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ABSTRACT 

 

 Impervious surfaces such as roads, rooftops, and parking lots prevent the 

infiltration of water into the soil. Increases in impervious surface increase runoff. Results 

of increased runoff include increased nitrogen and phosphorus, and other pollutants into 

water bodies. Pollutants can cause ecosystem eutrophication and degradation. The 

relationship between increased impervious surface percentages upstream from water 

quality test sites in Sarasota County was investigated. Sarasota County Government 

provided data on biological oxygen demand (BOD), chlorophyll, turbidity, color, 

ammonia, total Kjedahl nitrogen (TKN), total nitrogen, nitrogen oxides (NOx) in the form 

of NO2 and NO3, orthophosphate, total phosphorus and total suspended solids (TSS) from 

thirty test sites. Regression analysis of 2008 water quality data and impervious surface 

percentages from upstream water quality test sites showed significant results for NOx and 

color. Regression analysis for 2011 water quality data from upstream water quality test 

sites showed no relationship between the variables and impervious surface percentages. 

Regression analysis for water quality test areas with a one-mile radius from the test sites 

had significant negative linear relationships with BOD (2008), color (2008 and 2011), 

TKN (2008 and 2011) and TN (2008 and 2011).  

______________________  

Dr. Elzie McCord, Jr.  

Division of Natural Sciences 
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Chapter 1- Impervious Surfaces 

 An impervious surface (IS) is any material that does not allow water to 

permeate and filter through soil (Arnold & Gibbons 1996). Pavement, rooftops, 

sidewalks, patios, compacted soils and other surfaces are impervious surfaces (Arnold 

& Gibbons 1996). In contrast to impervious surfaces, pervious surfaces (PS), such as 

porous forest floors, have little runoff because rainwater is able to soak into the top 

soil. Under these conditions, water can permeate the soil mantle as interflow in 

wetlands, streams or lakes, evapotranspirate or soak into the topsoil (Roesner et al. 

2001). Interflow occurs when water moves laterally below the soil surface (Figure 1) 

(NWS Internet Services Team 2009). Interflow water takes longer to enter stream 

channels, minimizing erosion and increasing percolation (NWS Internet Services 

Team 2009). Evapotranspiration is the water added to the atmosphere through 

evaporation and plant transpiration.  

 Arnold and Gibbons (1993) listed four indirect ways that impervious surfaces 

contribute to water pollution. Impervious surfaces: 

“(1) are a critical contributor to the hydrologic changes that degrade 

waterways, 

(2) are a major component of the intensive land uses that do generate 

pollution,  

(3) prevent natural pollutant processing in the soil by preventing percolation, 

and,  
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(4) serve as an efficient conveyance system transporting pollutants into the 

waterways.”   

 

 

 

Types of Surfaces 

 Impervious surface types can be categorized into natural and human-made. 

Impervious human-made surfaces include roads, driveways, parking lots, rooftops, 

etc (Jacobson 2011). Human-made surfaces are constructed of materials such as 

concrete, asphalt, plastics, stone, brick, metal, etc. Natural impervious surfaces are 

typically compacted soils or boulders (Weng 2008).  

 Pervious Surfaces can be categorized similarly to natural pervious surface 

including forested areas, grassy areas, sandy areas and most undeveloped lands. 

Figure 1 – The components of runoff are shown here. When precipitation occurs, 

water travels to different locations using different processes. Water can evaporate, 

become stored in depressions in the earth, flow over the land, infiltrate (become 

absorbed by) the land and be added to stream flow  

(http://www.tankonyvtar.hu/hu/tartalom/tamop425/0032_vizgazdalkodas/images/fig2

9.jpg). 
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Human-made pervious surfaces include pervious pavement and pervious pavers 

(Figure 2)(Yang et al. 2003).  

Figure 2- Pervious pavement is shown with water traveling through the gaps between 

the large, pebble-like material (US EPA 2009).     

  

 Pervious pavements and pavers are installed over a bottom layer of high 

infiltration soil (University of Florida 2008) (Figure 3). Above infiltration soil, stone 

aggregate is layered. An aggregate is a material formed from loosely compacted 

fragments. Aggregates enhance infiltration capacity and create a reservoir for water 

retention. Above the aggregate, a layer of geo-textile fabric is laid. Pervious 

pavement has a special concrete laid on top of the geo-textile fabric base layers 

(permeable soil, aggregate and filter fabric) (Figure 3). Pervious concrete is designed 

to have a lower sand and fine particles quantity (Figure 2). Air pockets are formed 

between the coarse particles in the concrete leaving void spaces between 15 and 35%. 

This allows water to follow freely through to the substrate to the soil below (Figure 

3)(Office of Wastewater Management 2009; University of Florida 2008). Pervious 

pavers, concrete blocks or plastic grids are laid on top of the base layer, to facilitate 
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percolation or to fill a cistern that lie beneath the pavers (Office of Wastewater 

Management 2009). 
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Figure 3- Pervious pavement (left) and pervious pavers (right). Pervious pavement is layered with pervious pavement, filter fabric, 

reservoir later, sub-grade and type “D” curb in order from top to bottom. Pervious pavers are composed of paver, stone fill, stone 

leveling bed, filter fabric and aggregate base from top to bottom. (University of Florida 2008). 
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Important terminology  

Watershed 

 A watershed is described by Leopold (1968) as the “area of land that drains 

water, sediment and dissolved material to a common outlet at some point along a 

stream channel.” Watersheds are often referred to as drainage basins. Drainage basins 

are often defined by a particular river, such as the Mississippi river being related to 

the Mississippi River Basin (DeBarry 2004). Watersheds are deconstructed into 

smaller sub-watersheds (or sub-basins) for the purpose of closer analysis. Catchments 

are even smaller areas representing stream drainage areas (DeBarry 2004). Thus, 

watersheds are composed of sub-basins and sub-basins are composed of catchments.  

Conveyances 

 Conveyances are the different pathways for water to travel in a basin. 

Conveyances help divert and control the flow of water in a canal system.  Impervious 

surfaces increase the need for conveyances to prevent soil erosion (Arnold & Gibbons 

1996). Urban developers install systems of gutters, drains and storm sewers that feed 

conveyances (Booth et al. 2002). During heavy rains, areas with human-made 

conveyances often flood because of increased discharge and intensity of flow (Booth 

et al. 2002; Brabec et al. 2002).   

  



 7

Runoff 

 Runoff is the water that collects above a surface when the surface’s infiltration 

rate is exceeded by the rate of precipitation. Infiltration rate describes the rate at 

which water can saturate soil (Figure 4). Runoff traveling across a surface can collect 

fertilizers, pesticides, motor oil, bacteria, sediment and other such pollutants. The 

resultant polluted runoff is a source of nonpoint source pollution. Increases in 

impervious surfaces decrease infiltration rates and increase runoff (Figure 4) (Arnold 

& Gibbons 2007; DeBarry 2004; Paul et al. 2008; Shuster et al. 2005).  
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Figure 4- Effects of increased impervious surface include increased runoff, decreased 

infiltration and decreased evapotranspiration. This image shows the rates of change 

observed by Arnold & Gibbon (2007).  

Nonpoint Pollution 

 Nonpoint source pollution (NSP) has many contaminant sources throughout 

the landscape. A general point source pollution definition is a source that one could 

physically see and identify. A sewage treatment plant with a discharge pipe that pours 

chemicals into a water body can be easily identified as a point source, making it easy 

to categorize polluters. NSP is named a major contributor to urban water pollution. 

Nonpoint source pollutants in urban environments are found in storm-water 
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discharges.  This discharge contains sediment, nutrients, pesticides, disease organisms 

and debris (Jaber 2004). 

     Different landscapes: expected pollutants 

 Agricultural lands are associated with sediment, animal waste, diseases, plant 

nutrients, crop residues, inorganic salts and minerals and pesticides  (Basnyat et al. 

2000). Organisms associated with agricultural soils include E. coli, Salmonella and 

Caulobacter (Jamieson et al. 2002). Excess quantities of pesticides and nutrients can 

be unloaded during a storm-water event in agricultural areas.  

