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Retrospective Review of Watershed Characteristics
and a Framework for Future Research in the
Sarasota Bay Watershed, Florida

By George R. Kish', Arnell S. Harrison?, and Mark Alderson?

Abstract

The U.S. Geological Survey, in cooperation with the
Sarasota Bay Estuary Program, conducted a retrospective
review of characteristics of the Sarasota Bay watershed
in west-central Florida. This report describes watershed
characteristics, surface- and ground-water processes, and the
environmental setting of the Sarasota Bay watershed.

Population growth during the last 50 years is transforming
the Sarasota Bay watershed from rural and agriculture to urban
and suburban. The transition has resulted in land-use changes
that influence surface- and ground-water processes in the
watershed. Increased impervious cover decreases recharge to
ground water and increases overland runoff and the pollutants
carried in the runoff. Soil compaction resulting from agri-
culture, construction, and recreation activities also decreases
recharge to ground water.

Conventional approaches to stormwater runoff have
involved conveyances and large storage areas. Low-impact
development approaches, designed to provide recharge near
the precipitation point-of-contact, are being used increasingly
in the watershed.

Simple pollutant loading models applied to the Sarasota
Bay watershed have focused on large-scale processes and
pollutant loads determined from empirical values and mean
event concentrations. Complex watershed models and more
intensive data-collection programs can provide the level of
information needed to quantify (1) the effects of lot-scale
land practices on runoff, storage, and ground-water recharge,
(2) dry and wet season flux of nutrients through atmospheric

'U.S. Geological Survey, Tampa, Florida
2 U.S. Geological Survey, St. Petersburg, Florida
3 Sarasota Bay Estuary Program, Sarasota, Florida

deposition, (3) changes in partitioning of water and
contaminants as urbanization alters predevelopment rainfall-
runoff relations, and (4) linkages between watershed models
and lot-scale models to evaluate the effect of small-scale
changes over the entire Sarasota Bay watershed. As urbaniza-
tion in the Sarasota Bay watershed continues, focused research
on water-resources issues can provide information needed by
water-resources managers to ensure the future health of the
watershed.

Introduction

Comprehensive watershed planning is the key to
successful multiple-use watershed management. Scientific
tools available for watershed planning rely upon extensive,
representative data collection programs that are well designed
and well maintained. An understanding of the dynamics of
the hydrologic system is necessary for efficient management
of a watershed. The Sarasota Bay Estuary Program (SBEP)
and its many partners have addressed and continue to address
multiple-use issues to improve the health of the Sarasota
Bay watershed in west-central Florida (fig. 1). The U.S.
Geological Survey (USGS), in cooperation with the SBEP,
initiated a study in 2003 in the Sarasota Bay watershed to
provide information about the watershed characteristics that
affect recharge to ground water and overland runoff to surface
water. A thorough understanding of the watershed factors that
affect the interaction between surface water and ground water
in the Sarasota Bay watershed will enhance efficient use and
management of the watershed.
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Figure 1. Location of the Sarasota Bay watershed in west-central Florida (modified from Sarasota Bay Estuary Program, 2005)



Purpose and Scope

The purpose of this report is to describe the watershed
characteristics and the environmental setting of the Sarasota
Bay watershed as they relate to surface-water and ground-water
interactions. A comprehensive literature review of published
reports about the Sarasota Bay watershed and applicable
scientific literature regarding the potential influence of recharge
to ground water and overland runoff to surface water on
characteristics of the Sarasota Bay watershed form the basis
of this report. Cultural practices and their influence on soil
compaction and infiltration are emphasized. This report presents
watershed science concepts that will enhance future approaches
to modeling in humid, shallow water-table areas in urbanizing
watersheds.

Historical Perspective of Sarasota Bay

Prior to 1800, the Sarasota area experienced little
development or population growth. In 1842, the Armed
Occupation Act encouraged homesteading in Florida by
providing 160-acre parcels free to individuals who agreed to
inhabit the land for 5 years. From 1868 to 1883, areas were
cleared by settlers for orange groves and cattle. In 1870, the first
settlement was established in Sarasota. Scottish settlers estab-
lished a community in Sarasota in 1885 and were credited with
building America’s first golf course in 1886. By 1898, cattle
ranching had expanded and Sarasota cattle supplied beef for
troops stationed in Tampa during the Spanish-American War.
Development of the watershed remained relatively slow because
transportation connecting Sarasota with other areas was limited
to sailing ships or steamboats. During the period from 1900 to
1920, the town of Sarasota was incorporated, a railroad from
Sarasota to Tampa was built, electric service was established,
celery farmers began shipping their crop to northern markets, an
air strip was built, and the Manasota Lumber Company saw mill
began operation (Sarasota County History, 2005).

At the start of the Great Florida Land Boom in 1920, the
population of Sarasota was about 2,150 (fig. 2). With substan-
tial increases in businesses, schools, churches, hospitals,
farming, cattle ranching, newspapers, homes, and apartments,
by 1930, urban and agricultural development increased
substantially as the population grew to 12,440 (fig. 2). From
the 1930s to the 1950s, urban development continued and mili-
tary bases were established (Sarasota County History, 2005).
From 1950 to 2000, the population of Sarasota increased from
28,827 to 325,957 (U.S. Census Bureau, 2004). The growth in
population brought increases in government services, housing
developments, and infrastructure (for example, roads, utilities).
Since the 1960s, conversion of agricultural land to urbanized
land has continued to occur as the result of rapid population
increases. Presently, the Sarasota Bay area is one of the most
rapidly expanding urban areas in the Nation — primarily
through residential and commercial development in the eastern
part of Sarasota County.
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Figure 2. Population of Sarasota County from 1920 to 2000
(from U.S. Census Bureau, 2004).

Sarasota Bay National Estuary Program

The U.S. Congress named Sarasota Bay an estuary
of national significance in the Water Quality Act of 1987.

In 1995, the State of Florida and the U.S. Environmental
Protection Agency (USEPA) approved the Comprehensive
Conservation and Management Plan (CCMP) for Sarasota
Bay. From 1995 to 2000, more than $200 million was
committed to Sarasota Bay restoration. The CCMP consists
of action plans designed to reduce nitrogen pollution from
stormwater and wastewater, increase available habitat for fish
and wildlife, and increase access to the bay and its resources
(Sarasota Bay National Estuary Program, 2000).

Studies completed by the Sarasota Bay National Estuary
Program in the early 1990s indicated that Sarasota Bay
was more degraded than originally hypothesized (Sarasota
Bay National Estuary Program, 2000). Nitrogen loading to
Sarasota Bay in 1989, for example, had increased to 480
percent above predevelopment levels. In response to efforts
by local, State, and Federal agencies, nitrogen pollution to
Sarasota Bay decreased 47 percent between 1989 and 2000,
to levels approximating 254 percent above predevelopment
levels (Sarasota Bay National Estuary Program, 2000). The
load reduction has been achieved as a result of (1) improved
wastewater treatment, (2) reduced volume of wastewater
discharge due to construction of reclaimed water systems, and
(3) constructing stormwater treatment systems.

Recent estimates indicate that 56 percent of the remaining
nitrogen load to Sarasota Bay is from stormwater (Sarasota
Bay National Estuary Program, 2000). The Sarasota Bay
community is addressing additional nitrogen reductions
in stormwater through several integrated water-resource
management approaches: (1) regional stormwater treatment
systems (for example, Phillippi Creek), (2) stormwater reuse,
and (3) regional educational programs to promote cultural
change and water conservation such as the Florida Yards and
Neighborhoods (FY &N) Program (Garner and others, 2001).
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Environmental Setting of the Sarasota
Bay Watershed

The Sarasota Bay watershed drains more than 200 mi?
(518 km?) within Manatee, Sarasota, and Charlotte Counties
in west-central Florida (fig. 1). The watershed consists of five
major embayments—Sarasota Bay, Roberts Bay, Little Sarasota
Bay, Blackburn Bay, and Lemon Bay—and a series of creeks
and bayous, inlets, upland drainage and barrier islands. Phillippi
Creek is the primary tributary in the watershed. Many reaches
of the creeks have been converted to ditches throughout the
Sarasota Bay watershed to facilitate drainage of the relatively
flat, low-gradient subbasins. Inlets between the barrier islands
exchange water between Sarasota Bay and the Gulf of Mexico.
Sarasota Bay extends north to south about 56 mi (90 km) and
ranges in width from 300 ft (91 m) to 4.5 mi (7.2 km).

The hydrologic system is closely linked to the unique
environmental setting of the area. Climate, geography, soils,
hydrogeology, land cover, land use, and urbanization all affect
water movement within the watershed.

Climate

The climate of west-central Florida is characterized by
long, warm, humid summers and short, mild, dry winters.
The monthly maximum temperatures range from about 92 °F
(33.3 °C) in July and August to 71 °F (21.7 °C) in January,
with a mean annual maximum temperature of 82 °F (27.8 °C).
The monthly minimum temperatures range from about 72 °F
(22.2 °C) in August to 48 °F (8.9 °C) in January, with a
mean annual minimum temperature of 61 °F (16.1 °C) (Soil
Conservation Service, 1991). Average annual precipitation
within Sarasota County between 1915 and 2003 was 52.47 in.
(133 cm); the maximum and minimum recorded annual
precipitation was 85.54 in. (217 cm) for 1959 and 32.77 in.
(83 cm) for 2000, respectively (fig. 3) (Southwest Florida
Water Management District, 2005).

Precipitation events occur in somewhat predictable
seasonal patterns; winter frontal storms move southeastward
across the continental United States, whereas tropical storms
and hurricanes move toward the west across the Atlantic

90
80|
70
60 |-
50 -
40
30
20
101

AVERAGE ANNUAL PRECIPITATION,
IN INCHES

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
YEAR

Figure 3. Average annual precipitation for Sarasota County
from 1915 to 2003 (from the Southwest Florida Water
Management District, 2005).

Ocean, and local thunderstorms occur almost daily during the
summer. Although seasonal patterns are somewhat consistent,
the intensity and duration of individual storms are difficult to
predict. Converging sea breezes, the proximity to the Atlantic
high pressure system, the shape of the peninsula, and its
subtropical latitude all provide conditions suitable for thun-
derstorm development during the summer months. During the
wet season, daily and hourly precipitation varies substantially.
Precipitation amounts for 2004 from a rainfall station in
Sarasota County indicate that precipitation occurs almost daily
during the rainy period from July to October, but that precipi-
tation events are sparse from November through June (fig. 4)
(Southwest Florida Water Management District, 2005).

West-central Florida receives about 60 to 100 precipitation
events per year and about 20 of these events result in precipita-
tion totals greater than 0.5 in. (1.27 cm), which typically
generate runoff (Mark Ross, University of South Florida,
oral commun., 2005). During the dry season, a relatively
even rainfall pattern predominates, punctuated by occasional
frontal storms. Annual precipitation amounts may be highly
variable and deviations from normal precipitation may
vary substantially (fig. 5). For example, in 1995 and 1996,
the annual precipitation amounts in Sarasota County were
22.35 in. (57 cm) above normal and 8.22 in. (21 cm) below
normal, respectively (Southwest Florida Water Management
District, 2005).

