
QUALITATIVE IDENTIFICATION OF FECAL
COLIFORM BACTERIAL SOURCES

by

David Hernández-Pérez

A project submitted in partial fulfillment of the requirements for the degree of

MASTER OF ENGINEERING
in

CIVIL ENGINEERING

UNIVERSITY OF PUERTO RICO
MAYAGÜEZ CAMPUS

2006
Approved by:

________________________________
Ivonne Santiago, PhD
Member, Graduate Committee

__________________
Date

________________________________
Rafael Segarra, PhD
Member, Graduate Committee

__________________
Date

________________________________
Jorge Rivera, PhD
President, Graduate Committee

__________________
Date

________________________________
Matias J. Cafaro, PhD
Representative of Graduate Studies

__________________
Date

________________________________
Ismael Pagán Trinidad, MSCE
Chairperson of the Department

__________________
Date



ii

ABSTRACT

The main objective of this work is to provide a procedure to identify fecal

coliform bacterial contamination sources within specific regions employing Geographical

Information Systems (GIS) technology. The work presented is one of the first efforts in

the stage of problem identification from bacterial sources. A Total Maximum Daily Load

(TMDL) is needed to be developed within the region of Rio Grande de Añasco,

Guanajibo and Yagüez Watersheds. A TMDL is a quantitative representation of the

maximum load of a given water-quality constituent, from all point and non-point sources,

that any water body can assimilate without violating the designated water-quality

standard established by EPA. The Guanajibo and Yagüez watersheds were selected for

the demonstration of the application procedures developed under this research. The

simulation helped to visualize the impacted zones by Fecal Coliform Bacterial sources,

leading to better management practices and TMDL modeling.
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RESUMEN

El principal objetivo de este trabajo es proveer un procedimiento para identificar

fuentes de contaminación bacteriana por coniformes fecales dentro de áreas designadas

utilizando tecnología de Sistemas de Información Geográfica (SIG). El trabajo

presentado es uno de los primeros esfuerzos en la etapa de identificación del problema

para fuentes bacterianas. Un “Total Maximun Daily Load” (TMDL) es requerido para ser

desarrollado en la región de las cuencas Río Grande de Añasco, Guanajibo y Yagüez. Un

TMDL es una representación cuantitativa de las descargas máximas de un constituyente

para calidad de agua, de todas las descargas puntuales y no-puntuales (áreas), que

cualquier cuerpo de agua puede asimilar sin violar los estándares designados para calidad

de agua establecidos por la Agencia de Protección del Ambiente (Environmental

Protection Agency, o EPA por sus siglas en inglés). Las cuencas Guanajibo y Yagüez

fueron seleccionadas para la demostración de la aplicación y procedimientos

desarrollados bajo esta investigación. La simulación ayuda a visualizar las zonas

impactadas por fuentes de coliformes fecales, dando ventaja para desarrollar mejores

planes de manejo y modelaje en TMDL.
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1 INTRODUCTION

The amount of the world’s available drinking water is limited to less than one

percent of all available water in the world and there is not “new” water (U.S. EPA, 2004).

More than 20,000 waterbodies across America have been identified as polluted by

microorganism, sediment, and bacteria including more than 300,000 miles of river and

shoreline and 5 million acres of lakes. It is estimated that approximately 40% of US

waters do not meet minimum water quality standards (U.S. EPA, 1998). The Clean Water

Act (CWA) and its subsequent reauthorizations provide legislative authority for restoring

polluted waters with the stated goal of making United States waters fishable and

swimable again. While the CWA is credited with significant improvements in water

quality, water pollution remains a problem (Ritchie et al., 2003). In Puerto Rico, the

situation is more critical because it is relatively a small island and its resources are

limited. Freshwater withdrawals in Puerto Rico during 1990 were estimated at 576 MGD

from surface water sources: streams and reservoirs (Molina-Rivera, 1996).