 Residential lawns are largely responsible for excess nutrients from fertilizers, 

pesticides, and domestic animal waste. Pet waste can host many diseases that are 

transmitted through untreated water. Plastic bags, six-pack rings and cigarette butts 

are also washed into storm-water when passing over impervious surfaces (Jaber 

2004). Such debris are pollutants because of habitat disruption and their propensity to 

choke or suffocate organisms.  

     Excess Nutrients 

 Phosphorus pollutants are from soil particle-associated (H2PO4
-
and HPO4

2-
) 

and dissolved phosphorus (Turner et al. 2007; Paul et al. 2008). Particle associated 

phosphorus is an inorganic form found attached to cation particles including iron, 

calcium and aluminum. Phosphorus is introduced into the ecosystem by 

malfunctioning septic systems, pesticides, detergents, phosphorus mining, and 

fertilizers applied to agricultural and residential lands (Figure 5) (Gerritse 1995, La 

Velle 1975, Bennet 1999). Runoff events in areas with soil erosion often deposit 
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phosphorus into the water bodies (Bennet 1999; DeBarry 2004). Phosphorus that was 

previously stored in the soil after being applied in the form of fertilizer will mobilize 

when disrupted by soil erosion (Bennet 1999).  

 

Figure 5- Sources of phosphorus and processes involved in the phosphorus cycle (US 

EPA 2012). 

 Increases in nitrogen are even higher than phosphorus within urban 

catchments (Paul et al. 2008).  Common sources of nitrogen are from leaking septic 

tanks and fertilizers applied to residential and agricultural lands (Gerritse et al. 1995; 

Wernick et al. 1998). Increases in nitrogen are deposited in the form of ammonium 

ion (NH4
+f

) and nitrate (NO3
-
) (Paul et al. 2008, Turner et al. 2007; Wernick et al. 

1998). Levels of pollution depend largely on the efficacy of wastewater treatment 

technology, degree of discharge, number of leaky sewer lines and amount of fertilizer 

used (Paul et al. 2008; Wernick et al. 1998; Bennet 1999).  

     Metal contaminants  

 Heavy metals are also present in polluted run-off. Lead, zinc, chromium, 

copper, manganese and nickel are the most commonly found metals in polluted run-
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off (DeBarry 2004). Sources of these metals include the following automobile parts: 

brake linings with nickel, chromium, lead and copper); tires with zinc, lead, 

chromium, copper and nickel; and engine parts with nickel, chromium, copper and 

manganese). These metals have been shown in higher concentrations within 

conveyances with high levels of organic matter (DeBarry 2004; Paul et al. 2008).  

 Heavy metals can be toxic to biological organisms. Biomagnification of heavy 

metals within organisms produces toxic levels of heavy metals for predator 

organisms. Biomagnification is the increase in concentration of a substance as 

organisms in higher trophic levels feed on metal contaminated species (Figure 6).  

 

Figure 6- This is a visual representation of biomagnifications. Algae represents the 

benthic organisms that are eaten by arthropods that are consumed by fish. The fish are 

preyed upon by predatory birds. Contaminants accumulate at each trophic level 
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producing detrimental effects in top predators, the great blue heron (Ardea 

herodias)(Seathos 2011).  

     Pesticide contamination 

 Urban sources of pesticides include lawns, mosquito control, golf courses, 

roadsides and pet pest-treatments (Hoffman et al. 2000). Thirty percent (30%) of the 

pesticides used in the United States are applied as non-agricultural treatments in 

urban areas (US EPA 2011). Davis (2005), Hoffman et al. (2000), Paul et al. (2008) 

studied different stream locations and found varying pesticide levels within each 

location. The main transportation of pesticides is facilitated through NPS runoff 

(Foster et al. 2000).   

Soil Erosion 

 Construction sites typically disrupt soil to build their project site preparations 

increase soil erosion and deposits sediment into runoff (Arnold & Gibbons 1996; 

Jaber 2004; Leopold 1968; Roesner 2001). Urban catchment sediment yields have 

been observed to be 10
2
-10

4 
times higher than in forested catchments (Paul et al. 

2008).  

 Suspended solids cause murky water and prevent sunlight from reaching 

aquatic plants, preventing growth (DeBarry 2004; Jaber 2004; Pimentel et al. 1995; 

Roesner 2001).  Excess sediment smothers beneficial aquatic plants and settles onto 

stream floors smothering aquatic life (DeBarry 2004).  
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Effects of Impervious Surface 

Changes in stream channel morphology 

 Increasing levels of impervious surfaces are associated with increased changes 

in stream channel morphology (Booth et al. 2002; Brabec et al. 2002; Arnold & 

Gibbons 1996). Changes in stream channel morphology involve any disturbance in 

the natural fluctuations of steam shape and flow rate (Jacobson 2011; Walsh et al. 

2005). During urbanization processes, native plants are removed from riparian buffer 

zones. Without roots to hold soil in place, soil erosion increases. Soil erosion 

increases the turbidity of the water, reducing the amount of light that can reach 

aquatic plants for photosynthesis. Aquatic plants provide habitat and food for many 

freshwater and marine species.  

 During development, natural stream channels are straightened and deepened. 

By diverting water, developers can use more space for construction on properties in 

areas with streams (Booth et al. 2002) . Some streams are made more hydraulically 

efficient by lining them with concrete (Booth et al. 2002). Human-made changes in 

natural stream morphology eliminate the natural deceleration of stream flow (Booth 

et al. 2002). Increased speed of water traveling through stream channels reduces the 

available time for water to evaporate or permeate into the soil, resulting in most of the 

water traveling to larger bodies of water as runoff (Hollis 1975).   

 Steady-state stream flow drops when groundwater levels are decreased by 

increased impervious surface (Jacobson 2011). Steady-state flow is a hydrodynamics 
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term describing a reliable continuous flow. Without steady-state stream flows, 

ecosystems lose the foundation to sustain themselves, leading to ecosystem collapse.  

Changes in water temperature  

 Water temperatures have been observed to increase with increased impervious 

surface (Paul et al. 2008). Warmer temperatures within streams can be caused by 

removal of riparian vegetation, the “heat-island effect” and decreases in groundwater 

recharge (Pickett et al. 2011). The “heat island effect” is a term used to describe the 

effect of having dense areas of urban development with large paved areas, buildings, 

and sparse green spaces. Paved areas and buildings are associated with urban heat 

islands that produce anthropogenic heat sources and re-radiate solar heat (Memon et 

al. 2008; Pickett et al. 2011). Rises or elevation in water temperature can also disturb 

normal fluctuations in stream processes such as leaf decomposition and invertebrate 

survival (Webster & Benfield 1986).  

Impervious surfaces: laboratory setting 

 Pappas et al. (2008) conducted an experiment to test the impacts of 

impervious surface in a laboratory setting. Two runoff scenarios were tested: a sloped 

cascade of soil with 50% impervious surface and a similar cascade with 0% 

impervious surface. The test chamber with 50% impervious surface generated 3-5 

times the sediment. The runoff rate in the area with no impervious surface was 

initially low but with continued rainfall, run-off rate increased (Pappas et al. 2008).  
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Biological effects of Impervious Surfaces 

Eutrophication 

 Eutrophication is the addition of excess nutrients in water bodies that can 

cause increased growth of algae and plants (Kirkpatrick et al. 2004; Larsson et al. 

1985). Phosphorus and nitrogen from natural or artificial sources contribute to 

eutrophication (Jaber 2004).  

Algal blooms are common responses to eutrophication in Florida’s marine and 

freshwater ecosystems (Wang et al. 1999). Typically, planktonic algal populations are 

limited by availability of nitrogen and phosphorus in the water. Algal population 

decomposition leads to a rapid drop in dissolved oxygen and changes in bottom 

substrate composition resulting in light intensity decreases and narrower light 

spectrum from turbidity (Järvenpää & Lindstrom 2004). Increased turbidity prevents 

sea grass growth, which is necessary for the survival of many juvenile fish 

populations and invertebrate species (Jackson 2001; Wang et al. 1999).  