Temperature changes in the Atlantic and Pacific Oceans
strongly influence the climate of Florida. When the tempera-
ture of the Atlantic Ocean near the Equator is higher than
normal, changing wind patterns bring less moisture to Florida
from the Gulf of Mexico (Henry, 1998). The El Nifio/Southern
Oscillation is a disturbance between the ocean and the
atmosphere in the equatorial Pacific Ocean resulting in global
shifts in weather patterns (National Oceanic and Atmospheric
Administration, 2007). El Nifio and La Nifia events are the
extreme phases of the El Nifio/Southern Oscillation climate
cycle occurring in the tropical Pacific Ocean. Normally, warm
ocean water in the western Pacific Ocean is pushed westward
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Figure 5. Departure from average annual precipitation in the Sarasota Bay watershed from 1915 to 2003
(from the Southwest Florida Water Management District, 2005).

by strong trade winds out of the east. Meanwhile, water
upwelling from the cold ocean depths cools the water in the
eastern Pacific Ocean. Every 2 to 7 years, the El Nifio phase of
the cycle occurs when the trade winds weaken and warm water
from the western Pacific Ocean moves eastward. As the warm
water enters the eastern Pacific Ocean, upwelling of cool,

deep water is suppressed. El Nifio events cause the following
effects in Florida; greater than normal winter precipitation,
more frequent, intense storms from the Gulf of Mexico, and
less frequent hurricanes than normal years (Henry, 1998). The
difference between precipitation during the 1998 EI Nifio year
and the average monthly precipitation for the Sarasota Bay

watershed is shown in figure 6. Precipitation was well above
normal during January, February, and March of the El Nifio
year, followed by below normal precipitation from April to
August (Southwest Florida Water Management District, 2005).
La Nifia is the opposite phase of the cycle. During La Nifia
years, trade winds are stronger than normal, holding back the
eastward advance of warm, western Pacific water, while permit-
ting cool, deep Eastern Pacific water to move westward. La Nifia
events cause lower winter rainfall in Florida than during normal
years. The recurrence and strength of El Nifio and La Nifia
events and the frequency and intensity of rainy season thunder-
storms and hurricanes add complexity to precipitation patterns.
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Figure 6. Average monthly precipitation from 1915 to 2003 and 1998 El Nifio precipitation in the Sarasota Bay
watershed (from Southwest Florida Water Management District, 2005).

Geography

The Sarasota Bay watershed drains northern and western
Sarasota County and small parts of Manatee and Charlotte
Counties (fig. 1). Most of the watershed lies within the Southern
Gulf Coastal Lowlands, whereas the headwaters originate in the
Desoto Plain (fig. 7) (White, 1970). Elevations within the water-
shed range from O ft along the coast to about 135 ft (41.1 m)
above the National Geodetic Vertical Datum of 1929 (NGVD 29)
in south-central Manatee County. The topography consists of a
series of relict marine terraces (Campbell, 1985) and is charac-
terized by (1) broad flatlands with many sloughs and swamps
in lowland areas, and (2) gradually sloping scarps and terraces
created by various Pleistocene sea-level stands in coastal areas.
Seasonally dry upland areas consisting of palustrine forest,
scrub-shrub, or palustrine emergent wetlands are scattered
throughout inland areas (Knochenmus and Bowman, 1998).
Four terraces exist within the watershed, but the scarps that
separate them are poorly defined. From the coastline inland, the
terraces are Pamlico (8-25 ft above NGVD 29), Talbot (25-42 ft
above NGVD 29), Penholoway (42-70 ft above NGVD 29), and
Wicomico (70-100 ft above NGVD 29) (Healy, 1975).

Soils

Soils in the Sarasota Bay watershed are typically poorly
to very poorly drained fine sands. The Soil Conservation
Service (1991) grouped soils within the watershed into
Flatwoods soils, Depressions soils, and Coastal Islands soils.
Physical properties of the soil series within each soil group are
listed in table 1.
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Figure 7. Geomorphological features in west-central Florida
(from White, 1970).
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Table 1. Physical characteristics of Flatwoods, Depressions, and Coastal Islands soils in the Sarasota Bay watershed.

[U.S. Department of Agriculture (1983, 1991). ft, feet; in., inches; g/cm3, grams per cubic centimeter; >, greater than]

Soil Hydrologic polhic festh Pk
T soil group high water mtgrval denmgy Comments
table (ft) (in.) (g/cm?)
Flatwoods Soils
Eau Gallie B/D -0.5t0 -1.5 Poorly drained, sandy, siliceous, from marine sediments, acidic, spodic horizon,
nearly level
0-22 1.25 - 1.50
22-44 1.45 - 1.60
44 - 48 1.45-1.65
48 - 66 1.55-1.70  Clay content 13-31 percent
66 - 80 1.45 - 1.55
Holopaw D >2.0to-1.0 Very poorly drained, loamy, siliceous, from marine sediments, acidic, spodic
horizon, nearly level
0-50 1.35 - 1.60
50 - 66 1.60 - 1.70 Clay content 13-28 percent
66 - 80 1.50 - 1.60
Myakka D -0.5t0-1.5 Very poorly drained, sandy, siliceous, from marine sediments, acidic, spodic
horizon, nearly level on broad flatwoods
0-24 1.25-1.45
24 42 1.45 - 1.60
42-80 1.48 - 1.70
Pineda B/D 0.0 to -1.0 Poorly drained, loamy, sandy, nearly level on low hammocks and in broad, poorly
defined sloughs
0-22 1.25-1.60
22-36 1.40 - 1.70
36-48 1.50-1.70  Clay content 10-25 percent
48 - 80 1.45 - 1.60
Pomello C -2.0t0-3.5 Moderately well drained, sandy, nearly level to gently sloping on low ridges and
knolls on flatwoods
0-48 1.35 - 1.65
48-80 1.45 - 1.60
Flatwoods Soils
Delray B/D >2.0to-1.0 Very poorly drained, loamy, sandy, from marine sediments, acidic, slope is less than
2 percent, found in depressions
0-20 1.35-1.45
20-54 1.50 - 1.65
54 - 80 1.45 - 1.60
Felda D >2.0to-1.0 Poorly to very poorly drained, from sandy and loamy marine sediments, slope from
0 to 2 percent on low hammocks or flood plain
0-22 1.40-1.55
22 - 60 1.50 - 1.60
60 - 80 1.45-1.55
Floridana D 0.0to -1.0 Very poorly drained from sandy and loamy marine sediments; nearly level; found in
depressions
0-14 1.40 - 1.50
14 - 36 1.50 - 1.60
36 - 80 1.60-1.70
Holopaw D >2.0to-1.0 Very poorly drained, loamy, sandy, from marine sediments, acidic, spodic horizon,
nearly level
0-50 1.35 - 1.60
50 - 66 1.60 - 1.70 Clay content 13-28 percent

66 - 80 1.50 - 1.60
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Table 1. (Continued) Physical characteristics of Flatwoods, Depressions, and Coastal Islands soils in the Sarasota Bay watershed.

Comments

Coastal Island Soils

Tide and surf-washed sand and shell fragments along the Gulf of Mexico shoreline;

nearly level to moderately sloping

Somewhat poorly drained to moderately well-drained; formed in thick deposits of

sand and fine shell fragments; nearly level to gently sloping from O to 5 percent on
low, dune-like ridges

Deep, very poorly drained from marine deposits of sand and shell fragments; nearly

level; flooded during normal high tides; upper layer of organic muck

. . Depth to Depth Bulk
s?a:iltlas I:‘V)(iilwlrzﬂ'c high water interval density
group table (ft) (in.) (g/cm?)
Beaches D 0.0 to -6.0 0-80 —
Canaveral C -1.0to -3.0 0-7 1.25-1.50
Kesson D 0.0to-0.5
0-7 0.15-0.35
7 - 80 1.50 - 1.65

Flatwoods occupy about 90 percent of the Sarasota Bay
watershed. Soils of Flatwoods are nearly level, moderately to
very poorly drained, and sandy to loamy. Soil series in this
group include Eau Gallie, Holopaw, Myakka, Pineda, and
Pomello. In the upper portion of the watershed, Flatwoods
soils commonly have a spodic horizon (layer of accumulated
minerals) generally 2-3 ft (0.61-0.91 m) below land surface.
In some Flatwoods soils, the spodic horizon is chiefly hardpan,
restricting the infiltration of water and subjecting the areas to
seasonal flooding and drying.

Depressions soils are found in the north-central portion
of the watershed and along sloughs. Soils in this group
typically are very poorly drained and mucky, sandy, or loamy.
Depressions soils have been used extensively for agricul-
ture, principally celery. Poorly drained soils throughout the
watershed enhance depressional storage of water in swamps,
marshes, and ponds (Soil Conservation Service, 1991).

Coastal Islands soils are found on the barrier islands. Soils
in this group are gently sloping, moderately to poorly drained,
and sandy. Soil series of Coastal Islands include Beaches,
Canaveral, and Kesson. Shell fragments are common and areas
of very poorly drained sand are covered with a mucky layer.

Soil characteristics play an important role in the hydro-
logic regime of the Sarasota Bay watershed. Precipitation that
occurs in the watershed may infiltrate directly into the soil and
percolate to ground water, or it may flow over land toward
depressional surface features such as swamps, ponds, and
streams. The path taken depends upon physical and chemical
characteristics of the soil, the intensity and duration of precipi-
tation, slope, antecedent soil moisture conditions, depth to
ground water, and cultural practices.

Water Use

In 2000, total water use in Sarasota County was 46.3
Mgal/d (2,028 L/s) with ground water accounting for 87.2
percent or 40.37 Mgal/d (1,769 L/s) of the total. About 69.5
percent was used for public supply, 17.3 percent for agriculture,
12.3 percent for recreational irrigation, 0.8 percent for commer-
cial/industrial, and 0.1 percent for domestic (Marella, 2004).

The Upper Floridan aquifer is the principal source of
water supply in Sarasota County, accounting for 67.5 percent
of ground-water use in 2000 (R.L. Marella, U.S. Geological
Survey, oral commun., 2007). About 32.4 percent of the total
amount of ground-water withdrawn was from the overlying
intermediate aquifer system and relatively little (0.1 percent)
ground water was withdrawn from the surficial aquifer system
(fig. 8) (Marella, 2004).

Ground-water use has remained relatively constant in
Sarasota County since 1977 (fig. 9) but ground-water use by
category has changed substantially. In 1977, ground-water
withdrawals were 9.58 Mgal/d (420 L/s) for public supply and
22.65 Mgal/d (992 L/s) for agriculture. By 2000, ground-water
withdrawals were 27.56 Mgal/d (1,207 L/s) for public supply
and 6.88 Mgal/d (301 L/s) for agriculture (fig. 10).

Surficial
aquifer system
0.1%

}

Intermediate
aquifer system
32.4%

Upper Florida
Aquifer
67.5%

Figure 8. Ground-water use by aquifer
in Sarasota County in 2000 (from
Marella, 2004).



70

Environmental Setting of the Sarasota Bay Watershed 9

50 -

40

30

20

GROUND-WATER USE,
IN MILLION GALLONS PER DAY

1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987

1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

YEAR

Figure 9. Annual ground-water use in Sarasota County from 1977 to 2000 (from Marella, 2004).
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Figure 10. Ground-water use for public supply and agriculture in Sarasota County from 1977 to 2000 (from Marella, 2004).

Total withdrawals for public supply in Sarasota County
are projected to increase to about 63 Mgal/d (2,760 L/s) by
2020 (Southwest Florida Water Management District, 1992).
The increased demand for water in the region has resulted in a
reevaluation of the surficial aquifer system for use as irrigation
water or for blending with other water sources (Southwest
Florida Water Management District, 1998). The surficial
aquifer system is closely linked to the surface-water system
(Winter and others, 1998), supplies water to depressional
features and wetlands, and is vulnerable to contamination from
the surface.

Hydrogeology

Ground water is an abundant but vulnerable resource
in Florida. About 93 percent of Florida’s population obtains
drinking water from ground water (Berndt and others, 1998).