A Pathogen Total Maximum Daily Load (TMDL) is to be developed within the

region of Guanajibo and Yagüez Watersheds. The study area is located on the south-west

coast of Puerto Rico, and covers an area of approximately 393.41 Km2 (PR Planning

Board, 2004). The principal population centers within the watersheds are San Germán,

Hormigueros, Mayagüez, Sabana Grande, Cabo Rojo and Maricao.

A TMDL is a quantitative representation of the maximum load of a given water-

quality constituent, from all point and non-point sources, that a stream, lake, or any water

body can assimilate without violating the water-quality standard for the designated use
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established by Environmental Protection Agency (EPA) and state Environmental Quality

Board.

1.1 Statement of the problem

The major difficulties in developing TMDLs for waters contaminated by fecal

coliform bacteria are numerous and the magnitude of their sources contributions

commonly are unknown.

In the Guanajibo and Yagüez watersheds much of the dwellings are unsewered

and have septic systems (PRWRERI, 2005). These communities are close to waterbodies

and represent a potential source of fecal coliform bacteria contamination. Human or

animal activities, which pollute the water, include urban sprawl, construction,

unsupervised water extraction, poorly designed septic systems, clandestine waste

disposals, the use of pesticides and fertilizers, concentrated animal feeding operations,

deforestation, soil erosion, and poor waste management plans. According to the U.S.

Census Bureau, at least ten percent of onsite septic systems no longer function. Some

communities report failure rates as high as 70 percent (U.S. EPA, 2004). Then, these

poorly designed septic system lead to pollution of both ground and surface waters. Most

of these represent non- point sources which make bacterial contamination tracking

difficult.

1.2 Justification

A total maximum daily load (TMDL) is the pollutant maximum daily load of a

water body can assimilate, from all point and non-point sources, without violating the

water-quality standard for the designated use.
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the development of accurate load allocations and the identification of appropriate source-

load reduction measures.

Information about the major fecal coliform bacterial sources that impair surface-

water quality would improve the ability to develop effective watershed models and may

lead to more scientifically defensible TMDLs (Moyer et al., 2003). It will allow the

development of more effective pollution prevention and management plans.

The extension of this project is focused on finding potential sources of

contaminant spreading and the contaminant contribution from non-point-source loadings.

Remote Sensing (RS) and Geographical Information Systems (GIS) techniques will be

used to improve our abilities to assess the landscape changes, urban sprawl, and lead to a

better identification of the most probable non-point sources of contamination.

This project will provide fixed parameters for the identification of contaminant

sources from fecal coliform bacteria. Further use of this information may lead to a better

understanding of changes in water quality parameters necessary for developing superior

management practices to improve water quality and enhanced modeling of a TMDL for

advanced analysis.

1.3 Objectives

The main objective of this project is the development of a procedure to identify

and locate potential sources of contamination employing new GIS technology. Of special

interest are fecal coliform contaminant sources.
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2 PREVIOUS INVESTIGATIONS

2.1 History of water pollution control

Prior to 1972, water pollution control efforts were based on the achievement of

ambient water quality standards. Arguably, this is economically efficient since each

source would control its discharge only to the degree necessary to meet local water

quality standards (Schroeder, 1981). However, the approach proved virtually impossible

to administer, because of the difficulties in translating ambient standards into end-of-pipe

effluent limits for individual discharges. The result was regulatory frustration and very

little cleanup. One of the factors that contributed to the frustration was that the translating

technology, water quality modeling, was not fully developed.

