright, M.E., Abdelzaher, A.M., Solo-Gabriele, H.M., Elmir, S. and Fleming, L.E. (2011) The inter-tidal zone
is the pathway of input of enterococci to a subtropical recreational marine beach. Water Sci. Technol.
63(3), 542-549.
Wu, Y., Lee, G., Fu, X.J. and Hung, T. (2008) Detect climatic factors contributing to dengue outbreak based
on wavelet, support vector machines and genetic algorithm. World Congress on Engineering 2008,
Vols I-Ii, 303-307.
Zhang, G.Q., Patuwo, B.E. and Hu, M.Y. (1998) Forecasting with artificial neural networks: The state of the
art. Int. J. Forecasting 14(1), 35-62.

15

CHAPTER TWO
Modelling dengue fever risks in the State of Yucatan, Mexico using regional-scale satellitederived sea surface temperature

Note to reader
This chapter was published in the peer-reviewed journal Acta Tropica and is included in
Appendix A. The full citation is: Laureano-Rosario, A.E., Garcia-Rejon, J.E., Gomez-Carro, S.,
Farfan-Ale, J.A., Muller-Karger, F.E. (2017). Modelling dengue fever risk in the State of Yucatan,
Mexico using regional-scale satellite-derived sea surface temperature. Acta Tropica, 172:50-57.
Authorization for inclusion in this dissertation is found in Appendix E.

Research overview
Data on dengue fever incidence were obtained from Yucatan’s National Health Information
System. This included data from eight municipalities: Chicxulub Pueblo, Dzemul, Hunucma, Ixil,
Progreso, Telchac Pueblo, Telchac Puerto, Ucu, and Merida. These cases were converted to
incidence rates per 100,000 individuals using population size from 2007–2012. Nearshore
satellite-derived SST was collected by the Advanced Very High Resolution Radiometer (AVHRR; 1
km spatial resolution) from 2006–2012. Dengue fever data were combined with precipitation,
humidity, and minimum and maximum air temperature into a multiple regression model. Results
showed that dengue incidence rates increased around the month of July and started to decrease
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in November, following the precipitation patterns. Linear regression model showed that previous
dengue incidence rates explained 89% of dengue fever variation. Our model identified
precipitation, minimum air temperature, humidity, and SST as the best variables to explain
dengue incidence variability. Furthermore, results also showed increases in SST preceding
increases in dengue incidence rates by eight weeks (r = 0.50; p < 0.05). Dengue incidence rates
were positively correlated with SST and minimum air temperature anomalies. Combining
environmental and oceanographic variables improved modelling of dengue fever in Mexico; this
was shown by a smaller AIC value (AIC: -1410). This suggested that as the temperature anomalies,
humidity, and precipitation change, dengue cases will also change as these variables were
positively correlated.
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CHAPTER THREE
Environmental factors correlated with culturable enterococci concentrations in tropical
recreational waters: A case study in Escambron Beach, San Juan, Puerto Rico

Note to reader
This chapter was published in the peer-reviewed journal International Journal of
Environmental Research and Public Health and is included in Appendix B. The full citation is:
Laureano-Rosario, A.E., Symonds E.M., Rueda, D., Otis, D., Muller-Karger, F.E. (2017).
Environmental factors correlated with culturable enterococci concentrations in tropical
recreational waters: A case study in Escambron Beach, San Juan, Puerto Rico. International
Journal of Environmental Research and Public Health, 14(12):1602. Authorization for inclusion in
this dissertation is found in Appendix E.