 Many of the algae species associated with blooms are harmful and are capable 

of producing toxins. Some toxins are capable of killing aquatic and terrestrial 

organisms (Gunter 1948). Humans experience reduced lung function, asthma and 

respiratory symptoms when breathing aerosolized toxins during algal decay (Backer 

2009; Carmicheal et al. 2001). Along the coast of Florida, from Tarpon Springs to 

Key West, Karenia brevis (G. Hansen & O. Moestrup) is known to cause mortalities 

of marine life (Gunter 1948). Dolphins, sea turtles, manatee (Trichechus manatus) 
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and numerous fish species have were reported to have died following algal blooms in 

the Gulf of Mexico (Kirkpatrick et al. 2004; Landsberg 2002).   

Consumption of fish exposed to algal blooms poses risk to humans. Fatalities 

occur most frequently in Asia but have been recorded in Florida and Europe (Backer 

2009; Kirkpatrick et al. 2004).   

Measuring Impervious Surface Areas: techniques/mechanisms  

 Scientists measure impervious surface areas using different techniques. Total 

impervious surface is the term used for all identified areas of impervious surface. This 

is the most general form of measurement (Roy & Shuster 2009; Shuster et al. 2005).  

Other ways researchers categorize impervious surfaces include identifying 

impervious surfaces as effective or disconnected.  

 Effective impervious area includes the impervious surface that is connected to 

a drainage system by paths of water flow from a source area to a drainage system 

(Shuster et al. 2005). A street diverting water to a sewer drainage system is an 

example of a source to drainage system. Disconnected impervious surfaces are also 

known as ineffective impervious surfaces. They are the surface that re-routes runoff 

from an impervious surface to a pervious one (Roy & Shuster 2009; Shuster et al. 

2005). This occurs when rainwater runs off an impervious rooftop onto a pervious 

patch of lawn. 

 To compare disconnected impervious area (DCIA) and total impervious area 

(TIA) one must consider the accuracy and feasibility of the two methods. In 

questioning the quality of TIA versus DCIA, Roy & Shuster (2009) claim that 
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multiple studies have correlated increased DCIA with decreases in water quality, and 

algal, macroinvertebrate and fish assemblage success. DCIA considers the journey 

that runoff takes before reaching its depositing site, making it a better quality 

indicator of environmental degradation. Calculation of DCIA relies on the existence 

of TIA. Development of DCIA is desirable for accuracy but undesirable for time 

consumption during production because one must first create the TIA data before 

getting started on the DCIA (Roy & Shuster 2009). 

Geographic Information Systems 

 Geographic information systems (GIS) are systems of hardware, software and 

data, which aid in capturing, managing, analyzing and displaying geographic data.  

Cartography, statistical analysis, and database technologies are used to make 

inferences about geographical relationships. GIS have the power to show spatial 

relationships by comparing different data types. Uses of GIS range from finding the 

fastest statewide evacuation routes to determining species habitat preference through 

Global Positioning System (GPS) tracking.  

 GIS uses vector and raster data to coordinate latitude, longitude and elevation. 

Vectors are provided as polygons, lines and points (Figure 7). Raster data are 

matrices that represent coordinates that are linked to attribute tables, which provide 

information about the different geographic features being displayed (Figure 8).  
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Vector data 

 Polygon features are used to represent areas, including city boundaries, lakes, 

and property lines. Different colors can be assigned to designated categories of 

polygons to create gradients. Gradients help visually classify spatial differences.  

 Line data represents linear features. Examples include rivers, streets and 

nature trails (Figure 8). Different linear features can be distinguished using different 

colored lines, dashed lines and a variety of line thicknesses.  

Figure 7- Representation of vector data versus raster data. Raster data is displayed 

at the top as a grid and vector data is represented by polygons (Anonymous 2009) 
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 Point data represents discrete data points and nonadjacent features. Such data 

points include cities and points of interest i.e.; hospitals and schools. (Figure 8). 

Different shapes and colors can be assigned to point data.  

 

Figure 8- Example showing different vector data types. Waianae high school is 

represented as a point; different streets are represented as lines and the parks are 

represented as green polygons (Anon, n.d.).  

 

Raster data 

 Raster data, also known as grid data, represents surfaces. Rasters display data 

in cells on grids. Each cell is assigned a feature value (A-E) which represents the 

majority of the cell (Figure 9).  If one cell had three different values, such as forest 

habitat, water and development, but the forest habitat accounted for 60% of the cell, 

then the cell would display 100% forest.  
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Attribute Tables 

 Attribute tables are table containing detailed aspects of features (Figure 10). If 

GIS was being used to obtain data on species habitat using a GPS device, each 

organism being tracked could have data on its sex, age and species name. The land 

attribute table can show the vegetation type and elevation. This example could 

provide details on sex preference for different elevations or species vegetation 

preference.  

  

Figure 9- Raster data takes polygon data (shown left) and converts it to a grid 

representation based on the contents of the cell and assigns the majority value to that cell 

(right) (Automation 2009).   
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Figure 10- This attribute table shows the different features which are represented on 

the map. For example, the road feature is shown as the green line on the map (ESRI 

2012).  

 

Mitigation Practices 

 After an impervious surface has been identified, it is essential to have a 

method to reduce its effects in areas with higher impervious surface concentrations. 

Different techniques have been developed to combat problems that urbanization has 

created for our environment (Davis 2007, Dietz 2007, US EPA 2007, Roy et al. 

2010a).  

Best Management Practices 

 To reduce or reverse damages incurred by urban runoff, mitigation practices 

have been developed. Best management practices (BMPs) were created to avoid 

future environmental damage. BMPs branch into two different types: structural 

practices and nonstructural practices. Structural practices consist of infiltration, 

filtration, detention and retention systems, and wetlands (Roesner et al. 2001; Roy et 
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al. 2010a). Retention systems are artificial lakes used to manage stormwater. 

Detention systems are different from retention systems because they are used for 

stormwater management but drain after the rain events. The advantages to a structural 

BMP include simplicity of design, ease of construction, peak flow reduction, and 

improved water quality (Roy et al. 2010a)[186 Roy].  

 Nonstructural BMPs are more maintenance based, including street sweeping, 

outreach programs, and land-use planning (Roy et al. 2010a) [186 Roy]. Outreach 

programs encourage the public to prevent water quality problems by reducing 

pesticide and fertilizer use. Land-use planning is preparing new developments in a 

way that reduces runoff. A method of land-use planning includes building homes 

closer together and providing a conservation space which is undisturbed and 

therefore, pervious.  

Low Impact Development (LID) 

Low Impact Development (LID) uses natural systems that are capable of 

effectively infiltrating storm water, reducing negative effects of runoff (Dietz 2007). 

Evapotranspiration, reuse of rainwater, and infiltration are incorporated in LIDs to 

improve water quality (Dietz 2007). This technology reduces costs by decreasing the 

need for infrastructure by decreasing total runoff volumes (Guo & Cheng 2008).  

 LID is a BMP that is modeled after nature (Dietz 2007; US EPA 2007). Pre-

development LIDs can be incorporated to maintain or attempt to duplicate the site’s 

original hydrology (Guo & Cheng 2008). If LID is being applied post development, 
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LID is a retrofitted design to reduce runoff volumes, pollutant loading, and overall 

effects of development on bodies of water (US EPA 2007).   

 The EPA categorizes LID practices into six practices: conservation design, 

infiltration, runoff storage, runoff conveyance, filtration and low impact landscaping 

(US EPA 2007).  

Conservation designs 

 Conservation design is a land use technique that aims to leave the most land 

intact during development (Saunders et al. 2002). Conservation designs reduce the 

amount of impervious surface area and decrease runoff (US EPA 2007). Examples 

include cluster development, open space preservation, reduced pavement widths and 

shared driveways (US EPA 2007). Cluster development is used to develop 

conservation oriented residential neighborhoods. Homes are built closer to each other 

providing residents with recreational benefit from the shared natural areas (US EPA 

2007). Runoff is decreased because the amount of impervious surface is decreased 

and more pervious land goes undisturbed. This practice has the additional benefit of 

providing limited fragmentation within a habitat (Miller & Hobbs 2002; Saunders et 

al. 2002).  

 Infiltration and Filtration Practices 

 Infiltration practices are engineered landscapes designed to capture and 

infiltrate runoff (US EPA 2007). This practice reduces runoff volumes and the need 

for the infrastructure to convey, treat or control runoff. Ground water recharge 

increases with the implementation of infiltration practices  (Simpson & Weammert 
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2009; US EPA 2007). Examples include bioretention/rain gardens, permeable 

pavement, vegetated swales, and vegetated filter strips  (Simpson & Weammert 2009; 

US EPA 2007).    