In 1972, the Federal Water Pollution Control Act was amended to require a

minimum level of control based on available treatment technology. Thus the need to

determine impact on the receiving water, often the most difficult determination to make,

was largely eliminated. The result was substantial reduction in pollution, even if this was

achieved in areas in which cleanup was not needed to meet water quality goals. Over the

next half dozen years, secondary treatment was promulgated as the minimum level for all

Publicly Owned Treatment Works (POTWs) on the assumption that the expected water

quality responses were worth the expenditure. Effluent limitation guidelines were

established for industrial wastewaters. Wasteload allocation was used specifically for

those instances in which there was some doubt that the water quality standards could be

achieved by secondary treatment alone.
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The pendulum continued to swing between wasteload allocation and effluent

requirements. In 1977, the CWA was passed and water quality standards for toxic

substances were prepared. It was clear by 1982 that the EPA strongly favored water

quality based effluent limitations, rather than technology based limits, as basic water

quality pollution control strategy, thereby reversing the regulatory trend. By that time,

water quality modeling technology had advanced significantly and was ready to address a

variety of water quality problems.

There is little doubt that the CWA of 1977 and its across-the-board abatement

approach of secondary treatment required for municipal wastewaters has made substantial

improvement in the water quality of many natural water systems. However, there remain

a significant number of waterbodies that are water quality limited, thereby requiring

additional work, leading to the development of Total Maximum Daily Load (TMDL), as

outlined in Section 303 of the Clean Water Act, to safeguard the quality of these

waterbodies, see appendix A (Lung, 2001).

The TMDL process identifies the maximum load of a pollutant a water body is

able to assimilate and fully support its designated uses, allocates portions of the

maximum load to all sources, and identifies the necessary controls that may be

implemented voluntarily or through regulatory means. A TMDL can also be viewed as

the total amount of pollutant that a water body may receive from all sources without

exceeding water quality standards.

In order to accomplish TMDLs for Guanajibo and Yagüez watersheds, pollution

sources have to be precisely and careful identified (problem identification). Some studies

have been developed for Puerto Rico and have encountered deficiencies in the problem
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identification stage for different contaminants. The major deficiency of this process stage

is the poor identification and location of contaminant sources.

2.2 TMDL Development in Puerto Rico

There are few Total Maximum Daily Loads formally developed for Puerto Rico.

In 2003 a Total Maximum Daily Load (TMDL) for Rio Cibuco Watershed

Commonwealth of Puerto Rico was developed by a private company and approved by

EPA converting this into the first TMDL developed for Puerto Rico. Other efforts are

underway to develop TMDLs for Puerto Rico but have not yet been approved by EPA.

These efforts focus on Fecal Coliform Bacteria TMDL for the Río La Plata Watershed

Puerto Rico (submitted for approval) and Río Loíza (under development).

Two other efforts underway are at Río Grande de Añasco and Río Yagüez and

Río Guanajibo by the Puerto Rico Water Resources and Environmental Research Institute

of the UPRM. The Environmental Quality Board is concerned about the problem

identification stage in the development of TMDLs for the Río Yagüez and Río Guanajibo

watersheds. This stage produces a collection of data that must be managed carefully to

extract the information needed to identify pollution sources. To this end the current

proposed work deals only with the stage of problem identification employing GIS and RS

Techniques. These tools allow researchers to pinpoint the sources of pollution and enable

the load calculation and allocation for the analysis and modeling of a pathogen TMDL for

the above mentioned watersheds.



8

2.3 Bacteria survival and movement

The entry of pathogenic bacteria into drinking water sources poses a great risk to

human health. Animal manure application to agricultural land is cited as a major source

of pathogenic microorganisms in surface and groundwater systems (Reddy et al. 1981).

Fecal coliforms (FCB) are identified by their ability to produce gas from lactose

at 44.5°C (Geohring et al. 1999). E. coli is the most common FCB and although most E.

coli strains are non-pathogenic, some strains, such as E. coli O157:H7, pose a serious

health risk to humans. E. coli O157:H7 was first identified as a human pathogen in 1982

(Kudva et al. 1998).