Research overview
Culturable enterococci concentrations data were obtained from the U.S. Environmental
Agency Storage and Retrieval data warehouse for Escambron Beach (2005–2012), and extended
to 2015 using data obtained from the Puerto Rico Environmental Quality Board. Environmental
data were measured in situ (i.e., daily mean sea level (MSL), precipitation) or derived from
satellites (i.e., sea surface temperature, remote sensing reflectance (Rrs 645), direct normal
irradiance (DNI), winds). These data were combined in a multiple regression model to better
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understand variability seen in culturable enterococci concentrations. Significant lags were also
identified through Pearson’s correlations, and environmental variables were divided into specific
ranges (i.e., bins) to identify exceedances in culturable enterococci concentration among bins,
based on U.S. EPA’s safe bathing water quality criteria. Data showed that precipitation, mean sea
level (MSL), DNI, SST, and turbidity explained some of the observed variation (r = 20) and these
parameters preceded changes (i.e., increased or decreased) in culturable enterococci
concentrations with lags spanning from 24 h up to 11 days. Increased culturable enterococci
concentrations were observed during positive anomalies of turbidity, SST, and 481–960 mm of
4-day cumulative precipitation. Culturable enterococci concentrations decreased with elevated
MSL anomalies and irradiance. Unsafe enterococci concentrations per U.S. EPA water quality
guidelines occurred when precipitation ranged from 481–960 mm, irradiance < 667 W m-2,
turbidity daily anomaly > 0.005 sr-1, SST daily anomaly > 0.8 °C, and MSL daily anomaly < -18.8
cm. Our model accounted for the combined effects of these environmental variables, which can
help improve our understanding of the ecology of culturable enterococci and protect public
health.
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CHAPTER FOUR
Application of Artificial Neural Networks for dengue fever outbreak predictions in the
northwest coast of Yucatan, Mexico and San Juan, Puerto Rico

Note to reader
This chapter was published in the peer-reviewed journal Tropical Medicine and Infectious
Diseases and is included in Appendix C. The full citation is: Laureano-Rosario, A.E., Duncan, A.P.,
Mendez-Lazaro, P.A., Garcia-Rejon, J.E., Gomez-Carro, S., Farfan Ale, J., Savic, D.A., Muller-Karger,
F.E. (2018). Application of Artificial Neural Networks for dengue fever predictions in the
northwest coast of Yucatan, Mexico and San Juan, Puerto Rico. Tropical Medicine and Infectious
Diseases, 3(1):5. Authorization for inclusion in this dissertation is found in Appendix E.

Research overview
Artificial Neural Networks (ANNs) were applied to predict dengue fever outbreak occurrences
in Mexico and Puerto Rico. Models were trained with six years of dengue fever data for Yucatan,
Mexico and 19 years for San Juan, Puerto Rico. Dengue fever data were obtained from the
Yucatan’s Health Department and Puerto Rico’s Health Department. Cases were converted to
incidence rates per 100,000 inhabitants, and thresholds based on the 75th percentile were
calculated for the population considered at risks due to exposure (i.e., number of people younger
than 24 years old) and the most vulnerable population (i.e., number of people younger than 5
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years and older than 65 years). Predictor variables included were precipitation, air temperature
(i.e., minimum, maximum, average), sea surface temperature (SST), humidity, previous dengue
cases, and population size. A total of four models were run, where the predictive power was
above 70% for both study areas. These models were divided as follow: 1) Mexico ages less than
24 years old, 2) Mexico ages less than 5 years old and greater than 65 years old, 3) Puerto Rico
ages less than 24 years old, and 4) Puerto Rico ages less than 5 years old and greater than 65
years old. The most influential variables on predicting dengue fever occurrences identified by the
models in Mexico were population size, previous dengue cases, minimum air temperature, and
date. In San Juan, Puerto Rico, the most important variables identified were population size,
previous dengue cases, maximum air temperature, and date. For both study areas, demographic
factors were the top two most influential variables. By using a nonlinear approach, the models
were able to better predict dengue fever occurrences as this approach considers complex and
holistic interactions between dengue fever cases, demographics, and environmental variables.
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CHAPTER FIVE
Artificial Neural Networks better predict exceedances of recreational water quality criteria at
Escambron Beach, San Juan, Puerto Rico

Note to reader
This chapter is currently in review in the peer-reviewed Journal of Water and Health and is
included in Appendix D. The full citation is: Laureano-Rosario, A.E., Duncan, A.P., Symonds E.M.,
Savic, D.A., Muller-Karger, F.E. (2018). Artificial Neural Networks better predict exceedances of
recreational water quality criteria at Escambron Beach, San Juan, Puerto Rico. Journal of Water
and Health (in review). Authorization for inclusion in this dissertation is found in Appendix E.