 Filtration practices have similar benefits as infiltration practices. A filtration 

practice filters runoff through media that will capture pollutants  (Simpson & 

Weammert 2009; US EPA 2007). Pollutants are collected either through the physical 

filtration of solids and/or cation exchange of dissolved pollutants. Examples of 

filtration practices include bioretention/rain gardens, permeable pavement and 

vegetated filter stripes/buffers (Simpson & Weammert 2009; US EPA 2007).  There 

is some overlap between BMPs that perform infiltration and filtration.  

Bioretention system 

 A bioretention system, or bioswale, is a manmade ditch area designed to 

improve water quality before it reaches a body of water. Bioswales are designed to 

collect rainwater runoff that would ordinarily just go to a storm drain, or water body, 

and remove some of the pollutants from the runoff as the water percolates through the 

soil. Whereas typically water will just runoff a pervious surface that has become fully 

saturated with water, a bioswale provides a space that collects the water while the 

saturated soil drains. Bioretention systems are capable of removing nutrients, 

sediments, and other variables effecting water quality (Suns & Davis 2007). 

 Bioretention systems require digging up the soil in a designated space and 

filling the hole with a highly permeable soil and organic matter designed for optimal 

infiltration (Figure 11) (Hsieh & Davis 2005). The selected soils should support high 



 25 

vegetative growth so that areas can be covered with native plants (Deitz 2007; Hsieh 

& Davis 2005; Roy et al. 2010a). Plants resistant to environmental stresses are 

selected to extend the length of efficacy of a bioretention system.  

 

 

 

  

Figure 11- The different components of a bioretention system (Roy-Poirier et al. 

2010a). 

 

to minimize the need for frequent site management (Davis 2006; Roy et al. 2010a). 

Bioretention area should then be covered with mulch to prevent erosion and to catch 

solids. Bioretention systems should have inlet structures where routed runoff can 
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collect[186 Roy]. Systems should have outflow structures that divert excess runoff to 

prevent flooding (Figure 11) (Roy et al. 2010a) [186 Roy].  

 Bioretention systems can remedy many of the negative effects caused by 

storm-water runoff from impervious surfaces. Hydrologic impacts, nitrogen and 

phosphorus increases, heavy metals, total suspended solids (TSS), organic matter, 

pathogens, water temperature changes, pH changes and dissolved oxygen decreases 

are improved with bioretention systems (Davis 2007;Dietz 2007).  

 Bioretention systems have shown significant decreases in storm water runoff 

volumes. Some studies have shown varied levels of bioretention effectiveness during 

different seasons based upon the level of evapotranspiration (Davis 2007; Dietz 2007; 

Hsieh & Davis 2005; Roy et al. 2010). When evapotranspiration is low, bioretention 

systems can become completely saturated, diverting all excess water back into the 

storm-water management system (Davis 2007; Dietz 2007; Hsieh & Davis 2005; Roy 

et al. 2010).    

 Sun & Davis (2007) tested bioretention systems under laboratory conditions 

and showed a high removal of most Zn, Cu, Pb, and Cd. The retention of Zn, Cu, Pb 

and Cd by the plants were approximately 94%, 88%, 95% and >95% respectively. A 

major concern with the use of bioretention to store heavy metals is their inability to 

retain them. Another concern is the ingestion of these plants, containing a great deal 

of heavy metals, by wildlife. More studies are needed to evaluate this system (Sun & 

Davis 2007).  
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  Total suspended solids (TSS) measures the amount of organic and particulate 

matter and heavy metals are actually in water. Bioretention systems consistently 

remove high TSS levels from the water (Davis 2007, Hsieh & Davis 2005, Roesner et 

al. 2009). They can remove up to 54% of TSS (Davis 2007). Effective life of the 

system is shortened by concentrated filtrate. As more TSS are filtered, the less 

effective the hydraulic benefits are because the pervious fill media becomes clogged 

(Roesner et al. 2009).  

 Bioretention systems were capable of buffering water with a pH range of 6.0-

8.0 in a laboratory setting. More studies are necessary to understand the efficacy of 

rain gardens in buffering water (Roesner et al. 2009).  

 Bioretention systems effectively remove harmful agents from runoff, are 

aesthetically pleasing, inexpensive and require little maintenance. They can be used 

to improve real-estate property values by adding a pleasant look (US EPA 2007).  

Runoff storage practices 

 Runoff storage practices are best in areas with a large impervious surface 

percentage, such as a parking lot. Runoff is collected and stored. Stored water is 

reused, infiltrated, or evaporated. Reused water can be applied as irrigation for 

islands, tree boxes or rain gardens (US EPA 2007, Zhen et al. 2006). Rain barrels and 

cisterns can be used to collect water for reuse (Zhen et al. 2006). New College of 

Florida’s Academic Center, a recently constructed building, collects storm-water 

from its courtyard and stores it in a cistern. This water is used for flushing toilets 

within the building.  
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 Green roofs are another excellent example of a runoff storage strategy (US 

EPA 2007). Green roofs are vegetation established on the top of a building which acts 

as a water storage system.  Succulent plants are rooted in several centimeters of soil, 

sand and absorbent medium (Davis 2005). VanWoert et al. (2005) showed a mean 

average of 63% retention of precipitation with different media and green roof slopes. 

Limited studies have reported water quality changes in green roof runoff. Green roofs 

are widely accepted as aesthetically pleasing and efficient water storage system 

(Dietz 2007; Roy et al. 2010a; VanWoert et al. 2005).  

Runoff conveyance practices  

 Run-off conveyances are used where infiltration and storage practices are not 

enough to control the runoff from large storm events (US EPA 2007; Zhen et al. 

2006). Following a low impact design, runoff conveyances will ideally slow water 

flow velocity, lengthen the runoff time, and delay peak flows from storm events (US 

EPA 2007). One example of runoff conveyance practice is eliminating curbs and 

gutters. Curbs and gutters can trap pollutants until the next rain event. It is better to 

have a sloped incline that promotes infiltration (Figure 12) (US EPA 2006).  Runoff 

conveyance practices encourage infiltration, filtration, evaporation, solid settling and 

pollutant reduction.  

  



 29 

 

Figure 12- A road free of curbs and gutters. This sloped incline will promote 

infiltration instead of runoff during a rain event (US EPA 2006). 

  

 Low impact landscaping 

 Low impact landscaping involves designing a landscape with specific plants 

that will improve infiltration and the aesthetic quality of the area. Examples of this 

practice include planting native plants that are resistant to environmental stress, 

converting turf areas to shrubs and trees, reforestation and planting wildflower 

meadows.   

 The University of Florida has a program that researches and promotes 

“Florida friendly yards.” Water use is reduced when native plants are planted in place 

of grass landscaping. Florida friendly yards also reduce nitrogen, phosphorus and 

pesticides in runoff (Garner et al. 1996) 

Chapter 2 Methodology 
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Experimental Aims 

 The aim of this study was to use 2008 Sarasota County data to determine if  

increases in impervious surfaces decrease water quality. I hypothesize that increased 

impervious surface percentage will lead to increased levels of biological oxygen 

demand (BOD), chlorophyll, turbidity, ammonia, total Kjedahl nitrogen (TKN), total 

nitrogen (TN), nitrogen oxides (NOx) in the form of NO2 and NO3, orthophosphate, 

total phosphorus (TP) and total suspended solids (TSS) and a decreased level of color. 

I also examine the effectiveness of two different methods of calculating percentages 

for the water quality test sites used.  

Test Variables 

 Water quality values were obtained from the Sarasota County government. 

The county government tests 33 different test sites scattered around the county. 

Variables tested include: BOD, chlorophyll, turbidity, color, ammonia, TKN, TN, 

NOx (in the form of NO2 and NO3), orthophosphate, TP and TSS.  

 The reasoning for selecting these locations to test water quality include 

logistical reasons and economic reasons. Water collection must be easy to access by 

car and have legal or cheap access points (spoken record from Jon Perry of Sarasota 

County Government 2012). These sites are also ideal because of their locations being 

at major confluences within the different basins of Sarasota (spoken record Jon Perry 

2012). A confluence is a place where two bodies of water meet.  