2.3.1 Survival in soil systems

The availability of pathogens for transport in runoff and leachate during

precipitation events is largely influenced by the die-off rate of enteric bacteria in the soil-

waste system (Reddy et al. 1981). A wealth of information has been produced within the

past 34 years on the survival of various enteric bacterial species in soil and groundwater

systems. A review presented by Gerba et al. (1975) reported that survival times of enteric

bacteria in soil and groundwater ranged from 2 to 4 months. Filip et al. (1988) examined

the survival of several organisms in simulated conditions of saturated soil and observed

that most organisms tested, including E. coli, survived for over 100 days at 10°C. Kudva

et al. (1998) found that E. coli O157:H7 survived for 630 days in sheep manure that was

not aerated and stored at air temperatures below 23°C. Entry et al. (2000a, 2000b)

monitored concentrations of FCB bacteria in soil and runoff water from grassed buffer

strips that had received liquid swine waste. After 90 to 120 days, FCB levels were not
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significantly different from strips that had not received waste. Reddy et al. (1981)

conducted a review of bacterial survival and attempted to develop first order rate

constants to describe the die-off of several indicator organisms and pathogens in soil

systems. Average first order die-off rate constants were 1.14 d-1 for FCB and 0.41 d-1 for

Fecal Streptococci. Average rate constants for specific pathogens were 1.33 d-1 for

Salmonella and 0.68 d-1 for Shigella. Sjogren (1994) assessed the survival of E. coli and

used exponential regression to estimate survival times in soil. They estimated survival

times by extrapolating the die-off curve to zero counts of bacteria. Probable survival

times ranged from 20.7 to 23.3 months.

2.3.1.1 Soil Moisture

Numerous researchers have suggested that the principal factor affecting the

survival of enteric bacteria in soil systems is the moisture status. Tate (1978) found E.

coli survival to be greatest in organic soils under flooded conditions. Hagedorn et al.

(1978) found E. coli populations highest after a rise in the water table following major

rainfall events. Streptococcus Faecalis died more rapidly under low soil moisture

conditions (Kibbey et al. 1978).

2.3.1.2 Soil type

The single soil property that appears to have the greatest impact on bacterial

survival is moisture retention, which is linked to particle size distribution and organic

matter content. Tate (1978) observed that the survival of E. coli in an organic soil over an

8-day period after manure application was threefold greater than in sandy soil. This was

attributed in part to the organic soil´s increased ability to retain moisture. Hagedorn et al.

(1978) studied the subsurface flow of bacteria over a 32-day period. Fecal bacteria moved



10

faster in coarser soil materials. Chandler et al. (1980) investigated the survival of E. coli

and Streptococcus typhimurium in relation to soil moisture retention and soil type. In dry

loam soil, E. coli cells were able to survive and proliferate once moisture was restored.

Chandler et al. (1981) examined the survival of bacteria on pasture, in topsoil and in

subsoil and found that topsoil was the most favorable environment for bacteria. Zhai et al.

(1995) also reported greater survival rates of fecal bacteria in topsoil as compared to

subsoil. Mubiru et al. (2000) compared the mortality of E. coli in two different soil types.

They stated that as well as enhancing moisture retention, fine soil particles could increase

bacterial survival because of an increased ability to retain nutrients.

2.3.1.3 Soil Temperature and pH

Within the majority of the literature an inverse relationship appears to exist

between temperature and bacterial mortality (Gerba et al. 1975; Reddy et al. 1981) with

higher temperatures decreasing the survival times of fecal bacteria. Van Donsel et al.

1967) found that 90% of coliform bacteria died within 3.3 days of land application in the

summer compared to 13.4 days in the winter. The review compiled by Reddy et al.

(1981) found that die-off rates approximately doubled with a 10°C increase in

temperature. Filip et al. (1988) determined that E. coli could survive longer in sheep; and

cattle manure at temperatures below 23°C (Kudva et al. 1998). Enteric bateria have a

shorter survival period in soils possessing a low pH (Gerba et al. 1975; Ellis and McCalla

1976) with pH of 6 to 7 being optimum for bacteria survival (Cuthbert et al. 1955; Reddy

et al. 1981). Sjogren (1994) found E. coli survived longer at a neutral to alkaline pH than

at an acidic pH in soils of similar texture and organic matter content.
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2.3.1.4 Manure application rate

Patni et al. (1985) found that long-term storage of manure decreased median

counts of FCB, TC, and FS by 99%, however, these reductions did not occur when fresh

manure was added to old manure. Aeration of sheep manure decreased survival time of E.

coli from 21 months to 4 months (Kudva et al. 1998).