In Sarasota County, more than 87 percent of the water used is
obtained from ground-water sources and the demand for public
supply is expected to increase by about 130 percent over the
period 2000 to 2020 (Marella, 2004). Ground-water resources
are vulnerable to contamination from land-surface activities
and saltwater intrusion from over-pumping. Replenishment of
ground-water resources depends upon the infiltration of rainfall
into porous, sandy soils that eventually becomes part of the
ground-water system (recharge). As urbanization continues, the
landscape changes from naturally pervious soils to impervious
surfaces, which results in a reduction of the volume of water
reaching the ground-water system.

Beneath the shallow soils of the Sarasota Bay watershed,
the ground-water system consists of a series of unconsolidated
and consolidated marine sediments. The principal hydro-
geologic units underlying Sarasota Bay watershed are, in
ascending order, the Upper Floridan aquifer, intermediate
aquifer system, and surficial aquifer system (fig. 11).
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System Series Stratigraphic unit General lithology Hydrogeologic unit
Holocene Unconsolidated to weakly Fine to medium quartz and
Quaternary ~and indurated clastics phospahtic sand, clayey sand, Surficial aquifer system
Pleistocene and marine deposits limestone, clay, and sand
- Undifferentiated deposits Fossiliferous limestone and dolostone, clay, quartz
Pliocene L ; : :
Tamiami Formation and phospahtic sand, and sandy calcarious clay
- - Permeable Zone 1
Peace River Formation
Confining unit E
. 2
Mi Arcadia &
locene Formation Permeable Zone 2 E
Tertiary Fossiliferous limestone %
and dolostone, quartz and Confining unit I
phospahtic sand, and clay ining un! =
<t}
£
Tampa E
Upper Member Permeable Zone 3
Oligocene
Nocatee
Member
Fossiliferous limestone
and dolostone, some clay U
i ’ er
Suwannee Limestone and quartz sand; some traces FIoridaﬁ]paquifer
Lower of phosphate near top
Oligocene

Figure 11. Stratigraphic, lithologic, and hydrogeologic units in west-central Florida (modified from Barr, 1996).

Upper Floridan Aquifer

In the Sarasota Bay watershed, the Upper Floridan
aquifer consists of the Suwannee Limestone, which is
composed of limestone and dolostone with some clay and
quartz sand. The Upper Floridan aquifer provided 27.2 Mgal/d
(1,192 L/s) for public supply in Sarasota County in 2000
(Marella, 2004).

Intermediate Aquifer System

The intermediate aquifer system overlies the Upper
Floridan aquifer in the Sarasota Bay watershed. The interme-
diate aquifer system is a series of intercalated permeable zones
and poorly permeable confining units consisting of sandy
clay, clay, limestone, and dolostone of the Hawthorn Group
(Barr, 1996). The permeable zones function regionally as a
water-yielding hydraulic unit (Duerr and Wolansky, 1986); the
intermediate aquifer system provided 13.1 Mgal/d (574 L/s)
for public supply in Sarasota County in 2000 (Marella, 2004).

Surficial Aquifer System

In 2004, less than 1 percent of the ground-water use
in Sarasota County was obtained from the surficial aquifer
system (Marella, 2004). Because of the increase in the demand
for water in the region, the surficial aquifer system is being
reevaluated as a potential source of water for irrigation and for
blending with other sources of water (Southwest Florida Water
Management District, 1998). Most previous hydrogeologic
investigations in southwest Florida have been focused on
deeper zones used for water supply; hence, information about
the hydrologic characteristics of the surficial aquifer system
is limited. This section summarizes the available information
about the hydrologic characteristics of the surficial aquifer
system.

The surficial aquifer system overlies the intermediate
aquifer system in the Sarasota Bay watershed and consists of
undifferentiated surficial deposits that are predominantly fine-
to medium-grained sand with some shell fragments, clay, and
limestone. The surficial aquifer system is generally unconfined;
lenses of sand, clayey sand, and limestone may contain water



under confined conditions in some areas. The surficial aquifer
system provided 0.04 Mgal/d (1.8 L/s) for public supply in
Sarasota County in 2000 (Marella, 2004).

The average depth to the water table in the surficial
aquifer system is generally less than 5 ft (1.5 m) in the Sarasota
Bay watershed. In the higher elevations of the watershed, the
water table may be greater than 5 ft below land surface; in
areas of low topographic relief and near the coast, the water
table can occur at land surface. Fluctuations of the water table
are generally seasonal and vary within about a 5-ft (1.5 m) range.
The seasonal low water table usually occurs during May or
June, at the end of the dry season. The seasonal high water
table usually occurs during the wet summer months. For the
poorly drained Flatwoods soil group in the Sarasota Bay water-
shed, the depth to the high water table may be as little as 0.5 ft
(0.15 m) below land surface or, in the case of the Holopaw soil
series, the high water table may be above land surface.

Major sources of recharge to the surficial aquifer system
in the watershed are (1) rainfall, (2) upward leakage where
the elevation of the potentiometric surface of the intermediate
aquifer system is higher than the water table, (3) infiltration
of irrigation water, and (4) ground-water inflow from adjacent
areas. Major types of discharge from the surficial aquifer
system are (1) evapotranspiration, (2) seepage into streams,
lakes, swamps, and canals, (3) pumping from wells, and
(4) downward leakage where the elevation of the water table
is higher than the potentiometric surface of the underlying
aquifers (Duerr and Wolansky, 1986).

The hydraulic properties of the surficial aquifer system
vary widely because of the heterogeneous nature of the aquifer
material (such as grain size, sorting, and compaction) and
the thickness of the unit. The SWFWMD (1988b) compiled
hydraulic properties from aquifer tests of wells that penetrate
sections of the surficial aquifer system. Transmissivities
determined from these tests varied from 267-6,000 ft3/d
(25-557 m*/d) and storage coefficients varied from 0.05 to
0.19 (table 2). The surficial aquifer system supplies limited

Table 2. Hydraulic properties of the surficial aquifer system in
the vicinity of the Sarasota Bay watershed.

[From Southwest Florida Water Management District (1988). ft?/d, feet
squared per day; --, no data]

T S

267 0.1 Southern Manatee County

600 0.05 Northeast Sarasota County
1,110 0.15 Central Sarasota County
1,805 0.19 Central Sarasota County
1,000 West-central Sarasota County
3,800 Southwestern Sarasota County
6,000 Southwestern Sarasota County
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water to wells in the Venice area and the yield of these wells
generally is less than 50 gal/min (189 L/min) (Duerr and
Wolansky, 1986).

The locations of geologic sections used to characterize
the thickness and extent of the surficial aquifer system in the
vicinity of the Sarasota Bay watershed are shown in figure 12
(Barr, 1996). Within the Sarasota Bay watershed, the eleva-
tion of the top of the surficial aquifer system varies from less
than 10 ft (3 m) above NGVD 29 near the coast to about 40 ft
(12 m) above NGVD 29 in the extreme northeastern part of the
watershed. The surficial aquifer system is thin and contiguous
along the coast from Manatee County to Charlotte County
(fig. 13). About 5-10 mi (8-16 km) inland from the coastline,
the surficial aquifer system is thin from Manatee County
through a portion of Sarasota County, but thickens near Venice
and southward toward Engelwood (fig. 14) and eastward from
Venice toward the Charlotte County boundary (fig. 15). In the
northern portion of the watershed, the thickness of the surficial
aquifer system increases slightly near the coastline (fig. 16).
The saturated thickness of the surficial aquifer system varies
from less than 10 ft (3 m) in the northern coastal area of the
Sarasota Bay watershed to about 60 ft (18 m) in the southern
area of the watershed, and is generally less than 20 ft (6 m)
over most of the watershed (fig. 17) (Barr, 1996).

The direction of ground-water flow in the surficial aquifer
system is from areas of higher elevation to areas of lower
elevation (fig. 18); however, this pattern is interrupted locally
where the aquifer discharges to streams, lakes, or low swampy
areas. The interaction between ground water and surface water
in coastal areas depends upon ground-water discharge from
regional ground-water systems, local ground-water systems
associated with scarps and terraces, evapotranspiration, runoff,
and coastal flooding (Winter and others, 1998). Recharge to
ground water occurs along a north-south orientation at the
center of the peninsula, where the surficial aquifer system is
thick and permeable, and the confining clays are thin (Purdum,
2002). As ground water travels from the middle of the penin-
sula to the coastline, overlying clays and low-permeability
sediments confine the ground water (Purdum, 2002). Areas
of regional recharge to ground water and discharge to surface
water in the Sarasota Bay watershed are shown in figure 19.

In coastal areas, the Upper Floridan aquifer is under sufficient
artesian pressure to cause ground water to flow from wells or
springs. Generalized patterns of vertical ground-water flow in
the Sarasota Bay watershed are upward toward the surficial
aquifer system (Knochenmus and Bowman, 1998). Greater
hydrostatic pressure in the Upper Floridan aquifer creates the
potential for ground water to move upward into the surficial
aquifer system as shown for the well cluster TR 5-2 (fig. 20),
which is near the middle of the line of cross section B-B'
between the Walton and Wheelright wells (see fig. 12 for
location of well). All ground-water levels at this well cluster
show a seasonal fluctuation. In 1994 after the rainy season
(October), the surficial aquifer system reached a high that was
about 4.5 ft (1.4 m) above the low occurring near the end of
the dry season (May and June).



12

Retrospective Review of Watershed Characteristics and a Framework for Future Research

82°45' 82°15'
J T
) A L . +—- r
o A |
TR 8-1 i
1C-10 B MANATEE COUNTY i
27030\ O *{t' eagan E | HARDEE COUNTY -
g I
. TR7-2 MS 8 § |
TR7-1% 5 i
\W-16999 Cowart Rlé'r\IACEh II I [ ——
‘ I:IS . Ranch C/ f—-———-
arasota
Key Towers 7( ROMP 22 ! ROMP 23-1 |
TR 6-3 | i
L TR6-1 c BRT 1 | | |
Lo __! DE SOTO
Walton | COUNTY
Sorrento Shore§ |
TR ?'1 Wheelwright II
C(\ Bay Indies !
B Venics SARASOTA | b
= South Veni(_:l_eH COUNTY j_ W-9185
, ‘% France ROMP 10 |
27°00' — 2
©
=}
CHARLOTTE
COUNTY
0,
& 0 LEE COUNTY
\N¢;
EXPLANATION Q
A—A’ TRACE OF HYDROGEOLOGIC SECTION a Q
(6]
*TR3-3 WELL AND NAME %
26°30' — & .
-
0 5 10 MILES \ QO
'_'_‘_'_'
0 5 10 KILOMETERS
Q
|

Base from U.S. Geological Survey digital data, 1:2,000,000, 1972
Albers Equal-area Conic projection
Standard Parallels 29°30" and 45°30', central meridian -83°00"

Figure 12. Locations of geologic sections in the study area (modified from Barr, 1996).