 Biological oxygen demand measures the amount of oxygen used by aerobic 

organisms in the metabolism of biodegradable organics under aerobic conditions at 



 31 

20 °C during a five-day test period (DeBarry 2004). BOD represents the amount of 

dissolved oxygen needed by aerobic biological organisms in a water body. Low BOD 

indicates that there has been an increase in microbial populations in response to large 

levels of organic material. Sarasota County uses the American Public Health 

Association’s 5210B standard methods (American Public Health Assocation et al. 

2005).  

 Turbidity is the measure of light scattered and absorbed by particles in a 

sample. Clear water allows light to travel freely. Water containing particulate matter 

will have higher rates of scattered and absorbed light. Sources of turbidity include 

water discharge, runoff, algae, humic acids and iron. Higher turbidity leads to 

decreased plant growth because aquatic plants need light to grow (US EPA 1999). 

Sarasota County uses the EPA’s 180.1 method for testing turbidity.  

 Color in water comes from organic matter. Organic matter has hummic and 

fulvic acids which creates a yellow-brown color. Clays, algae, and managanese 

oxides also give water an appearance of color (American Public Health Assocation et 

al. 2005). Sarasota County measures “apparent color.” Apparent color measures the 

color caused by substances in the solution and due to suspended matter. High levels 

of color indicate high turbidity. More color can prevent the light from reaching 

aquatic plant life. This limits the growth of plants and the success of the ecosystem. 

Sarasota County uses the American Public Health Association’s standard method 

2120 B to measure apparent color (American Public Health Association et al. 2005).  
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 When dissolved solids are tested, solids pass through a filter when water is 

evaporated. Total suspended solids (TSS) include solids remaining on the filter after 

all water has been evaporated from the testing vessel. Total suspended solids are 

indicators of the amount of sediment within the water column. Increased total 

suspended solids are associated with increased turbidity. Sarasota County uses the 

American Public Health Association’s standard method 2540 B to measure TSS 

(American Public Health Association et al. 2005).   

 Ammonia  (NH3) is a precursor to most nitrogen-containing compounds. 

Decomposed organisms and fertilizers are the main sources of ammonia (Randall & 

Tsui 2002). Aquatic organisms suffer from convulsion, coma and death when 

exposed to high levels of ammonia (Randall & Tsui 2002). Large numbers of fish will 

die when high ammonium levels interact with increased pH, increased temperature 

and/or decreased dissolved oxygen (Camargo & Alonso 2006).  

 Total Kjeldahl nitrogen (TKN) is the sum of ammonia (NH3), ammonium 

(NH4
+
) and organic nitrogen. Total nitrogen (TN) is TKN plus nitrate and nitrite (US 

EPA n. d.). Sarasota County tests nitrogen oxides (NOx) including nitrite (NO2
-
) and 

nitrate (NO3
-
). When testing NOx all of the nitrite is converted to nitrate and the total 

nitrate is reported. Testing TKN and TN helps show nitrogen levels (US EPA n.d.; 

DeBarry 2004). Knowing these levels helps track eutrophication. Sarasota County 

uses the EPA’s 351.2 method for testing TKN and the EPA’s 353.2 method for 

testing NOx.  
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 Total phosphorus is a measure of the different forms of phosphorus in a 

sample, including orthophosphate, condensed phosphate and organic phosphate.  

Orthophosphate is the term used to describe a single phosphate molecule. Water 

samples being tested for orthophosphate are not filtered and include both the 

dissolved and suspended orthophosphate (US EPA 2012). Testing these forms of 

phosphorus are helpful in indicating eutrophication. Sarasota County uses EPA 365.3 

for total phosphorus and orthophosphate.  

Methodology 

  Impervious surfaces were calculated for all of Sarasota County, Florida. 

Three types of impervious surfaces were digitized within the 464,000-acre county: 

pavement, parking lots and rooftops (Table 1)(Figures 13 and 14). Pavement included 

roads, but not including driveways. The pavement layer was digitized by taking a 

previously developed roads layer and checking the shape and location all of these 

roads in Sarasota County (11,042.30 acres total).   Parking lots were created by 

selecting all of the commercially zoned property areas from Sarasota County’s 

property zones layer. The parking lots were confirmed and redrawn based on their 

correspondence with satellite images (5010.82 acres total). The rooftop layer was 

developed by a group contracted by Sarasota County to map all the rooftops (2.51 

acres).   
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Table 1- Different layers and their sources, the year they represent, their description 

and how they were developed 

Layer Name Source Year Description How  

Satellite 

Images  

Sarasota County 

Government 

http://gis.scgov.ne

t/data_download_

page.asp 

2008 Satellite images 

showing aerial 

views  of Sarasota 

County 

Taken from satellites  

Water 

Bodies  

Sarasota County 

Government 

http://gis.scgov.ne

t/data_download_

page.asp 

1998- 

2012 

Polygon feature 

displaying the 

water bodies of 

Sarasota. Includes 

rivers, streams, 

tributaries, etc. 

Digitized from aerial photos 

Pavement Digitized 2008 Feature 

containing all 

roads in Sarasota 

County 

2007 lidar feature class road 

breaklines and county 

boundary used to created 

polygon. Went back to verify 

and redraw the pavement 

polygons   

Parking lot Digitized  2008 Commercial 

parking lots of 

Sarasota County 

Query done to select the 

commercially zoned property 

areas. All of the parking lots 

were then verified and 

redrawn by hand. 

Rooftops Digitized 2008 Areas of all 

rooftops in 

Sarasota County 

Contracted group to develop 

feature class 

Links Sarasota County 

Government 

n/a Links showing 

water flow to and 

from nodes 

Taken from ICPR storm water 

models 
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Figure 13- Impervious surfaces in Sarasota County. 
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Figure 14- Impervious surfaces in north Sarasota County. 
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 Links of waterflow were taken from the Interconnected Channel and Pond 

Routing Model (ICPR) stormwater modeling system. ICPR storm water models help 

solve flooding problems by showing the network of interconnected storm water 

ponds. The components of ICPR models include basins, nodes and links. Nodes 

represent ponds, channels, streams, rivers and junctions in pipe systems. Links 

represent pipes, channel segments, weirs and bridges.  

 Using two different methods water quality test site areas were developed. The 

first technique aimed to represent the possible stormwater runoff routes prior to the 

water quality test site by selecting sub-basins connected by upstream water bodies 

and links of water flow (Table 2 and Figure 15). These links show water flow from 

and to nodes. These selections were made into their own layers using the “Create 

Selection as New Layer” tool in GIS. A new field was created in each new layer for 

the area (acres). Using the field calculator, the area in acres was calculated in each 

new field. The thirty-three layers were merged into one layer, using the “merge” tool. 

The dissolve tool was used to break the areas divided by sub-basins into one solid 

area for each test site.  

 The second method developed for assigning the water quality test site area 

aimed to have a more uniform size and shape. These test sites were used to reduce the 

possible error in having different size test areas as in the “upstream” test sites. In 

order to create the uniform water quality test site area, the “buffer” tool was used to 

create a circle surrounding each test site. These circles were developed to have one-
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mile radius. A new field was added in the attribute table and the areas were calculated 

using the “calculate geometry” tool.    

Table 2- Locations of water quality test site by longitude and latitude. 

Site ID Longitude Latitude 

ALL -82.41292 27.05762 

ALL-2 -82.3952 27.05837 

CAT -82.48627 27.22548 

CAT-2 -82.49117 27.22123 

CAT-3 -82.48067 27.25894 

CC-2 -82.43382 27.11771 

CC-3 -82.40949 27.11145 

CLO -82.49742 27.23182 

CLO-2 -82.5031 27.2298 

CPS-1 -82.4259 27.1495 

CPS-2 -82.42538 27.14613 

CPS-3 -82.3963 27.2346 

ELL -82.50581 27.24398 

FOR-2 -82.3825 27.0048 

FOR-3 -82.39053 27.00498 

GOT-2 -82.3444 26.97218 

GOT-3 -82.3549 26.984 

HAT-1 -82.42496 27.09993 

HAT-2 -82.44131 27.10604 

HUD-1 -82.5357 27.33132 

HUD-2 -82.5261 27.32632 

HUD-3 -82.52647 27.32203 

MAT-1 -82.51363 27.25235 

MAT-2 -82.51412 27.25228 

NOR -82.4902 27.20983 

RBW-F -82.49905 27.32635 

RBW-H -82.48076 27.32255 

RBW-O -82.5302 27.27386 

SOU-2 -82.46211 27.19465 

WH-2 -82.5443 27.36941 
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Figure 15 - Different water quality areas used to approximate impervious surface percentage 
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 The completed water quality test site area and the impervious surfaces area 

were combined in a union. This produces a layer composed of the different 

impervious surface polygons cut in the shape of the test site areas (Figure 15). A new 

field was created and the area of these new test site polygons was calculated. The 

areas of the total water quality test site and the impervious surfaces within the test 

sites were exported into an Excel file. Percentage of impervious area was determined 

by dividing the area of impervious surface within each test site by the total area of 

each test site.    