Zhai et al. (1995) also observed no influence of manure application rate on the

mortality of fecal bacteria. Little work has been performed to assess the survival of fecal

bacteria in soils that have received excessive application of manure.

2.3.1.5 Nutrient availability

Organic matter increases the retention of nutrients, provides a carbon source for

bacterial species, and improves moisture retention properties, as noted earlier. Too much

moisture, however, can have a negative effect on E. coli survival due to a lack of usable

organic carbon, in dilute mixtures (Chandler et al., 1980). Tate (1978) revealed increased

bacterial survival in organic soils. Zhai et al. (1995) speculated that higher mortality rates

of fecal bacteria in subsoil, compared to topsoil, were partially due to low nitrogen (N)

availability.

2.3.1.6 Bacterial Competition

Gerba et al. (1975) and Tate (1978) both reported increased pathogen survival,

and sometime regrowth, in sterile soils. Competing microorganisms will limit pathogens

survival in soil (Reddy et al. 1981). Enteric bacteria, which have been relocated into the

soil-waste environment, must compete with resident soil bacteria for essential nutrients

and water.
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Rahe et al. (1978) evaluated the movement of E. coli that had been injected into

the leach lines of septic tank disposal systems that were inundated with groundwater in

two different soil types (well drained and poorly drained). Movement rates of 15 m/h

(0.82 ft/s) were observed at the well drained site.

Stoddard et al. (1998) performed a field experiment to measure FCB and FS

survival and transport through shallow no tilled and conservation tilled soil amended with

dairy manure in the fall and spring. The mortality rate of FCB after manure application

has little bearing on the potential for groundwater contamination, but instead

contamination depends more on soil structure and water flow.

2.5 Surface Water Transport

Fecal coliform levels in surface waters often peak after a major rain event.

Thereafter, they decrease or disappear from water with time and can concentrate in

sediments at high densities.

Although bacteria from manure are known to enter water resources (Goss et al.,

2002) and numerous studies indicate the potential for microbial contamination from

manure sources (Joy et al., 1998; Stoddard et al., 1998; Unc, 1999), there has been little

progress in the way of direct analysis of the physical and chemical interactions between

the manure type and bacteria that may affect the potential for contaminating water

resources. Transport and retention of particulates, such as bacterial cells, in the soil is

recognised as being a very complex physical and chemical phenomenon dependent on the

interaction of the various complex properties of soil, cells and suspending solutions. Four

major factors have been identified that influence the movement of bacteria through the

soil (Fontes et al., 1991; Gannon et al., 1991a): (1) flow characteristics, which depend on



14

of the grain size of the porous medium, and on the soil structure that combined control

the active porosity. (2) Filtration effects due to soil micropores, clogging in macropores

necks, and filtration pads formed by solid components from applied manure (solid

manure mostly) as a function of the size of microbial cell. (3) Straining within organic

materials pads formed on soil surface, which is the sum of the filtration and the

electrochemical retention to organic surfaces within the organic pads on soil surface. (4)

Retention of bacterial cells on soil mineral and organic particles by adsorption and

adhesion, with the ionic strength of the soil solution playing an important role. Retention

is the resultant of complex interactions between components of bacterial cells, soils and

soil suspending solution (Unc et al., 2003).

High densities of viruses have been found in marine waters that meet fecal

coliform and total coliform standards (Berg et al., 1978; Goyal et al., 1979). This is of

particular importance to marine coastal areas where discharge of sewage effluent is

commonplace almost irrespective of the sewage components and its impact on public

health (Cooper et al., 1984).