Environmental Setting of the Sarasota Bay Watershed

A Al
=
o~
| = 53 [ = |
X o 3 . @ .
o~ < . ! .
sls = s = sl 2 8!
< = = Q w o .
I _ 3 2 S glE B Els
=213 S oc = 2 o 2 O
_ _2E - o8z _ T 2 _ g wid 22 & — 25
5 -2 I e g 8 _ a6 I T 25 o & o <
ol Saoslgs ¥ £ 65 D809 e =657 Sz & = zl
~ — N N & = YW D N W w9 N ® < O —
= 3 == | g 2 2 Eo8z=3 224y | & 3 =
i = R 3 2 < S w s xE T Z E o = I g =
o = = = > © O ¥ = @& w© > o S I | P4 |§
FEET & o e, 2 L E 3 L3I ZEE | T ' ©
100 — I | | —
| | |
NeVD  f— R - .
— T — SAS —
| — L — — oy J—
100 —| ST [ ] \\&\
] — 1 — / \_
— | -
200 —| <\ /_
— L
300 — | —
T I~ PZ3
400 — 1 -
/\ |
500 — I - - - __ [
600 —| 1 —
700 —| - - <= T —
. UFA T
VERTICAL SCALE GREATLY EXAGGERATED 0 5 10 MILES
EXPLANATION 0 5 10 KILOMETERS

SURFICIAL AQUIFER SYSTEM

DATA USED FOR INTERPRETATION:

INTERMEDIATE AQUIFER SYSTEM (1) Lithologic log
|:| Confining unit (2) Gamma log
PZ1| Permeable zone 1 (3) Electric log
PZ2| Permeable zone 2 (4) Head
Pz3| Permeable zone 3

UPPER FLORIDAN AQUIFER

ESTIMATED

Figure 13. Geologic section A-A’(modified from Barr, 1996).

13



14 Retrospective Review of Watershed Characteristics and a Framework for Future Research

B B’
&
o
g 3
s > =
e _ S = o <
slg s S S s o <
Hig 3 z & = & 8 Z
& 253 = = < % 3 5 E
) | < = L o 2 2] S I
~ — =< o [} = ~ << < ]
= « << = bl = = = w - %
Z o SIS 0 X =] = = L I =
— < - = o~ | o a ™
b - i = = = W z = )
FEET & = | 8 & = E = £ 3 =
100 — ! _
|
NGVD __ | T —— -
1929 SAS
100 — —
200 —
300 —
P
400 —
— :
500 —
600 —
00 UFA
VERTICAL SCALE GREATLY EXAGGERATED 0 5 10 MILES
| 1 |
I T T
0 5 10 KILOMETERS
EXPLANATION

SURFICIAL AQUIFER SYSTEM

INTERMEDIATE AQUIFER SYSTEM
I:l Confining unit
- Permeable zone 1
- Permeable zone 2
- Permeable zone 3

UPPER FLORIDAN AQUIFER

ESTIMATED

DATA USED FOR INTERPRETATION:

(1) Lithologic log
(2) Gamma log
(3) Electric log
(4) Head

Figure 14. Geologic section B—B’(modified from Barr, 1996).



Environmental Setting of the Sarasota Bay Watershed 15

c c'

=

g

N

= ) .

= =]

< @ 8|°

< [&4) . <

= = =3 — 'c_ailz _

(=} F o @ o %9 N

= - = N T < =

& G 2 < S EHE: =

(Z] = 2 BN = =) &

- ] — o o | o

© © e = E i =

o o IS} o
FEET &= = ) = ~ . o

100 | —
1

VERTICAL SCALE GREATLY EXAGGERATED (Il !’I) 1|0 MILES
EXPLANATION (IJ é 1|0 KILOMETERS
SURFICIAL AQUIFER SYSTEM DATA USED FOR INTERPRETATION:
INTERMEDIATE AQUIFER SYSTEM (1) Lithologic log
|:| Confining unit (2) Gamma log
- Permeable zone 1 (3) Electric log
- Permeable zone 2 (4) Head

- Permeable zone 3
UPPER FLORIDAN AQUIFER
-- - ESTIMATED

Figure 15. Geologic section C—C’(modified from Barr, 1996).



16 Retrospective Review of Watershed Characteristics and a Framework for Future Research

D'

I

.l

Sls

F;I.IJ'U

QEle

—0's
;g‘lg =
— 1 [Te)
o T |8 =<}
£33
< =

-

N
= =
o
~ Q
= @
= =2 |
<| g o
< o
= i ‘—’!3
o L <
= r~ ElE
o © Qo
5 — 09
7 . N <z
_— ‘:‘ :n:,<
~ <\
< o = vlS
e 1
FEET & 3 s
NGVD
1929

UFA

700~ \/ERTICAL SCALE GREATLY EXAGGERATED

5 10 MILES
|

T T
5 10 KILOMETERS

oTo

EXPLANATION

SURFICIAL AQUIFER SYSTEM

INTERMEDIATE AQUIFER SYSTEM
|:| Confining unit
- Permeable zone 1
- Permeable zone 2
- Permeable zone 3
UPPER FLORIDAN AQUIFER
=== ESTIMATED

DATA USED FOR INTERPRETATION:
(1) Lithologic log

(2) Gamma log

(3) Electric log

(4) Head

Figure 16. Geologic section D-D’(modified from Barr, 1996).



82°45'

Environmental Setting of the Sarasota Bay Watershed

27°00'

26°30'

S

<
:’n '10
=
%
2
o
©
EXPLANATION

—30—— GENERALIZED LINE OF EQUAL THICKNESS OF
THE SURFICIAL AQUIFER SYSTEM - Interval
is 10 feet. Dashed where approximate.
Hachures indicate areas of thinner beds

5 10 MILES

0 5 10 KILOMETERS

HARDEE COUNTY .

—- 20 DE SOTO

COUNTY

CHARLOTTE
COUNTY
o 0 LEE COUNTY
S @
Q
4
" QO
\ -

Base from U.S. Geological Survey digital data, 1:2,000,000, 1972
Albers Equal-area Conic projection
Standard Parallels 29°30" and 45°30', central meridian -83°00'

Figure 17. Generalized thickness of the surficial aquifer

system in the study area (modified from Barr, 1996).

17



18 Retrospective Review of Watershed Characteristics and a Framework for Future Research

82°45'
J
s
27°30' —
27°00' —
. e 0
EXPLANATION G’Q
— 10— WATER TABLE SURFACE CONTOUR — Shows a
elevation of water table surface. Contour
interval is 5, 10, and 20 feet. Datum is NGVD % o
1929
_ DIRECTION OF GROUND-WATER FLOW
26°30' (— Al B
\
0 5 10 MILES BO
'_'_‘_'_'
0 B 10 KILOMETERS o
|

Base from U.S. Geological Survey digital data, 1:2,000,000, 1972
Albers Equal-area Conic projection
Standard Parallels 29°30" and 45°30', central meridian -83°00'

Figure 18. Generalized direction of flow in the surficial aquifer system in west-central Florida (modified from
Berndt and others, 1998 and published with permission).



Environmental Setting of the Sarasota Bay Watershed 19

82°45' 82°15" 81°45'
= [ | [ _
v £ S R —
Z l
- l
MANATEE COUNTY i
27730 | 1 *{xv 5 ! HARDEE COONTY -
A, g l
..V, TV 4 S g [ U
3 j / I I _____
% %arasota { ! L
N |
B s | i i
Lo .
3 l DE SOTO
f | COUNTY
! SARASOTA |
Q 1 COUNTY |
= ‘) |
(=) : 1
= N W N S 4 P
27°00' — %. > 7
S ngleWOEZd\J_
j CHARLOTTE
r COUNTY
Q y
EXPLANATION
DISCHARGE AND RECHARGE RATE FOR Q @ & 0 LEE COUNTY
THE UPPER FLORIDAN AQUIFER — In R
inches per year
4
I:I Discharge less than 1 % QD
I:I Recharge less than 1
——-—— SARASOTA BAY WATERSHED BOUNDARY
26°30' — ]

\
5 10 MILES O

| e
0 5 10 KILOMETERS

Base from U.S. Geological Survey digital data, 1:2,000,000, 1972
Albers Equal-area Conic projection
Standard Parallels 29°30" and 45°30', central meridian -83°00'

Figure 19. Generalized recharge/discharge areas of the Upper Floridan aquifer in west-central Florida (data
from the Southwest Florida Water Management District, 2005).



20 Retrospective Review of Watershed Characteristics and a Framework for Future Research

ELEVATION OF WATER LEVEL, IN FEET ABOVE NGVD 1929

8 I N Y Y I Y N Y N SN N |
JFMAMJJASOND/JFMAMJJASOND
1993 1994

»  Surficial aquifer system monitor well, casing 8 feet, depth 13 feet

O Intermediate aquifer system, permeable zone 2 monitor well, casing 100
feet, depth 120 feet

O Intermediate aquifer system, permeable zone 3 monitor well, casing 245
feet, depth 265 feet

A Intermediate aquifer system, permeable zone 3 monitor well, casing 360
feet, depth 400 feet
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Figure 20. Elevation of water levels in the surficial, intermediate,
and Upper Floridan aquifer systems in well cluster TR 5-2 near
Walton for 1993-94, west-central Florida (modified from Barr, 1996;
see fig. 12 for location of well).

Ground-water withdrawals have lowered potentiometric
heads in the Upper Floridan aquifer from 30-50 ft (9-15 m)
below predevelopment levels in the upper reaches of the
Sarasota Bay watershed (Broska and Knochenmus, 1996).

The decline in potentiometric heads increases the potential for
recharge from the surficial and intermediate aquifer systems to
the Upper Floridan aquifer. Ground-water withdrawals from
major pumping centers in coastal areas of the southwestern
part of the watershed have caused lateral saltwater intrusion
and upconing into both the surficial and intermediate aquifer
systems (Barr, 1996). Regional ground-water movement,
ground-water withdrawals, and proximity to the coast have
produced high chloride concentrations in the Upper Floridan
aquifer (Barlow, 2003). The chloride concentrations in the surfi-
cial aquifer system exceed 5,000 mg/L near Venice, and exceed
1,000 mg/L near Englewood (fig. 21). A steady increase in
saltwater intrusion has been associated with increased ground-
water withdrawals, especially in the vicinity of operating well
fields (Southwest Florida Water Management District, 1998).

Maintaining the surficial aquifer system at or near
predevelopment water levels by increasing recharge from the
surface can minimize saltwater intrusion and stabilize the
ground-water supply. Recharge to the ground-water system
also reduces pollutant loading to surface water by reducing
the volume of runoff available to transport contaminants to
surface-water bodies. Surface water that infiltrates through
soils and becomes part of the ground-water system receives
natural filtration.

One of the current challenges to the Sarasota Bay area
and other coastal communities is to maintain a balance
between (1) removing surface-water runoff rapidly to prevent
flooding during heavy rainfall events in shallow water-table
environments, (2) maintaining the ground-water supply as
demand continues to increase, and (3) reducing pollutant loads
to surface waters to maintain the health of Sarasota Bay.

Watershed Characteristics
Influencing Recharge and Discharge

Recharge to ground water and overland runoff to surface
water in the Sarasota Bay watershed are affected by soil
characteristics (porosity, bulk density, penetration resistance,
and infiltration rate), the water budget, urbanization and land
use, land practices (construction, agriculture, and recreation),
and infiltration and runoff.

Soil Characteristics

The water-holding potential and compaction of soils can
be inferred or estimated by physical measurements of porosity,
bulk density, penetration resistance, and infiltration rate.

Porosity, Bulk Density, and Penetration
Resistance

Because soil consists of both solid particles and air
spaces (voids), the volume of the voids determines the
maximum space available for storing water. Porosity increases
as the volume of the voids increases with respect to the total
volume of solids. Porosity is the ratio of the volume of the
voids to the total volume of soil expressed as a percent:

Porosity (n) = [ (V(total) — V(solids)) / V(total) | x 100, (1)

where
V(total) is the total volume of soil,

V(solids) is the volume of the solids, and
V(total) — V(solids) is the volume of the voids.
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Bulk density provides an estimate of soil density and is the
weight of a known volume of oven-dried soil divided by the

volume of the soil expressed as grams per cubic centimeter
(Brady, 1990):

Bulk density (Dp) = dry weight of soil/volume of soil.  (2)

82°30'

Porosity and bulk density are closely related soil
characteristics; as the volume of pore spaces increases, bulk
density decreases (table 3). Bulk density measurements for
peat typically range from 0.2-0.3 g/cm? (12.5-18.7 Ib/ft3),
whereas the porosity of peat is about 92 percent (Schueler,
2000a). Glacial till, compressed beneath ice sheets during
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Figure 21. Generalized isopleths of chloride concentration in the surficial aquifer system (modified from Barr, 1996).
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Table 3. Selected physical and hydrologic properties for selected earth materials.