 A correlation-regression analysis was performed in SAS. The correlations 

were between the impervious surface percentage and the water quality variable values 

for each test site in 2008.    
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Chapter 3- Results 

Water Quality Areas developed upstream within test site sub-basins 

 Impervious surface percentages were determined for the 33 water 

quality test areas by dividing the total impervious areas and the water quality 

areas (Table 3). The lowest percentage of impervious surface area was 0% in 

test site CPS-3 and the highest was 18% in test site WOD-2 (Table 4) (Figure 

16). The average percentage within the test sites was 7.8%. Different 

impervious surface percentages are represented for each test site area in 

Figure 16.  
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Table 3- Areas of total impervious area and water quality test area 

Sample ID Total Impervious Area (acres) Water Quality Test Area (acres)  

ALL 9,946,979 74,521,355 

ALL-2 9,515,631 122,708,901 

CAT 4,858,769 97,930,372 

CAT-2 553,013 5,578,675 

CAT-3 99,562 2,812,440 

CC-2 12,761,963 353,248,929 

CC-3 398,841 3,291,393 

CLO-2 726,246 18,567,772 

CPS-1 2,535,054 73,695,630 

CPS-2 3,370,219 536,728,981 

CPS-3 3,997,094 825,694,002 

ELL 2,756,263 17,734,458 

FOR-2 1,843,790 67,870,213 

FOR-3 528,325 14,876,269 

GOT-2 1,174,138 179,081,334 

GOT-3 2,826,339 60,030,564 

HAT-1 12,440,979 101,612,998 

HAT-2 2,331,401 20,152,872 

HUD-1 7,398,183 61,932,953 

HUD-2 1,953,933 15,699,209 

HUD-3 2,842,770 17,091,134 

MAT-1 5,623,890 63,503,742 

MAT-2 3,987,384 29,925,522 

NOR 3,669,907 55,108,360 

RB-O_PH-B 122,569,978 2,909,762,553 

SOU-2 6,822,607 322,307,016 

WH-2 2,472,859 33,036,633 

WH-4 10,111,198 252,755,831 

WOD 3,469,494 31,645,779 

WOD-2 1,670,663 9,243,123 

  



 

 43 

Table 4- Percentage of impervious surface within each upstream water quality test 

site areas. The lowest percentage of impervious surface area was 0% in test site CPS-

3 and the highest was 18% in test site WOD-2.  

Sample ID Percent of Impervious Area 

ALL 13% 

ALL-2 8% 

CAT 5% 

CAT-2 10% 

CAT-3 4% 

CC-2 4% 

CC-3 12% 

CLO-2 4% 

CPS-1 3% 

CPS-2 1% 

CPS-3 0% 

ELL 16% 

FOR-2 3% 

FOR-3 4% 

GOT-2 1% 

GOT-3 5% 

HAT-1 12% 

HAT-2 12% 

HUD-1 12% 

HUD-2 12% 

HUD-3 17% 

MAT-1 9% 

MAT-2 13% 

NOR 7% 

RB-O_PH-B 4% 

SOU-2 2% 

WH-2 7% 

WH-4 4% 

WOD 11% 

WOD-2 18% 
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Figure 16- Impervious Surface percentages within water quality test sites. Yellow has the least percentage 

impervious and red has the highest percentage impervious. 
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The Pearson r correlation coefficients for the 2008 and 2011 water quality 

variables compared with the impervious surfaces percentages are found in Tables 5 

and 6. In 2008 the NOx and color values showed significant correlation with 

impervious surface percentages (NOx: r-value = 0.4344, probability of H0=0.0185; 

color: r-value = -0.41726, probability of H0=0.0243) (Figures 17 and 18). In 2011 

there were no significant correlations found between the water quality variables and 

the impervious surface percentages. 

Table 5- Pearson r correlation coefficient values for variables of water quality and 

impervious area percentage in 2008 within upstream water quality area sites. Asterisk 

indicates significant r-value.  

Variable (2008) r-Value Probability of H0 

Biological Oxygen Demand 0.15561 0.4202 

Color* -0.41726 0.0243 

NH4 -0.19425 0.3126 

NOx* 0.43437 0.0185 

Orthophosphate 0.13494 0.4852 

Total Kjeldahl Nitrogen -0.06394 0.7418 

Total Nitrogen 0.00370 0.9848 

Total Phosphorus 0.13614 0.4813 

Total Suspended Solids 0.12011 0.5348 

Turbidity 0.19835 0.3023 

 

Table 6- Pearson r correlation coefficient values for variables of water quality and 

impervious area percentage in 2011 within upstream water quality test sites. 

Variable (2011) r-Value Probability of H0 

Biological Oxygen Demand 0.07375 0.7038 

Color -0.29720 0.1174 

NH4 -0.13196 0.4950 

NOx 0.24435 0.2014 

Orthophosphate 0.07160 0.7121 

Total Kjeldahl Nitrogen -0.13917 0.4715 

Total Nitrogen -0.00118 0.9951 

Total Phosphorus 0.08321 0.6678 

Total Suspended Solids -0.08547 0.6593 

Turbidity -0.09253 0.6331 
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Figure 17- Pearson r correlation between 2008 color and percent of impervious surface in the upstream site area (r-value = -0.41726, 

probability of H0=0.0243) 
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Figure 18- Pearson r correlation between 2008 NOx and percent of impervious surface in the upstream site area (r-value = -0.43437, 

probability of H0=0.0185). 
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Analysis between impervious surface percentage and water quality variables 

 Regression analysis was used to test the potential relationship between 

impervious surface percentage and the different water quality variables (Tables 4 & 

5). In 2008 two variables had linear relationships in the regression analysis. Color 

(Pearson’s r = -0.41726; probability of H0= 0.0243) and NOx (Pearson’s r = 0.43437 

probability of H0= 0.0185) had linear relationships. These results indicate a 

correlative relationship between impervious surface percentage and color or NOx. 

Biological oxygen demand, NH4, orthophosphate, total Kjeldahl nitrogen, total 

nitrogen, total phosphorus, total suspended solids and turbidity had non-linear 

relationships. In 2011 no correlation relationships were found when a regression 

analysis was performed. All relationships were non-linear.  

Water Quality Areas with one-mile radius circles around test sites 

 Impervious surface percentages were determined for the 33 water quality test 

areas by dividing the total impervious areas and the water quality areas (Table 7). The 

lowest percentage of impervious surface area was 0% in test site CPS-3 and the 

highest was 42% in test site HUD-2 (Table 7) (Figure 19). The average percentage 

within the test sites was 23.3%. Different impervious surface percentages are 

represented for each test site area in Figure 19. 

  

 

 



 

 49 

Table 7- Percentage of impervious surface within each one-mile radius circle water 

quality test site areas. 