Suspended virus-contaminated particulate matter can be easily ingested by filter-

feeding organisms like oysters, clams, and mussels that inhabit coastal waters and are

harvested for consumption as raw or partially cooked seafoods (Hamblet et al., 1969;

Sobsey, 1982). Predictably, the shellfish that are cultured in wastewater rich

environments have been associated with hepatitis and gastroenteritis, sometimes with

high human morbidity (Cooper et al., 1984).

Environmental factors like temperature, solar radiation, seasonal variability, and

concentration of nutrients, are quite different in tropical as contrasted to temperate
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aquatic systems. Bigger first reported the growth of coliforms in tropical waters in 1937,

while in 1939 Ragavachari and Iver showed that coliforms can survive for several months

in natural tropical river waters. Studies in Puerto Rico (Hazen et al., 1987; Santiago-

Mercado., 1987; Valdes-Collazo et al., 1987) showed that the survival of fecal coliforms

increased in marine and freshwater systems possibly because of the presence of high

nutrient concentrations. Thus high counts of total coliforms and fecal coliforms do not

necessarily indicate recent fecal contamination. The reliability of coliforms and fecal

coliforms as indicators of recent fecal contamination in tropical waters is questionable

when no identifiable source of fecal contamination has been detected (Hazen et al., 1987;

Santiago-Mercado et al., 1987).

2.6 Bacteria source tracking (BST)

BST is a rapidly growing technology with various analytical techniques; the

technique used depends on the study goals. In general, these techniques are based on

molecular, genetics-based approaches (also known as “genetic fingerprinting”) or

phenotypic (relating to the physical characteristics of an organism) distinctions among

the bacteria of different sources. There are three primary genetic techniques for bacterial

source tracking. Ribotyping characterizes a small, specific portion of the bacteria´s DNA

sequence (Samadpour et al., 1995). Pulsed-field gel electrophoresis (PFGE) is similar to

ribotyping but typically is performed on the entire genome of the bacteria (Simmons et al.

1995). Polymerase chain reaction (PCR) amplifies selected DNA sequences in the

bacteria´s genome (Makino et al. 1999). Phenotypic techniques generally involve an

antibiotic resistance analysis, in which resistance patterns for a suite of different
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concentrations and types of antibiotics are developed (Wiggins, 1996; Hagedorn et al.

1999).

Although all the techniques mentioned above are promising for identifying

bacteria sources, the ribotyping technique was used to identify the sources of fecal

coliform bacteria impairing Blacks Run (Hyer et al., 2003). Ribotyping involves an

analysis of the specific DNA sequence that codes for the production of ribosomal RNA

(ribonucleic acid). Ribotyping has been demonstrated to be an effective technique for

distinguishing bacteria from the feces of multiple animal species (Carson et al. 2001).

This technique has been performed successfully and used to identify bacteria sources in

both freshwater (Samadpour et al., 1995) and estuarine systems (Ongerth et al., 1994).

Furthermore, the technique has been used to identify the species-specific sources of

bacteria contributing to impairments in both urban (Herrerra Environmental Consultants,

Inc., 1993) and wilderness systems (Farag et al. 2001). Microbial source tracking was

employed to determine the host origin of FCB contamination in the Río Grande de

Añasco and Yagüez watersheds. Targeted sampling identified two sources of fecal

contamination (Schröder et al., 2003).

2.7 Application of GIS technologies

Another tool that helps in the identification of contamination sources is the

implementation of Geographical Information Systems (GIS). The contribution of GIS is

to improve the mapping of areas of vulnerability by taking the spatial variability of

physical phenomena into account. This method was applied to an area of France Massif

Central were three different types of flow appear: surface flow, shallow surface flow and

permanent groundwater flow (Laurent et al. 1998). As a result, GIS improved the
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knowledge of terrain and land cover features, which in turn, was used to analyze

topographic slope, channel length, land use, and soil characteristics of a watershed.