[From Heath (1983) and Dragun (1988). ppv, percent per volume; g/cm?, grams per cubic centimeter;

in/hr, inch per hour; —, no data; <, less than; >, greater than]

Earth material P?;;‘sli)ty ss‘ia:lﬁlc
(ppv)

Peat 92 -
Average soil 55 40
Clay 50 2
Sand 25 22
Gravel 20 19
Limestone 20 18
Sandstone 11 6
Basalt 11 8
Glacial till 10 -
Granite 0.1 0.09

the last Ice Age, exhibits a bulk density range of 1.6-2.0 g/cm?
(99.9-124.9 1b/ft*) and porosity range of 10 to 20 percent
(Fetter, 1994). Bulk densities of Flatwoods soils in the Sarasota
Bay watershed vary from 1.25-1.70 g/cm? (78.0-106.1 1b/ft)
(Soil Conservation Service, 1991). Under natural conditions,
bulk density generally increases with depth, a consequence of
compression by the overlying soil and the scarcity of organic
matter and biological activity (Schueler, 2000a). Measurements
of bulk density can be used to estimate porosity and the effect
of porosity on the water-holding capacity, infiltration, and root
penetration of the soil (Schueler, 2000a).

Penetration resistance is a measure of the external force
required to drive a probe a specific distance into the soil.
Penetration resistance is a rapid field-based measurement
frequently used as a surrogate for bulk density to measure
compaction in altered soils.

Infiltration Rate

Infiltration rate is the rate at which water enters the
soil and is related to porosity and bulk density. A double-
ring infiltrometer is used typically to measure infiltration
rate in units of inches per hour or millimeters per hour (Pitt
and others, 1999). Infiltration rate is highest for sand at
greater than 2.0 in/hr (5.1 em/hr) and lowest for clay at less
than 0.1-0.2 in/hr (0.25-0.51 cm/hr) (table 3). The infiltra-
tion rate is also related to bulk density for a particular soil.
Smith and others (2001) observed that infiltration is greater
than 14 in/hr (36 cm/hr) when the bulk density is less than
1.5 g/em? (93.6 1b/ft?), but as bulk density reaches 1.65 g/cm?

rseit):ﬁtlf:)i Bulk de';SitV Infiltration rate

(ppv) (g/cm) (in/hr)
- 0.2-0.3 -

15 _ 5

48 1.0-12 <0.1-0.2
3 1.1-13 0.5->2.0
1 - —
2 - =
5 - —
3 - —
- 1.6-2.0 _
0.01 _ 5

(103.0 1b/ft3), infiltration drops to less than 2 in/hr (5.1 cm/hr).
As bulk density increases beyond 1.65 g/cm? (103.0 Ib/ft?),
infiltration approaches zero. Infiltration is negligible on imper-
vious surfaces (for example, sidewalks and parking lots) or
when the rainfall exceeds the capacity of a pervious medium
to hold or transmit water. In soils with frequent wetting and
drying cycles, infiltration may be inhibited by a crust on the
soil surface formed by the breakdown of soil structure by
flowing water or raindrops (Natural Resource Conservation
Service, 1996a).

In dry soils, infiltration begins rapidly but approaches a
uniform, low rate as the soil becomes saturated. This relation
was first described by Horton in the 1930s and is referred to
as Horton infiltration (Freeze and Cherry, 1979). The initial
precipitation rate is equal to the infiltration rate; as rainfall
continues, infiltration decreases but reaches a constant rate.
The water table is assumed to be deep and does not play a role
in the infiltration rate. Runoff occurs when the precipitation
rate exceeds the infiltration rate.

In humid, high water-table environments, the capacity
of a pervious medium to hold or transmit water is affected
by the proximity of ground water to land surface. Dunne
infiltration (also described as saturation excess runoff) is most
often ascribed to conditions in Florida, primarily during the
rainy season. In Dunne infiltration, a dynamic water level is
assumed; as rainfall continues, available pore spaces are filled.
When all pore spaces are filled, no additional infiltration can
occur. The precipitation becomes runoff because the surface
is virtually impervious and no additional infiltration can occur
(fig. 22).
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Figure 22. Relation between moisture content and soil depth: (A) Horton infiltration, (B) Dunne
infiltration, (C) Horton runoff, and (D) Dunne runoff (reprinted from Freeze, 1980 and published

with permission).

In Florida, Horton infiltration is likely to predominate in
upland areas of Scrub and Sandhill ecosystems, typically along
the ridge area of central Florida, whereas Dunne infiltration is
predominant in high water-table areas, especially in discharge
areas along or near the coastline of Sarasota Bay. Figure 22
shows the differences between Horton and Dunne infiltration,
and table 4 describes the conditions under which Horton or
Dunne infiltration predominates. In west-central Florida where
the water table is at or near land surface, Dunne infiltration
and saturation excess runoff may occur early during a rainfall
event. Over the course of wet and dry seasons, both Horton
and Dunne infiltration may occur.

Water Budget

Henry (1998) estimated a simple climatic water budget
for Tampa that is used here to represent conditions in the
Sarasota Bay watershed. The water budget considers only
precipitation, potential evapotranspiration, actual evapo-
transpiration, and soil storage. Potential evapotranspiration
is defined as the amount of water that would be lost from the
soil if there was always sufficient water available for plants to
transpire at their maximum rates. Actual evapotranspiration
is the amount of water that would be lost based on the avail-
ability of soil moisture. Henry (1998) defines a soil-water
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Table 4. Characteristics of Horton and Dunne mechanisms for infiltration and runoff.

[From Knighton (1998)]

Characteristic

Rainfall High rates, short duration

Infiltration Surface infiltration capacity

Tt 1 distributi Ll .
emporal distribution infiltration rate

Spatial distribution

deficit as the difference between potential evapotranspiration
and actual evapotranspiration. When precipitation exceeds
actual evapotranspiration, soil storage increases (recharge);
when precipitation is less than actual evapotranspiration, water
stored in soil is reduced because of evaporation from soil

and transpiration by plants. From September until mid-May,
precipitation is generally less than evapotranspiration and
water needs of plants are satisfied by utilizing soil moisture
(fig. 23). By mid-January, much of the available soil moisture
is gone and the system runs at a deficit until the summer rains
begin. From about mid-May until September, precipitation
contributes the bulk of the recharge to the system.

Urbanization and Land Use

Coastal areas of the Sarasota Bay watershed are
characterized by high-density residential, recreational, and
commercial development, whereas inland areas are charac-
terized by agricultural land use (Knochenmus and Bowman,
1998). Population growth has affected the landscape by
causing loss of habitat and natural vegetative cover, while
simultaneously increasing the spatial extent of impervious
surfaces (Sarasota Bay National Estuary Program, 2000).
The increase in impervious cover alters the hydrology of
the watershed and necessitates infrastructure changes to
handle the increased runoff. Land practices that may affect
hydrologic processes in the watershed include agriculture,
construction, and recreation.

Land Practices

Most land practices tend to compact soil and reduce
water movement through soils, either by design or as a
consequence of using the land. Agricultural and construction
practices affect the infiltration of rainfall to the ground water
on a large scale. Recreational areas, often thought to provide
pockets of increased infiltration in urbanized areas, may
provide limited infiltration capacity during rainfall events.
The concept of compaction and its effect on infiltration is
well documented in the agricultural literature and provides

Horton overland flow

Begins when rainfall intensity exceeds

Semi-arid, poorly drained areas

Dunne overland flow

Light to moderate rate, long duration

Transmissibility in lower soil horizons

Begins only when underlying soil layers
are saturated

Humid, high water-table areas
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Figure 23. Average monthly water budget for west-central Florida
(modified from Henry, 1998 and published with permission).

the basis for understanding the effects of construction and
recreational activities on soil structure and infiltration. These
concepts applied to the Sarasota Bay watershed provide a
useful framework for understanding runoff processes and
their effects on recharge to and discharge from the surficial
aquifer system.
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Agriculture

Compaction is a common problem in agricultural soils.
Compaction may damage the soil structure and (1) restrict
rooting depth and growth, (2) decrease infiltration of water
and nutrients reaching the plant roots, and (3) increase runoff
and erosion (Peet, 1995; Natural Resource Conservation
Service, 1996a; DeJong-Hughes and others, 2001). Major
causes of compaction in agricultural soils are raindrop impact,
tillage, and wheel traffic. Raindrop impact causes a crust
to form at the soil surface. The crust is commonly less than
0.5 in. (1.27 cm) thick and can prevent the healthy propaga-
tion of seedlings (Natural Resource Conservation Service,
1996b). Surface hoeing is generally used to break up the crust
(DeJong-Hughes and others, 2001). Tillage is the mechanical
moving, turning, or stirring of the soil. Historically, tilling
has been used to incorporate fertilizers, crop residues and
pesticides, increase infiltration, control weeds, and reduce
erosion (Harpstead and others, 1997). The use of certain types
of conventional tillage over a number of years causes subsur-
face compaction, creating tillage pans or plow pans. This
condition can be intensified when plowing occurs during wet
conditions (McBride and others, 1997).

Hangen and others (2002) investigated infiltration
patterns in silty loam that was subjected to conventional tillage
(plowing and harrowing) and conservation tillage (minimal
plowing and use of mulches). Tracers used during infiltration
experiments showed much deeper water infiltration in the
conservation tillage area. The study also quantified earthworm
activity and macropores from crop stems and root channels.
They concluded that deep percolation of water in the silty
loam under conservation tillage was the result of an extensive
macropore network that is often missing in conventionally
tilled fields. Carmen (2002) investigated the effect of vertical
load exerted by tires and vehicle speed on the compaction of
loamy clay. At maximum tire load, bulk densities increased
40 percent above background values. Vertical load was the
most significant contributor to increased soil compaction.

A secondary factor was velocity of the vehicle. As speed
increased, compaction was reduced because of decreased
contact duration between the tires and the soil. Leskew (2002)
studied subsoil compaction in Ontario, Canada, as the result
of wheel traffic from heavy agricultural equipment in clays,
clayey loams, and silty clays. About 50 to 70 percent of the
agricultural land in four counties was affected by moderate
to severe subsurface compaction. Leskew (2002) estimated
an increase in phosphorus loading to the Great Lakes of
77,200-86,900 1b/yr (35,000-39,400 kg/yr) and increased
soil erosion of 17 to 39 percent as the result of increased
runoff caused by soil compaction. Meek and others (1992)
developed a relation between infiltration, hydraulic conduc-
tivity, and bulk density for disturbed and undisturbed soils
in a sandy loam. In disturbed soils, as bulk density increased
from 1.6-1.8 g/cm? (99.9-112.4 1b/ft3), infiltration decreased
by 53 percent and hydraulic conductivity decreased by

86 percent.

Management practices to reduce soil compaction and
increase infiltration in agricultural fields have focused on
adding organic matter (Peet, 1995) and deep-rooted plants
(Rosolem and others, 2002), minimizing tilling or wheel
traffic in wet conditions (McBride and others, 1997), control-
ling traffic (limiting the number of passes of heavy equipment
and using the same paths), and reducing the axle load of heavy
equipment (Leskew, 2002).