Research Overview
Culturable enterococci concentration exceedances were predicted in Escambron Beach
surface waters using a nonlinear approach based on Artificial Neural Networks. Ten years of
culturable enterococci data obtained from the U.S. Environmental Protection Agency (U. S. EPA)
and the Puerto Rico Environmental Quality Board were used to train, validate, and test the model.
In order to predict whether it was safe or unsafe to swim, a threshold of 70 colony forming units
(CFU) per 100 mL was used based on the U.S. EPA 2014 Beach Action Value for safe recreational
water quality. Predictor variables included in the model were satellite-derived sea surface
temperature (SST), direct normal irradiance (DNI), turbidity, and dew point together with in situ
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cumulative precipitation from the previous 24 h up to 120 h and mean sea level (MSL). Based on
the Receiving Operating Characteristic Curve and the F-Measure metrics, the model showed an
accuracy of 76% and a power greater than 60%, which was higher than linear models. The factors
identified as the most relevant for predicting culturable enterococci exceedances were DNI,
turbidity, cumulative 48 h precipitation, MSL, and SST. The ANN model showed the importance
of identifying how environmental conditions can influence culturable enterococci concentration,
as well as the complexity of these relationships between FIB and environmental factors. By using
a nonlinear approach, I was able to accurately predict culturable enterococci exceedances, which
can help management and mitigation strategies for recreational water quality.
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CHAPTER SIX
CONCLUSION
Summary
Environmental forces have been associated with dengue fever occurrences in endemic areas,
as well as fecal indicator bacteria variability in recreational waters (Chowell and Sanchez 2006,
Pednekar et al. 2005). These are important to model and understand to protect public health.
Nevertheless, these interactions are complex and by just modelling them with linear models we
might be missing important data (Chebud et al. 2012, He and He 2008). This research provides a
better understanding of how environmental factors are related to dengue fever and culturable
enterococci in a tropical setting, applying linear and nonlinear models with satellite-derived data
and long-term epidemiological data.
Chapter Two showed that dengue incidence rates generally increased in July (wet season)
and decreased in November (dry season) in Yucatan, Mexico. Changes in previous dengue fever
cases explained the most variability and were positively correlated with current cases.
Precipitation, minimum air temperature, humidity, and SST were selected as the best variables
to explain dengue fever incidence. These results showed that increases in SST precede increased
dengue incidence rates by eight weeks and that dengue incidence rates were positively
correlated to SST changes. It is concluded, then, that dengue fever incidence rates can be
modelled using environmental variables alone, and that by including satellite-derived regional-
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scale SST the modelling was improved. Nevertheless, it is important to note that even though
seroprevalence studies are expensive, the inclusion of human immune background can allows to
have more robust models.
Chapter Three showed that precipitation, mean sea level (MSL), direct normal irradiance
(DNI), SST, and turbidity explained some of the observed variation. These parameters preceded
changes in culturable enterococci concentrations with lags spanning from 24 h up to 11 days. The
highest influence on culturable enterococci concentration was between 480 mm – 900 mm of 4day cumulative precipitation. Higher culturable enterococci were observed during higher
turbidity anomalies, warmer SST anomalies, and lower MSL anomalies. A significant decrease in
culturable enterococci concentrations was observed during increased solar irradiance. Better
monitoring of recreational water quality can be achieved by understanding the influence of
environmental factors on culturable enterococci concentrations and how marine waters
influence culturable enterococci decay rates (Anderson et al. 2005). It is concluded, then, that
culturable enterococci concentration variability can be explained by looking at the combined
effects of precipitation, SST, MSL, and turbidity.
In Chapter Four, a predictive model was applied to predict dengue fever outbreak
occurrences in San Juan, PR and Yucatan, MX. These models were modified to predict dengue
fever outbreak occurrences for the population at highest risk of infection (i.e., < 24 years old) and
highest vulnerability of infection (i.e., < 5 years old and > 65 years old; Mendez-Lazaro et al. 2014).
These groups were based on previous studies (Laureano-Rosario et al. 2017, Mendez-Lazaro et
al. 2014) and data provided by the Department of Health of Mexico and Puerto Rico. Based on
these predictions, the most influential variables to predict dengue fever outbreak occurrences in
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both Puerto Rico and Mexico were previous dengue incidence rates, minimum/maximum air
temperatures, date, and population size. These models showed an accuracy of ~50%, with an
overall power greater than 70%. Nonetheless, these results showed that the most influential
variables to predict dengue fever occurrences are those related to demographics, followed by
environmental factors such as temperatures (i.e., sea temperature, air temperature) for both
Puerto Rico and Mexico. Therefore, it is concluded that, while demographic factors are important