GIS was also utilized in a study in the Gunnison River Basin in Colorado (Hay et

al., 1996). In that study GIS was used to: establish a common database for individuals

working on different aspects of the study; develop methods for acquiring, generating,

managing, and displaying spatial data required for modeling efforts, and provide spatial

data such as basin boundary, river network, and precipitation station locations.

Lots of studies related to TMDLs contaminant sources identification have used

GIS technologies. In the work presented here, a new perspective of GIS application for

FCB identification was performed employing a new design procedure for identification

employing additional extension of GIS technologies as similarly used in other

investigations, as explained below.

In 2001, the Environmental Systems Research Institute (ESRI, 2001) used three

extensions of ArcGIS: Spatial Analyst, 3-D Analyst and Geostatistical Analyst for the

identification of areas of high risk to wildfires in Colorado’s Boulder County area. A

density function was built in ArcGIS Spatial Analyst to identify where most people live

and to map their proximity to sensitive areas for determining wildfire risk.

The investigation also took into consideration slope hazard, as wildfires typically

move faster in high slope areas (up-slope). These problems were modeled using the slope

and aspect functions in ArcGIS Spatial Analyst, which create raster surfaces for aspect

and slope. Other data types, such as vegetation and fuel were integrated with elevation

data to dynamically display areas with dense and highly flammable vegetation.
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Multiple operations were performed utilizing the Visual Basic for Application

(VBA) to create a fire behavior index. A script was implemented through a user interface

control that reclassifies elevation, sensitive topographic features, slope, aspect, and fuel

types. All layers were then combined into one fire behavior index for displaying the areas

that are most susceptible to fire damage (ESRI, 2001).

Hansen (2003), from the University of Wisconsin-Madison, used ArcGIS Spatial

analyst tool to define environmental corridors in a study area in Dane County, Wisconsin.

The study area encompasses the Township of Verona and a one-mile buffer surrounding

the township. The model began with five shapefiles that were converted to grids. Four of

the shapefiles are the basic features of environmental corridors-steep slopes, wetlands,

rivers, and hydro buffer. Rights-of-way were added to remove steep slopes that are

created as the result of road embankments, and floodplains were added to consider the

dynamic pathways that are created over time within a water system.

Rights-of-way, steep slopes, rivers, and hydro buffers were reclassified to define

where the features exist within the study area. Two layers of environmental corridors

grids were created as the final results. Hansen assigned weights within and among the

features so that priorities could be assigned to higher ranked corridors (Hansen, 2003).

Krivoruchko (2003), analyzed the consequences of Chernobyl’s nuclear plant

collapse using GIS and Spatial Statistics. He assumed that radioactive fallout from the

atmosphere was stored within soils, from here transferred into vegetation and up through

the food chain, ultimately increasing the likelihood of cancer. ArcGIS and the ArcGIS

Geostatistical Analyst extension were used to perform detailed analysis of radiation

contamination and its links to health.
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3 GIS DESCRIPTION

Geographic Information Systems (GIS) is defined as an information system that is

used to input, store, retrieve, manipulate, analyze and output geographically referenced

data or geospatial data, in order to support decision making for planning and management

of land use, natural resources, environment, transportation, urban facilities, and other

administrative records.

The key components of GIS are a computer system, geospatial data, and users. A

computer system for GIS consists of hardware, software and procedures designed to

support the data capture, processing, analysis, modeling, and display of geospatial data.

The sources of geospatial data are digitized maps, aerial photographs, satellite images,

statistical tables and other related documents.

Geospatial data are classified into graphic data (called geometric data) and

attributes (called thematic data). Graphic data has three elements; point (called node), line

(called arc) and area (called polygon) in either vector raster form which represent

geometry of topology, size, shape, position, and orientation. The roles of the user are to

select pertinent information, to set necessary standards, to design cost-efficient updating

schemes, to analyze GIS outputs for relevant purpose, and plan the implementation.