Construction

Research from agricultural practices has direct application
to the movement of heavy equipment and vehicles during
the construction of home sites. Soil compaction resulting
from construction practices is site specific, but development
of large tracts of land can affect both ground-water recharge
and stormwater runoff in the Sarasota Bay watershed. Soil
compaction is desirable for most development projects (for
example, highways, earth dams, levees, and building pads)
and is often mandated by code. In construction engineering,
compaction is defined as the process of making soil more dense
by squeezing air out of the voids to increase strength, decrease
permeability, decrease compressibility, and to help reduce
the effects of frost heaving (Strata, Inc., 2002). The goal of
compaction for construction is to “densify” or reduce the void
ratio (increase the dry weight) of the soil by fracturing grains
and by reorienting, bending, or distorting particles. Compaction
is accomplished by applying tampers or hammers to mechani-
cally compact or densify the soil. Water is often added to
attain a specific moisture content to enhance the compaction
process. The optimal water content to attain the highest level of
soil compaction for an average soil (maximize the dry weight
of a soil) is shown in figure 24. For dry soils, the unit weight
increases as water is added and the water lubricates the soil
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Figure 24. Generalized relation between compaction
and moisture content of an average soil (modified from
Goldsmith and others, 2001).
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particles, making compaction easier. When water is added
beyond the optimum water content, the void spaces become
filled with water and compaction ceases.

Schueler (2000b) compared the bulk densities of
mechanically compacted soils for common urban settings
(table 5). The upper range of bulk density for all of the activi-
ties in table 5 is greater than 1.65 g/cm?® (103.0 Ib/ft), the bulk
density at which infiltration is very slow (Smith and others,
2001). Table 6 provides bulk densities for a range of soil
textures at which root growth may be affected; bulk densi-
ties ideal for root growth varied from less than 1.10 g/cm?3
(68.7 1b/ft3) for clays to less than 1.60 g/cm? (99.9 1b/ft?)
for sands and loamy sands (Natural Resource Conservation
Service, 1996b, 2000). Traditional large-scale land develop-
ment practices may increase compaction over large areas.
Infiltration may be restricted by compaction resulting from
construction traffic and impervious structures (streets and
driveways).

Regional recharge to ground water depends upon the
pervious nature of the landscape. If pervious features are
reduced, ground-water levels can be lowered and erosion
and flooding can increase (Prince George’s County, 1999).
Conventional approaches convey and manage runoff generated
by impervious surfaces in large facilities located at the base
of drainage areas (U.S. Environmental Protection Agency,
2000a). Water is stored for a specific design volume and time
to minimize flooding potential. In much of the Sarasota Bay
watershed, the water table is close to land surface during
certain times of the year. Home sites typically require fill to
raise the level of land surface above the seasonal high water
table to meet building codes (Mark Shelby, Sarasota County
Agricultural Extension Service, oral commun., 2004). The
fill brought to the site has undetermined soil characteristics
and reworking of the soil alters its structure and infiltra-
tion characteristics. Determination of representative soil
infiltration rates at home sites, therefore, is complicated by
heterogeneous soil mixing during home construction. A study
to evaluate soil compaction characteristics of reworked soils
in residential neighborhoods in Sarasota County is currently
being conducted (Sudeep Vyapari, University of Florida, oral
commun., 2007).

Construction at a home site typically involves large
vehicles delivering materials, pouring concrete slabs, hoisting
structural framework, and so forth. The tire pressure exerted
on the soil surface by vehicles may substantially increase
surface and subsurface soil compaction. Site grading before
final landscaping also increases compaction. Schueler (2000b)
examined the practice of selective grading (the practice of
grading limited areas) and determined that selective grading
did not reduce soil compaction. Randrup and Dralle (1997)
evaluated the influence of different types of landscaping on
soil compaction at 17 construction sites in Denmark. They
observed higher levels of compaction at all of the construc-
tion sites compared with the reference sites. Landscaping had
no effect on compaction because construction traffic caused
compaction before turf or landscaping beds were installed.

Because home lawns account for about 70 percent of the
total turf area in urbanized landscapes, they represent substantial
potential for infiltration (Schueler, 2000c). Legg and others
(1996) deployed a rainfall simulator to observe infiltration from
20 residential lawns in Madison, Wisconsin. They observed that
the infiltration rate for lawns from 1 to 3 years after establish-
ment was 0.43 in/hr (1.1 cm/hr); whereas the infiltration rate
for lawns greater than 7 years old varied from 1.69-2.13 in/hr
(4.3-5.4 cm/hr). Similarly, Hamilton and Waddington (1999)
evaluated infiltration rates in an urbanized area of central
Pennsylvania. Infiltration rates were low for 67 percent of the
lawns evaluated, and they concluded that infiltration rates were
related to construction activities at each of the building sites;
the highest infiltration rate was observed at a location that was
not excavated prior to construction. Installation of turf over a
graded, compacted soil had little effect on reducing compac-
tion. Schueler (2000b) reported that bulk density decreased by
only 0.20 g/cm? (12.5 Ib/ft®) over a 20-year period for lawns
(listed as “Time” in table 7). Peet (1995) noted that the addition
of organic matter to the soil improves soil structure, enhances
aeration and increases pores spaces, and promotes the penetra-
tion of water and roots into the soil. Pitt and others (1999)
amended compacted urban soils with organic matter, and over
several years infiltration increased by 1.5 to 10 times above the
precompost infiltration rate.

Subsequently, Schueler (2000b) noted that only compost
amendments and reforestation offer the potential for substan-
tial decreases in bulk density (table 7). Rosolem and others
(2002), however, studied a variety of plants that could be
used as cover crops to modify soil compaction by vigorous
root growth and development of macropores. The grasses
Pennisetum americanum (pearl mullet) and Sorghum bicolor
(guinea-guinea sorghum) exhibited the highest root density
and were recommended as possible cover crops for soils
affected by compaction. Meek and others (1989) observed that
infiltration rates under alfalfa cultivation doubled or tripled
over a 3-year period, in both compacted and undisturbed soils.
The alfalfa macropores allowed water to bypass the compacted
surface layer. Shaw and Schmidt (2003) recommended
northern climate plants with roots extending deep into the
ground that aid infiltration by acting as pathways for the flow
of water. Several of these plants reach west-central Florida
through their native range:

Amorpha fruticosa (Indigo bush)

Asclepias tuberosa (Butterfly weed)
Cephalanthus occidentalis (Common buttonbush)
Eryngium yuccifolium (Rattlesnake master)
Euthamia graminifolia (Grass-leafed goldenrod)
Osmunda regalis (Royal fern)

Panicum virgatum (Switchgrass)

Pteridium aquilinum (Bracken fern)
Tradescantia ohiensis (Ohio spiderwort)
Schizachyrium scoparium (Little bluestem)
Sorghastrum nutans (Yellow indiangrass)
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Table 5. Bulk density of common urban settings.

[From Schuler (2000b). g/cm?, grams per cubic centimeter;
%, percent]

Range of
Urban setting bulk density

(g/cm®)
Urban lawns 1.50 - 1.90
Crushed rock parking lot 1.50 - 2.00
Urban fill soils 1.80 - 2.00
Athletic fields 1.80 - 2.00
Building pads (85% compaction) 1.50 - 1.80
Building pads (95% compaction) 1.60 - 2.10
Concrete pavement 2.20
Quartzite 2.65

Table 6. Effect of bulk density on root growth for various
soil textures.

[From U.S. Department of Agriculture (1996, 2000). g/cm?, grams
per cubic centimeter; <, less than; >, greater than]

Bulk density (g/cm®)
Soil texture Opt'i::um Impedes  Restricts

o root root
growth growth growth

Sands and loamy sands <1.60 1.69 >1.80
Sandy loams, loams <1.40 1.63 >1.80
Sandy clay loams, clay loams <1.40 1.60 >1.75
Silts, silt loams <1.30 1.60 >1.75
Silty loams, silty clay loam <1.10 1.55 >1.65
Sandy clays, silty clays <1.10 1.49 >1.58
Clay (>45 percent clay) <1.10 1.39 >1.47

In a similar way, the Florida Yards and Neighborhoods
Program (FY&N) promotes appropriate plants, compost, and
mulch to enhance infiltration and reduce runoff in neighbor-
hood landscapes. The FY&N program was developed to
provide special educational and outreach activities directed
at the community for maintaining environmentally respon-
sible landscapes. Among the objectives of the program are
(1) reducing stormwater runoff and (2) decreasing nonpoint
source pollution by promoting the value of mixed planting
beds and soil amendments to conserve water and to enhance
infiltration (Garner and others, 2001). Sarasota County enacted

Table 7. Soil treatments to reduce bulk density.

[From Schuler (2000b). g/cm?, grams per cubic centimeter]

Change in
Soil treatment bulk density
(g/cm®)

Tilling -0.00 to -0.02
Soil loosening -0.05 to -0.15
Selective grading 0
Soil amendment (fly ash) -0.17
Soil amendment (compost) -0.25t0-0.35
Time -0.20
Reforestation -0.25 to -0.35

water efficient landscaping regulations in 2002 that embodies
the principles of the FY&N program (Sarasota County
Extension Service, 2006).

Gregory (2004) evaluated how compaction affects
infiltration rates in sandy soils of north-central Florida. Field
experiments indicated that compaction substantially reduced
the measured infiltration rates. Infiltration rates also were
measured at three locations with installed pervious pavement.
Infiltration rates on these pavements were highly variable
depending upon the construction of the subgrade. Gregory
(2004) concluded that substantial reductions in impervious-
ness at the lot scale for driveways (and parking areas) could be
realized with appropriately engineered pervious surfaces.

Recreation

The Sarasota Bay watershed contains many recreational
areas including golf courses, sports fields, camping areas,
beaches, and trails for hiking or cycling. Research from
other areas has indicated that soil compaction can occur in
high-use recreational areas. Subsurface soils from 3.9-7.9
in (9.9-20.0 cm) deep along a pioneer trail in Iowa had
substantially greater bulk densities than areas adjacent to the
trail. The study concluded that the trail has been compacted
for more than 150 years and that compaction persists today
(Brevik and others, 2002). Similarly, Sharrat and others (1998)
reported visibly evident soil compaction within wheel ruts of
a pioneer trail used over 100 years ago in Minnesota. Bulk
density and penetration resistance were 10 percent greater and
infiltration was 50 percent lower within the trail than outside
of the trail. An investigation of understory vegetation along
a nature trail in Japan determined that substantially higher
bulk densities and lower water content and porosities occurred
along the nature trail than in the surrounding areas (Bhuji
and Ohsawa, 1998). They also observed inhibited growth
among woody shrubs and herbaceous plants, and deformed
root growth in seedlings in the area of the compacted trail.
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In a study of the soil characteristics of an urban park in Hong
Kong, bulk densities (greater than 1.75 g/cm? or 109.2 1b/

ft’ in some locations), porosity, nutrient and water transmis-
sion, organic matter, pH, and cation exchange capacity were
inadequate to maintain healthy vegetation in the park (Jim,
1998). Jim suggested that soil assessments and soil improve-
ments should be an integral part of park maintenance. Stowell
(1994) determined that turf grasses used for golf greens are
subjected to sufficient soil compaction to prevent root penetra-
tion beyond depths of 2-3 in. (5.1-7.6 cm) below land surface.