 

Sample ID Percent 

ALL 27% 

ALL-2 25% 

CAT 27% 

CAT-2 23% 

CAT-3 25% 

CC-2 23% 

CC-3 20% 

CLO 24% 

CLO-2 21% 

CPS-1 8% 

CPS-2 9% 

CPS-3 0% 

ELL 25% 

FOR-2 15% 

FOR-3 12% 

GOT-2 14% 

GOT-3 10% 

HAT-1 33% 

HAT-2 34% 

HUD-1 41% 

HUD-2 42% 

HUD-3 37% 

MAT-1 32% 

MAT-2 32% 

NOR 14% 

RBW-F 29% 

RBW-H 22% 

RBW-O 26% 

SOU-2 5% 

WH-2 34% 

WH-3 34% 

WH-4 35% 

WOD 17% 

WOD-2 15% 
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Figure 19- Impervious Surface percentages within water quality test site areas with a 1-mile radius from the test site. Yellow has the 

least percentage impervious and red has the highest percentage impervious.
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The Pearson r correlation coefficients for the 2008 and 2011 water quality 

variables compared with the impervious surfaces percentages are found in Tables 8 

and 9. In 2008 the BOD, color, TKN, and TN values showed significant correlation 

with impervious surface percentages (BOD: r-value = -0. 41636, probability of H0=0. 

0159; color: r-value = -0. 66431, probability of H0 <0.001; TKN: r-value = -0.51409, 

probability of H0= 0.0022; TN: r-value = -0.47108, probability of H0= 0.0057) (Table 

8) (Figures 20-23). These results indicate that BOD, color, TKN and TN had negative 

linear relationships with impervious surface percentage in 2008. Non-linear 

relationships were observed between impervious surface percentage and NH4, NOx, 

orthophosphate, TP, TSS, and turbidity.   

In 2011 color, TKN and TN showed significant correlations with impervious 

surface percentages (color: r-value = -0.60141, probability of H0 =0.002; TKN: r-

value = -0.57412, probability of H0= 0.0004; TN: r-value = -0.53196, probability of 

H0= 0.0012) (Table 9) (Figures 24-26). This indicating that color, TKN, and TN had a 

negative linear relationship with impervious surface percentage in 2011. Non- linear 

relationships were observed between impervious surface and BOD, NH4, NOx, 

orthophosphate, TP, TSS, and turbidity.   
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Table 8 - Pearson r correlation coefficient values for variables of water quality and 

impervious area percentage within a one-mile radius of the test site in 2008. Asterisk 

indicates significant r-value.  

Variable (2008) r-Value Probability of H0 

Biological Oxygen Demand* -0.41636 0.0159 

Color* -0.66431 <0.001 

NH4 -0.27560 0.1206 

NOx 0.32045 0.0690 

Orthophosphate -0.17015 0.3438 

Total Kjeldahl Nitrogen* -0.51409 0.0022 

Total Nitrogen* -0.47108 0.0057 

Total Phosphorus -0.15014 0.4043 

Total Suspended Solids -0.17385 0.3333 

Turbidity 0.11061  0.5400 
 

Table 9- Pearson r correlation coefficient values for variables of water quality and 

impervious area percentage within a one-mile radius of the test site in 2011. 

Variable (2011) r-Value Probability of H0 

Biological Oxygen Demand -0.20611 0.2422 

Color*  -0.60141 0.0002 

NH4 -0.22503 0.2007 

NOx 0.24316 0.1658 

Orthophosphate -0.17327 0.3271 

Total Kjeldahl Nitrogen* -0.57412 0.0004 

Total Nitrogen* -0.53196 0.0012 

Total Phosphorus -0.10766 0.5445 

Total Suspended Solids -0.32714 0.0590 

Turbidity -0.14960 0.3984 
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2008 

 

Figure 20- Pearson r correlation between 2008 BOD and percent of impervious surface in the one-mile test site area ( r-value = -0. 

41636, probability of H0=0.0159) 
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Figure 21- Pearson r correlation between 2008 TKN and percent of impervious surface in the one-mile test site area (r-value = -

0.51409, probability of H0= 0.0022) 
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Figure 22- Pearson r correlation between 2008 color and percent of impervious surface in the one-mile test site area (r-value =  

-0.66431, probability of H0 <0.001).  
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Figure 23- Pearson r correlation between 2008 TN and percent of impervious surface in the one-mile test site area (r-value = -0.47108, 

probability of H0= 0.0057) 

P
e
rc

e
n
t

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

TN_MGL

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8



 

 57 

2011 

 

Figure 24- Pearson r correlation between 2011 color and percent of impervious surface in the one-mile test site area (r-value = -

0.60141, probability of H0 =0.002).  
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Figure 25- Pearson r correlation between 2011 TN and percent of impervious surface in the one-mile test site area (r-value = -0.53196, 

probability of H0= 0.0012).  
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Figure 26- Pearson r correlation between 2011 TKN and percent of impervious surface in the one-mile test site area (r-value = -

0.57412, probability of H0= 0.0004).  

P
E

R
C

E
N

T

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

TKN_MGL

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8



 

 60 

Chapter 4- Discussion 

Impervious Surfaces as an Indicator of Increased Nutrients 

 This study showed that there was no positive correlative relationship between 

nutrient loads and increased impervious surfaces. Most eutrophication indicators 

(NH4, TKN, TN, TP, and OP) did not show positive statistical relationships as 

hypothesized. In 2008, upstream water quality tests showed positive relationships 

between NOx and impervious surface percentages.  

 Relationships between NOx and impervious surface percentages were 

unexpected, considering that many experts have shown increased runoff with 

increased impervious surfaces(Arnold & Gibbons 2007; DeBarry 2004; Lee et. al 

2012; Paul et al. 2008; Shuster et al. 2005; Walsh et. al 2005). Lee et. al (2012) did 

not find a positive correlation between impervious surface percentages and NO3
-
, 

while NO2
-
 did have a strongly significant positive correlation with impervious 

surface percentages. A comparison of results between the Lee et. al (2012) study and 

this study was difficult because the Lee et al (2012) study separated the NO2
 
and NO3 

while this study combined them. In addition, Nagy et. al (2012) observed higher 

concentrations of NO3
-
 in areas with higher impervious surface percentages.  

 Furthermore, in previous studies, indicators of eutrophication have increased 

with increased impervious surface percentages (Arnold & Gibbons 2007; DeBarry 

2004; Lee et. al 2012; Paul et al. 2008; Shuster et al. 2005; Walsh et. al 2005). 

Runoff increases the amount of nutrients in the water because it picks up phosphorus 

and nitrogen from  residential lawns and agricultural lands (Gerritse 1995, La Velle 
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1975, Wernick et al 1998, Bennet 1999). Increases in TN and TP have been observed 

with increased levels of impervious surfaces in previous studies (Griffin et. al 1980, 

May et al. 1997). May et al (1997) observed TP having a positive linear relationship 

with impervious surface percentage. Lee et. al (2012) observed a positive TP, TN, 

NH3 and PO4
3-

 to have significant positive correlations with impervious surface 

percentage. Nagy et. al (2012) observed a higher positive correlation between 

impervious surface percentages and TP but a negative correlation with total dissolved 

nitrogen (TDN).  

 In this study, the significant positive correlation between NOx and impervious 

surface percentages in the upstream test site area (2008) could indicate increased 

pollutants from fertilizers containing potassium nitrate and ammonium nitrate (US 

EPA n.d.). Yet in this study, results were inconclusive due to the insignificant 

correlation between NOx and impervious surface percentage in the one-mile test sites 

(2008 and 2011) and the upstream test site area (2011). 
 

 Forested wetlands in tropical and subtropical climates are defined as 

functional nitrogen and phosphorus sinks (Elder 1985). Increased impervious surfaces 

are located in lands with more urbanized areas and reduced forested wetlands. Thus, 

results were expected to have higher eutrophication indicator levels correlated with 

higher impervious surface percentages. 

 The largest source of nutrient loads in Sarasota Bay is stormwater runoff 

(Tomasko et. al 2005). No correlation existed between the eutrophication indicators 

and percent of impervious surface because of a reduction in nutrient loads. From 1988 
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to 2010 nitrogen loads decreased 64% (Sarasota Bay Estuary Program 2010) because 

a fertilizer ordinance was implemented on February 8
th

, 2008, setting maximum 

nitrogen and phosphorus levels and banning fertilizer application during the wet-

season, June 1- September 30 (Whittle 2007).  Fewer nutrients from fertilizers 

reduces levels of nutrients in stormwater runoff, so effects of impervious surfaces are 

harder to detect.  

Impervious Surfaces as an Indicator of Increased Sediment 

 In this study impervious surfaces were not shown to be an indicator of 

increased sediment. The indicators of increased sedimentation (TSS and turbidity) 

were not positively correlated with impervious surface percentages.  