Two main environments were used to realize this project: ArcGIS Desktop by

ESRI and Watershed Modeling System (WMS) by EMS-I as described in more detailed

below and through the description of the methodology employed for the developed

project.
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simple image processing tools, interpolate data values for a study area based on samples,

clean up a variety of data for further analysis or display.

3.2 Overview of WMS

The Watershed Modeling System (WMS) is a comprehensive graphical modeling

environment for all phases of watershed hydrology and hydraulics. WMS includes

powerful tools to automate modeling processes such as automated basin delineation,

geometric parameter calculations, GIS overlay computations (CN, rainfall depth,

roughness coefficients, etc.), cross-section extraction from terrain data, among others.

WMS 7 supports hydrologic modeling with HEC-1, HEC-HMS, TR-20, TR-55, Rational

Method, NFF, MODRAT, and HSPF. Hydraulic models supported include HEC-RAS,

SMPDBK, and CE QUAL W2. 2D integrated hydrology (including channel hydraulics

and groundwater interaction) can now be modeled with GSSHA. All of this in a GIS-

based data processing framework makes the task of watershed modeling and mapping

easier than ever before.

The program’s modular design enables the user to select modules in custom

combinations, allowing the user to choose only those hydrologic modeling capabilities

that are required.
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4 STUDY AREA DESCRIPTION

This chapter presents a description of the area under study. This area corresponds

mainly to the Río Guanajibo and Río Yagüez watersheds, although some other small

creeks are within the area. The description is based on the geomorphologic and physical

characteristic of the drainage area including some social aspects such as population and

community environmental practices.

4.1 Watersheds Description

The area under study is comprised of two major rivers and several small creeks

and unnamed waterways. All water bodies discharge to the Mayagüez Bay. The two

major rivers are the Río Yagüez and Río Guanajibo. The Guanajibo watershed, located

on the west coast of Puerto Rico, covers an area of approximately 136 mi2 (351 km2).

This area includes the drainage area for the Caño Merle, Caño Corazones and Quebrada

Llavat, as well as the coastal drainage areas. The principal population centers in the

Guanajibo watershed are Maricao, San Germán, Sabana Grande, Hormigueros, and Cabo

Rojo. The Río Yagüez originates near the town of Maricao, flows west, and discharges

into the Mayagüez Bay. The Río Yagüez basin covers an area of about 17 mi2 (43 km2),

which includes the drainage area for Quebrada de Oro and other coastal areas. The Río

Yagüez alluvial valleys are bounded by hills to the north, east, and south, and by the

Mayagüez Bay to the west (see Figure 4.1). The principal population center in Yagüez

watershed is the city of Mayagüez located on the coast, covering almost the entire Río

Yagüez alluvial valley.
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The major river in the region is the Río Guanajibo, flowing to the west-northwest.

It originates along the western side of the Cordillera Central and flows to the Mayagüez

Bay on the west coast, south of town of Mayagüez. The principal tributaries to the Río

Guanajibo are the Río Rosario, Río Duey, Río Hoconuco, Río Caín, Río Cupeyes, Río

Cruces, and Río Flores, draining to the south-southwest, and the Río Viejo, draining to

the west-northwest. The Guanajibo watershed is characterized by a broad alluvial valley

(the Central Guanajibo valley) covering about 63 mi2 (162 km2). This valley is bounded

on all sides by hills, except to the northwest, where it is bounded by the Mayagüez Bay.

At the coast, the Guanajibo valley extends northward joining the Río Yagüez valley. A

barrier of low-lying hills almost completely separates the Central Guanajibo Valley from

the coast. These hills form a ridge called the Cordillera Sabana Alta that reaches its

greatest elevation in the east. On the west of these hills, the shore features a fringe of

beach and swampy terrain. The Central Guanajibo valley measures 14 mi (23 km) in

length along its east-west axis, with a width ranging from 1.4 mi (2.3 km) in the east to

6.4 mi (10.2 km) in the west.

Figure 4.1 Río Guanajibo and Río Yagüez watersheds location
map.
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