Infiltration and Runoff

In 1979, Florida implemented a stormwater management
goal for new developments to maintain post-development
peak flow and pollutant loading at predevelopment levels
(Livingston, 2004). To meet this goal, stormwater runoff
in Florida is managed for the typical design storm through
engineered conveyances and detention ponds sized for specific
catchments. Detention ponds in Florida typically are wet
detention ponds because the ground-water table is close to
land surface for much of the year. Wet detention ponds are
designed to store runoff during storm events and to release
the water slowly from the pond. The Natural Resources
Conservation Service (NRCS), formerly the Soil Conservation
Service (SCS), runoff equation (eq. 3) is used in Florida to
determine runoff for a particular catchment. The SCS method
is commonly used in stormwater management because it is
simple, yields consistent results, and is favored by regulatory
agencies (Masek, 2002).

Runoff depth (Q) is estimated from a relation between
precipitation (P), initial abstraction (Ia), and maximum
potential soil retention (S):

Q=P-Ta)?/(P-Ta+S). A3)

Maximum potential soil retention in inches (S) is an
empirical parameter based upon the runoff curve number (CN):

S =(1000/CN) - 10, 4
and initial abstraction is:
JTa=0.2 *S. 5)

The runoff curve number, CN, is based on the relation
between runoff, land cover, and soil condition. A runoff CN
value that approaches 100 indicates increasing runoff. Table 8
provides a list of runoff CN values for a range of soil and
land-cover conditions. Columns A through D represent different
hydrologic soil groups (HSG) according to soil infiltration rates
and drainage (Soil Conservation Service, 1986) (refer to table 1
for hydrologic soil group for soil series in the Sarasota Bay
watershed). Soils in HSG “A” exhibit high infiltration rates and
good drainage whereas soils in HSG “D” exhibit low infiltration
rates and poor drainage. An example of a land cover and soil
condition with a high runoff CN value (98) is a paved driveway
(table 8). Nearly all of the precipitation that falls on a paved
driveway becomes runoff. Soils in the Sarasota Bay watershed
tend to be poorly drained (HSG B/D) with the seasonal high
water table close to land surface for several months during the

Table 8. Runoff curve numbers by housing density and hydrologic soil group.

[From U.S. Department of Agriculture (1986). CN, runoff curve number (39-98); CN=39, least
runoff; CN=98, most runoff; HSG, hydrologic soil group (A-D); HSG A; soils with rapid infil-
tration; HSG D; soils with slow infiltration; %, percent; <, less than; >, greater than]

Increasing runoff curve number (CN)

by decreasing infiltration (HSG)

Cover type Soil condition
A B C D

Paved driveway 98 98 98 98 Impervious
Commercial district 89 92 94 95 85% impervious
Newly graded area 77 86 91 94 No vegetation
Housing lot (<1/8 acre) 77 85 90 92 65% impervious
Housing lot (1/4 acre) 61 75 83 87 38% impervious
Housing lot (1/2 acre) 54 70 80 85 25% impervious
Housing lot (2 acres) 46 65 77 82 65% impervious
“Poor” open lawn 68 79 86 89 50% grasses
“Good” open lawn 39 61 74 80 >75% grasses
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rainy season. Compaction may act to further reduce infiltration.
A “good, open lawn” contains at least 75 percent grass (Soil
Conservation Service, 1986). In an area where soils are poorly
drained (HSG D), a Myakka soil overlain by a good, open
lawn may exhibit a runoff CN value of 80, according to table 8.
Recreational areas with a good, open lawn, such as ball fields,
trails and golf courses may have a higher than expected runoff
CN value if these areas have been compacted by frequent foot
or vehicle traffic. The degree of compaction and the influence
of compaction on infiltration and runoff are unknown in the
Sarasota Bay watershed.

Land cover is based on land-use categories described
by the Soil Conservation Service (1986) and each land-use
category has an assigned rainfall-runoff CN. The CN values
are based on infiltration results from previous literature.
Subsequent land practices may substantially alter infiltration
characteristics and the runoff CN value originally assigned
(Schueler, 2000a). In urban settings, soil is treated as a single
soil type (urban soil), although infiltration characteristics
vary dramatically in these soils and infiltration cannot be
characterized adequately without site-specific measure-
ments. Recognizing that urban soil characteristics are poorly
understood or documented, the NRCS conducted an extensive

research program to characterize urban soils in New York City.

Infiltration rates in these urban soils varied substantially from
site to site, prompting a new soil classification scheme for
urban soils by the International Committee on Anthropogenic
Soils (2003).

Hawkins and others (2002) determined that the value of
0.2 in eq. 5 was not corroborated for humid or arid environ-
ments using a least-squares fitting routine. In other words,
the initial abstraction, Ia, is not fixed at 0.2 of the maximum
potential soil retention, S, for all soil types. The study found
that a value of 0.05 resulted in a better fit for data collected
from more than 300 watersheds.

Golding (1997) challenged the use of the SCS method in
Florida because of subjectivity in determining the runoff CN
value. The runoff CN method for computing infiltration losses
from rainfall using rainfall-runoff coefficients was developed
to address deep water-table conditions in the Midwest;
however, the method produces erroneous runoff estimates in
shallow water-table environments (Masek, 2002). Research
from several subbasins in west-central Florida indicates that
widely used rainfall-runoff models produce large errors in
predicting runoff, and adjusting runoff CN does not improve
predictions substantially (Trommer and others, 1996a,b).

The runoff CN values are based upon Horton infiltra-
tion where substantial depth to the water table, substantial
pore space for water storage, and constant rainfall intensity
(rainfall rate) is assumed. Initially, the infiltration rate equals
the rainfall rate. The infiltration rate decreases gradually to the
hydraulic conductivity of the saturated zone as the soil column
becomes partially saturated. With a constant rainfall rate,
the gradual decrease in infiltration rate is accompanied by a
gradual increase in the runoff rate. The mechanism, therefore,
assumes that rate differences control runoff.

In Florida, Horton infiltration is likely to be limited to
either upland areas of Scrub and Sandhill ecosystems, typi-
cally along the ridge areas of central Florida, or lowland areas
only after extended periods of drought. In the headwaters area
of the Sarasota Bay watershed, upland areas occupy a small
portion of the DeSoto Plain where dry Flatwood and Sandhill
ecosystems are present. In high water-table areas, especially
in discharge areas along the Southern Gulf Coastal Lowlands,
runoff processes are dominated by Dunne infiltration and by
lateral subsurface return flow. Dunne infiltration assumes
a dynamic water level; as rainfall continues, available pore
spaces are filled and the water level continues to rise. No
runoff occurs until the pore spaces are filled. When soil satura-
tion is reached, the soil acts as an impervious surface and all
of the precipitation becomes runoff.

Nachabe and others (2004) observed that rapid infiltra-
tion during intense rainfall events may trap air in soil pore
spaces. In sandy soils, water can infiltrate pore spaces
quickly, preventing air in pore spaces from escaping to the
atmosphere. Where substantial trapped air exists in the soil
profile, air counterflow and compression resist the downward
flow of water (Wangemann and others, 2000). Taboada and
others (2001) observed that pore air volume increased to 35
percent of the total soil volume during soil wetting but air
did not escape at the soil surface. Consequently, hydraulic
conductivity is reduced and runoff volumes may increase
(Charbeneau, 2000).

Nachabe and others (2004) modified the equation for
determining maximum potential soil retention (S) by devel-
oping an equation for soil water storage capacity (SWSC) as a
function of water-table depth. Although detailed soil moisture
data are needed to determine SWSC, Nachabe and others
(2004) assert that soil storage capacity will be overestimated
without an estimate based upon water-table depth.

Variations in topography, antecedent soil water content,
soil moisture storage capacity, and rainfall intensity influence
the spatial extent of areas where saturation excess runoff will
occur. Hernandez and others (2003) indicated that these satu-
rated areas, called variable source areas (VSAs), produce most
of the runoff in shallow water-table environments. In areas
with convex hillsides, runoff may consist of shallow subsurface
flow (unsaturated throughflow) that discharges along the banks
of the stream channel (fig. 25). In depressional storage areas
(for example, wet detention ponds), contributing source areas
may be larger than anticipated because of return flow. VSAs
typically expand during the wet season and shrink during
the dry season. Figure 26 depicts the variation in prestorm
saturated source areas in March, April, and August 1973 for a
small watershed in Vermont (Dunne and Leopold, 1978). The
percentage of the saturated catchment area (Ag) varies from
51 percent in March to 15 percent in August. The expansion
and contraction of VSAs define the hydroperiod in forested
wetlands, which is an important consideration for ecological
function in wetlands (Kautz, 1998).
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by ground water entering the detention pond. Ground water
may serve to dilute total nitrogen in wet detention ponds,
but stormwater load removal may be decreased. Harper and
others (2002) observed dry detention treatment in the Florida
Keys to evaluate hydraulic performance and nutrient removal
efficiency. Field observation indicated that lateral ground-
water flow moved into the pond before actual runoff began.
The concave depression formed by the dry detention pond
decreased hydraulic performance and reduced nutrient removal
efficiency.

Harper and Baker (2003a) evaluated alternative
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concluded that wet detention in high water-table areas of s

Florida was an appropriate option because of efficient runoff
storage capacity, ease of maintaining, and reasonable pollutant
removal. Runoff is held for a designated period of time and

is released slowly to ground water, surface water, or the
atmosphere. Wet detention is the preferred option for runoff
storage in Florida, but designs that incorporate modifications

Figure 26. Examples of seasonal variation in saturated source
areas for a catchment in Vermont (reprinted from Dunn and
Leopold, 1978 and published with permission).

to the SCS method suggested by Nachabe and others (2003) wet detention pond would achieve 70 percent removal after
may exhibit better hydraulic performance than conventional 150 days and 50 percent removal after 20 days. To achieve the
designs. The average antecedent dry periods between precipi-  removal efficiency goal of no net increase in loading (prede-
tation events in central and south Florida are 5.3 days during velopment loading conditions), options include wet detention

the dry season and 1.7 days during the wet season. Harper and  systems in series, wastewater treatment approaches designed
Baker (2003a) indicated that nitrogen removal from a typical for stormwater, and reducing the volume of stormwater.



With urbanization, the hydrologic function of natural
processes (depressional storage in swamps, cypress domes,
and rapid infiltration in forested areas) is shifted toward
designed engineering processes. Urban land-use practices tend
to increase runoff and the likelihood of flooding by decreasing
the perviousness of the land surface. Stormwater planning
in west-central Florida makes use of traditional engineered
structures to convey and store stormwater runoff and, with
increasing frequency, incorporates lot-scale approaches that
retain runoff close to rainfall point-of-impact. Engineered
processes have been developed to address basin time-of-travel
while attempting to retain precipitation close to where it falls
on the land surface. These processes, designed and evaluated
in other parts of the United States, are being applied to west-
central Florida to enhance traditional stormwater management
and retain runoff near its source.

Framework for Future Research in the
Watershed

As urbanization in the Sarasota Bay watershed continues,
focused research on water-resources issues will continue to
provide information needed by water-resources managers
to ensure the future health of the watershed. Conventional
approaches are used to convey and manage runoff from devel-
oped areas to large detention or treatment areas. Finer-scale
approaches to address sustainability, restoration, and low-impact
development (portions of subdivisions, lots, impaired parcels,
and so forth) are being used more frequently than in the past.

Low-Impact Development

Several approaches have been developed in other regions
of the Nation to enhance infiltration and reduce runoff by
modifying land practices. Prince George’s County (1999) in
Maryland developed Low-Impact Development (LID) guide-
lines to mimic the predevelopment site hydrology by using
design features that store, infiltrate, evaporate, and detain
runoff. These methods were designed to reduce runoff and
ensure adequate ground-water recharge. In 2004, the Tampa
Bay Regional Planning Council, Tampa Bay Estuary Program,
and Florida Department of Environmental Protection co-spon-
sored a workshop on the application of LID approaches for
Florida. Unanimous consensus at the workshop called for
conducting research to determine what LID approaches would
be best suited for Florida (Tampa Bay Regional Planning
Council and others, 2004).