 These results were unexpected because previous studies show that indicators 

of increased sedimentation increase with increased impervious surface percentages 

(Arnold & Gibbons 1996; Leopold 1968; Paul et al.2008). In areas with higher levels 

of impervious surface, which are often urbanized, there are higher rates of 

construction sites. Construction projects often involve disrupting soil and removing 

the plants that hold the soil in place (Arnold & Gibbons 1996; Jaber 2004; Leopold 

1968; Roesner 2001).  The amount of sediment found in urban catchments has been 

observed to be 10
2
-10

4 
times higher than in forested catchments (Paul et al. 2008). 

May et. al (1997) observed a positive correlation between impervious surface 

percentages and TSS. Nagy et. al (2012) observed that watersheds with impervious 

surface percentages of 5%-10% or >10% had significantly higher levels of TSS. 
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Typically, increased sediments will increase levels of TSS and turbidity; however, 

these indicators had no significant correlations in this study.  

 In 2007, the majority of jobs lost in Sarasota County were in the construction 

sector, indicating that construction was at an all time low during this time (Scruggs & 

Associates LLC 2009). Low economic activity has continued from 2007-2011. This 

decrease in construction could have decreased available sediment in urbanized areas 

which had higher rates of impervious surfaces. Detecting significant positive 

correlations between impervious surface percentages and indicators of increased 

sediment is more difficult given the decreases in construction which reduce 

sedimentation.  

 Decreases in sedimentation could be responsible for the increase in sea 

grasses. Higher levels of sediment in water reduce the turbidity. Light limitation has 

been identified as the largest factor in loss of seagrasses in Sarasota Bay (Mote 

Marine Laboratory 1995). The Sarasota Bay Estuary program (2010) found that 

seagrass coverage increased from 7% to 11% during 1988-1994.  Thus, correlations 

between impervious surface percentages and sediment indicators may not have been 

observed because of decreases in sedimentation. Further studies are necessary to 

understand this relationship.   

Impervious Surfaces as an Indicator of Color 

 Impervious surfaces were an indicator for color for the upstream areas in 2008 

and both the 2008 and 2011 one-mile radius test sites. A negative correlation was 

observed between impervious surface percentages and color. 
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 Negative correlation between color and impervious surface percentages were 

expected because color increases with increased levels of humic and fuvic acids 

(American Public Health Association et al. 2005). Higher levels of humic and fuvic 

acids result from higher amounts of decomposing organic matter. Bodies of water 

surrounded by wetland forested area are expected to have higher organic matter from 

decaying leaves, branches, and tree trunks which runs off into the water. Areas with 

higher impervious surface percentages are more urbanized and have less trees, 

reducing the amount of organic matter entering the water.   

Impervious Surfaces as an Indicator of Biological Oxygen Demand 

 

 This study did not show impervious surfaces to be an indicator of increased 

biological oxygen demand. BOD showed no significant correlation for the upstream 

water quality test sites in 2008 and 2011 and for the one-mile radius for 2011 values. 

The 2008 one-mile radius showed significant negative correlation.  

Previous research showed positive correlation with BOD and impervious 

surface percentages (Keefer et al. 1979; Klein 1979; Lee et. al 2012; Paul et al. 

2008). Lee et. al (2012) observed a significant positive correlation between BOD and 

impervious surface percentage. A greater than average BOD was found in over 40% 

of 104 urban streams (Keefer et al. 1979). Positive correlation with BOD was 

expected because increased impervious surfaces reduce forested lands. With less 

forest, there will be less decaying organic matter leaching into the water (Keefer et al. 

1979; Paul et al. 2008). In response to increased organic matter, microbial 

populations increase, reducing the level of BOD (DeBarry 2004).  
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 Another reason these results were surprising is the significant negative 

correlation between color and impervious surface percentage in the upstream water 

quality test sites in 2008 and the one-mile radius test sites of 2008 and 2011. Color 

decreased as impervious surfaces increased. This observed decrease is attributed to 

the decreases in humic and fuvic acids resulting from lack of decomposing organic 

matter in the water. Thus, one would expect that if color had a significant negative 

correlation with impervious surface percentage, BOD would also have a significant 

positive correlation with impervious surface percentage.  

Constraints and Future Studies 

 Water quality test sites were chosen based on Sarasota County’s budget and 

the ease of access. Future studies should select test sites with more variance in the 

amount of surrounding impervious surface areas in order to distinguish between the 

test site’s impervious surface percentages. Potentially the studies could obtain more 

significant and meaningful results.  

 Additionally, creation of impervious surface maps was tedious, limiting the 

scope of the study. Future studies with more time could map multiple years of 

impervious surface and compare water quality test sites. Even if impervious surface 

maps had been created from maps from 20 or 30 years ago, these data could easily be 

skewed by the increased awareness about nonpoint pollution and point source 

pollution today. Thus, the best option would be to update the current impervious 

surface map and compare results to current maps. Results would be more reliable 

because the same test site could be compared to itself during the multiple years 

instead of comparing the different test sites against each other as in this study.  



 

 66 

 Future studies should consider using the more uniform method of creating the 

water quality test site areas. The “upstream” method had too much variability among 

the test site sizes with a 2,906,950,113-acre difference between the largest and the 

smallest test sites. The larger test site areas ended up skewing some of the data 

because there was very little impervious surface surrounding the test site. Thus, the 

one-mile radius test sites had much higher rates of impervious surface percentage and 

produced more significant results. 

 The amount of rainfall reaching each test site is important in this study. Rain 

is required in order to have stormwater runoff and thus pollution. In 2008, the average 

rainfall was 42.46 inches of rainfall and in 2011 the average rainfall was 84.62 inches 

of rain, a 50.17% difference. The lowest of rainfall at any test sites was 30.0 inches of 

rain in 2008 and 60.0 inches of rain in 2011. While there is no concern around the 

lack of rainfall for these test sites, there is certainly a disparity between rainfall in 

2008 and 2011. Future comparative studies that use multiple years of impervious 

surface data against multiple years of water quality data will control for effects of 

differences in rainfall levels.  

 This study mapped only roads, parking lots, and rooftops. Further studies 

could evaluate the effects of sidewalks, courtyards and compact soils. Field studies 

could calculate the average surface cover of sidewalks, courtyards and compact soils 

to add to the impervious surfaces map. This could increase the accuracy of the 

impervious surfaces coverage.  
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Chapter 5- Conclusion 

 The results of this study did not show impervious surfaces as an indicator of 

water quality. Although most of the variables showed the opposite of expected or 

neutral results, color was decreased as impervious surfaces increased. These results 

can be attributed to decreases in fuvic and humic acids, which are produced from 

organic matter (American Public Health Association et al. 2005). Lesser organic 

matter is expected in an area with higher impervious surface percentage because there 

is less forest cover and more pavement cover. Unexpected results may be explained 

by efforts made in Sarasota County to reduce nutrient loads and the decrease in 

construction from 2007 to current day (2012) (Sarasota Bay Estuary Program 2010; 

Scruggs & Associates LLC 2009).   

 Runoff contains nitrogen and phosphorus from agricultural and residential 

fertilizer applications (Gerritse et al. 1995; Wernick et al. 1998).  Sediment increases 

in urbanized areas because of soil disruption during construction (Arnold & Gibbons 

1996; Jaber 2004; Leopold 1968; Roesner 2001). The health of Sarasota’s freshwater 

and marine ecosystems is dependent on the reduction of pollutants in runoff. 

 Eutrophication of waterways leads to algal blooms that can lead to rapid 

decreases in dissolved oxygen (Jaber 2004; Järvenpää & Lindstrom 2004; Wang et al. 

1999). Algal blooms and increased sediment increase the turbidity in the water, 

decreasing the amount of light reaching the seagrasses on the shallow sea floor. Sea 

grasses are crucial to supporting the survival of juvenile fish and invertebrate species 

(Jackson 2001; Wang et al. 1999).  



 

 68 

 Continued research on impervious surfaces is important for improved water 

quality. Environmental research will provide developers with strategies to increase 

mitigation practices that will decrease runoff pollution and their effects. Additionally, 

increased impervious surface research can help create new mitigation practices. As 

urbanization continues to increase, this research will become more necessary to 

protect ecosystems.    
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