for prediction and mitigation, environmental factors should always be taken into account, and
that these relationships are location-specific.
The predictive model was also applied in Chapter Five to predict culturable enterococci
concentration exceedance at Escambron Beach surface waters. The model showed the following
as the most influential factors: 48 h cumulative precipitation, turbidity anomalies, DNI, MSL
anomalies, and SST anomalies. These predictions had an accuracy greater than 70%, higher than
the predictive capability of only using a simple linear regression model. Thus, modelling
culturable enterococci concentration exceedance at Escambron Beach was achieved by the
predictive nonlinear model, where it identified the combined effects of these environmental
factors influencing culturable enterococci concentrations.
The results of this dissertation can be integrated into future models to better understand the
burden of water-related pathogens correlated with fecal indicators and vector-borne diseases in
specific locations. The World Health Organization (WHO) estimates about 720,000 deaths per
year related to 12 vector-borne diseases, where 80% of the world’s population is at risk and those
younger than 5 years old are considered more susceptible (WHO 2018). Understanding the
relationship and seasonality of these vectors, as shown in Chapter Two and Four with dengue
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fever, can help achieve better predictions and further develop disease surveillance and
prevention strategies. In terms of water, sanitation, and hygiene (WASH), WHO reports about
840,000 deaths per year with 361,000 of those being children younger than 5 years old, and
where 58% of these deaths could be averted through better sanitation practices (WHO 2018).
While these statistics include both freshwater (i.e., drinking water) and marine waters, the results
of this dissertation can help better understand patterns of specific indicators and how those are
related to human activities and climate. Consequently, this dissertation supports and expands on
efforts to understand diseases occurrence on specific population segments and seasonal
variability of vector-borne diseases and water indicators related to poor recreational water
quality.
This study demonstrated that the combined effects of environmental factors can improve our
understanding of the ecology and epidemiology of diseases and microbial indicators over time,
which would have been missed by just looking at just one environmental variable. Combining
environmental and oceanographic variables improved modelling of dengue fever in Mexico and
recreational water quality in Puerto Rico. Thus, this research contributes to the understanding of
the influence of environmental factors on public health issues through the comparison of linear
and nonlinear modelling as well as predictive models targeting specific population segments and
geographic locations.
Future research
This dissertation shows the importance of understanding the influence of large-scale
environmental, human, and pathogen factors on specific public health issues in coastal and noncoastal areas. Results show that these interactions are complex, and that there is a combined
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effect of environmental factors, thus looking at them separately might not provide a complete
understanding. Therefore, the combination of these factors should be taken into consideration
in future work, as well as those other factors that were not included due to data limitations
(discussed below). Nevertheless, this study contributes to the understanding of environmental
and demographic factors that should be included for early warning systems and to improve
mitigation and management strategies.
Predictive models used for Mexico and Puerto Rico looking at dengue fever occurrences and
FIB exceedances showed high predictive capabilities. Models can be further improved by
including data that was not considered in this dissertation. For example, for dengue fever
predictions, seroprevalence and human population movement should be considered to better
understand occurrences and peaks in dengue fever. Likewise, different populations segments
(i.e., age groups) were considered for this study, but these age groups could be either expanded
or divided differently for better predictions, according to information available on the limitations
to their immune system. In terms of the FIB, models can be improved by including sanitation
infrastructure, river and stormwater discharge, and wastewater treatment plant outflows. These
FIB can also be found in sediments/sand and vegetation, which should also be considered in the
future. Lastly, time series length can influence outcomes due to lack of data, overfitting, and
underfitting. Those Puerto Rico models used 19 years (dengue) and 11 years (fecal indicator
bacteria) of data, while Mexico models used years of data (dengue). Nevertheless, these models
yielded high predictive capabilities, and future studies should consider expanding time series to
better predict specific health-related occurrences.
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The application of remote sensing data should be considered in future efforts to better
understand phenology of vector-borne diseases and recreational water quality. Results of this
work provide managers and public health practitioners the data needed to better model and
understand public-health related issues in coastal areas. Also, this dissertation provides specific
limitations such as epidemiological, demographic, and environmental data not being available to
further improve management, targeted sampling, and early warning systems.
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