In an effort to restore predevelopment hydrologic
processes, LID is designed to control stormwater volume at its
source in discrete units throughout the watershed. Called the
“distributed control approach,” LID emphasizes materials such
as native plants, soil, and gravel that can be integrated easily
into the landscape to create distributed “microcontrol” systems
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to complement regional conveyance structures. LID limits
clearing, grading, and construction easements, minimizes and
disconnects impervious areas, avoids development in areas
with high infiltration rates, and maintains existing topography
and drainage divides. LID is not designed to replace conven-
tional stormwater management approaches but rather attempts
to enhance the efficiency of the conventional systems already
in place.

The USEPA guidance on best management practices
(BMPs) for stormwater states that preventing polluted runoff
is less costly than treating it (U.S. Environmental Protection
Agency, 2002). Swales, filter strips, and vegetated biofilters
are recommended by the USEPA to keep runoff at its point-of-
contact with the land surface (U.S. Environmental Protection
Agency, 2004a, 2004b). Previously, the USEPA described
LID practices applicable to retaining runoff close to its source
including vegetative roof covers (green roofs), bioretention,
grass swales, and permeable pavement (U.S. Environmental
Protection Agency, 2000a).

Green roofs have been incorporated into building designs
infrequently in Florida. Climatic conditions most favorable for
green roofs are in areas that receive steady, light rainfall over
an extended rainy season, typical of the northwestern United
States. Conditions where the soil dries out completely for part
of the year and where intense rainfall exceeds the soil storage
capacity of green roofs for another part of the year present
challenges to maintaining a green roof. However, experimental
approaches on the campus of the University of Central Florida
in Orlando (University of Central Florida, 2005) and at the
Museum of Science and Industry in Tampa (W. Ostrenko,
Museum of Science and Industry, oral commun., 2005) are
being used to adapt green roof technologies for Florida. A new
library planned for Sarasota County will serve as a pilot for
the construction of a green roof (Whitt, 2006).

To increase infiltration and reduce runoff using “micro-
control” strategies, Prince George’s County (1999) developed
microscale techniques called Integrated Management Practices
(IMPs) and procedures, and criteria for selecting and designing
the IMPs. Specific IMPs suggested by Prince George’s County
include: bioretention beds, dry wells, filter buffer strips, grassy
swales, rain barrels, cisterns, and infiltration trenches.

Bioretention manages runoff by using an engineered
planting bed and plant materials within a shallow depres-
sion to filter and retain stormwater. The bed is prepared
by using in-situ soil with an infiltration rate greater than
0.5 in/hr (1.27 cm/hr) to a depth of 4 ft (1.2 m). Soil mixtures
containing sand, loamy sand, and sandy loam with less than 10
percent clay are ideal for bioretention. Amending the soil with
compost, although not specifically recommended by the IMPs,
would increase biological activity and decrease bulk density.
Pitt and others (1999) amended compacted urban soils with
organic matter, and over several years, infiltration increased
by 1.5 to 10 times the precompost infiltration rate. Because
the water table is usually less than 5 ft (1.5 m) below land
surface along the coastline, bioretention beds may have limited
applicability to the Sarasota Bay watershed.
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Dry wells, cisterns, and rain barrels are designed to
capture runoff from roofs and permit the slow percolation
of runoff to ground water. Dry wells may be appropriate for
regions with deep water tables, but water-table conditions
in the Sarasota Bay watershed would preclude their use.
Additionally, these devices could inadvertently serve as
conduits for movement of contaminants from land surface
to ground water. Rain barrels and above-ground cisterns,
advocated by the FY&N in Sarasota and Manatee Counties,
are being used with increasing frequency as microscale deten-
tion devices for reuse of the collected water in the landscape
(Garner and others, 2001).

Filter buffer strips, grassy swales, and infiltration trenches
are vegetated areas of ground cover, shrubs, and trees designed
to divert runoff to infiltration and restore infiltration rates to
predevelopment natural ground cover levels. Grassy swales
have been used extensively in the Sarasota Bay watershed and
in most other areas of Florida as integral parts of stormwater
management programs (E. Livingston, Florida Department of
Environmental Protection, oral commun., 2004).

Rushton (2002) studied a low-impact design for reducing
runoff in the parking lot of the Florida Aquarium in Tampa,
Florida. A conventional asphalt system and a porous pavement
system were installed side-by-side within the parking lot with
drainage leading to separate, internally drained swales. The
swales were directed to a series of wet detention ponds. The
porous pavement system stored nearly all (greater than 99
percent) of the runoff generated during the study and pollutant
removal efficiency was about 99 percent.

Caraco and others (1998) evaluated stormwater runoff,
stormwater infiltration, and nutrient output from conventional
and innovative site development plans for medium-density
residential, low-density residential, retail shopping, and
commercial office park sites in the Chesapeake Bay water-
shed. The conventional site design for each site was modi-
fied to incorporate narrow streets, small parking lots, open
space options, short driveways, and open-channel drainage.
The modified site characteristics were incorporated into the
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innovative redesign. Subsequently, a lot-scale model, the
Simplified Urban Nutrient Output Model (SUNOM), was used
to simulate nutrient export and runoff/infiltration character-
istics for conventional and innovative site designs. SUNOM
nutrient export rates were adjusted to include mean removal
efficiencies of stormwater BMPs. The simulation showed that
changes in site characteristics, principally impervious cover,
resulted in less runoff, more infiltration, reduced nitrogen
output, and reduced phosphorus output for medium-density
residential, low-density residential, and commercial office
park sites. Stormwater infiltration did not increase for the
retail shopping site. Table 9 shows the projected changes in
runoff characteristics for the four scenarios. Although the
SUNOM model was applied to conditions in the Chesapeake
Bay watershed, the principle of simulating changes in imper-
vious cover to lot-scale nutrient runoff is applicable to the
Sarasota Bay watershed.

Cheng and others (2004) conducted field monitoring to
compare nitrogen output and hydrology from conventional and
LID site designs in two small watersheds in Prince George’s
County, Maryland. The conventional design used a curb, gutter,
and pipe stormwater conveyance system; whereas the LID
design used grassy swales and bioretention areas. After 2 years
of monitoring, total nitrogen loads decreased by 2.7 percent
and nitrate-nitrite nitrogen loads decreased by 34.8 percent at
the LID site compared with the conventional site. Average peak
flow for the 2-year period at the LID site was 56 percent less
than at the conventional site. Although basin characteristics
were not described, expected streamflow velocities would
probably be considerably higher than the velocities encoun-
tered in the Sarasota Bay watershed and the marked decreases
in average peak flow and nitrate-nitrite nitrogen loads would
likely be lower in the Sarasota Bay watershed because of the
slower stream velocities and low relief.

The hydrologic analysis guidance for Prince George’s
County (1999) compared the calculation of a conventional
runoff CN with a “custom-made LID” runoff CN. A composite
runoff CN was achieved by segregating a 1-acre (0.4 ha)

Table 9. Percent change in simulated runoff characteristics of land-
cover types from conventional BMPs to innovative design with BMPs
from a study in the Chesapeake Bay watershed.

[From Caraco and others (1998). BMPs, best management practices]

Medium
Characteristic "?"s'“!
residential

housing
Impervious cover -24
Stormwater runoff -25
Stormwater infiltration 55
Nitrogen output -45
Phosphorus output -60

Low
density Shopping Office park
residential center
housing
-35 -18 -22
-23 -17 -21
12 -2 42
-46 42 -45
-50 -46 -47



residential lot into directly connected and unconnected
impervious surfaces, open space, and wooded areas. The

CNss obtained for the residential lot were: conventional (68),
composite (63), and predevelopment (55). The composite curve
number was subsequently used to determine detention storage
requirements for the residential lot. Because watershed charac-
teristics are considerably different in the Sarasota Bay water-
shed than in Prince George’s County, Maryland, the approach
for developing a custom-made LID runoff CN might not be
applicable to conditions in west-central Florida. Developing
lot-specific custom runoff CNs, however, would provide an
improved understanding of runoff characteristics for Florida.

Gregory (2004) investigated lot-scale infiltration in
areas of mixed forest and residential construction near
Gainesville, Florida. Soils in these areas are sandy, loamy
Paleudults (acidic, humid-region soils typically forming
under pine forests [Buol and others, 1973]). A lot-scale
model was developed to evaluate the effectiveness of several
BMPs for reducing stormwater runoff by enhancing infiltra-
tion. Treatments modeled were (1) a conventional lot, (2) a
predevelopment, high infiltration lot, (3) a pervious driveway,
and (4) an engineered infiltration structure with runoff routed
to it. Results indicate that predevelopment infiltration and an
engineered infiltration structure resulted in a 50- to 92-percent
reduction of lot-generated runoff. Gregory concluded that lot-
scale infiltration could be an effective method for managing
stormwater near the precipitation point-of-contact. Gregory’s
model has direct application to lot-scale efforts to improve
infiltration in the Sarasota Bay watershed and may be a
promising approach for evaluating infiltration using FY &N
landscaping guidelines.

To reduce runoff, LID uses the hydrologic cycle as a
design element to balance pervious and impervious cover.
Figure 27 generalizes this balance showing the relative
amounts of water moving to ground water and runoff with
increasing percentages of impervious cover. In areas with
natural ground cover, up to 50 percent of precipitation infil-
trates into the ground water and 10 percent becomes runoff.
As the percentage of impervious surface increases, either as
impervious cover or compacted soils, infiltration decreases.
In urban areas, impervious surfaces typically cover 75 to 100
percent of the land surface. Infiltration in these areas typically
decreases to 15 percent whereas runoff increases to 55 percent
(Federal Interagency Stream Restoration Working Group,
1998). In 14 watersheds located in west-central Florida, the
average runoff for natural watersheds was 27 percent and the
average runoff for urban watersheds was 41 percent (Trommer
and others, 1996a).

Livingston (2003) indicated that stormwater volume
must be reduced if post-development loading is not to exceed
predevelopment loading. He suggested nonstructural controls,
including LID, because structural controls alone will not
protect the health of aquatic ecosystems. LID is not a replace-
ment for conventional stormwater management, but instead,
enhances stormwater management at or near the point at
which rainfall reaches land surface.
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Pollutant Loading and Watershed Modeling

Restoring the balance between predevelopment runoff
and recharge assumes that runoff will be reduced to enhance
recharge to ground water. Because ground water is the
principal source of water in the Sarasota Bay watershed,
enhancing recharge would help to maintain the ground-water
supply. Restoring this balance is also important to reducing
pollutants loadings in runoff that reach surface streams and
Sarasota Bay.

In 1992, a point/nonpoint source pollution assessment of
Sarasota County was conducted to evaluate nutrient inputs to
Sarasota Bay (Camp Dresser & McKee, Inc., 1992). Pollutant
loading rates were determined from available concentra-
tion and streamflow data; surface runoff was characterized
by using event mean concentration data developed through
the National Urban Runoff Program (U.S. Environmental
Protection Agency, 1983). Available literature data for 17
land-use types were used in place of local monitoring for
nonpoint loading factors including phosphorus, nitrogen, zinc,
and lead.

Infiltration decreases and runoff increases as the amount
of directly connected impervious area (DCIA) increases.

The percentage of DCIA in the watershed was estimated for
each urban land use from the National Urban Runoff Program
(U.S. Environmental Protection Agency, 1983). Specific
runoff loading estimates were made for golf courses, septic
areas, canal communities, point sources, and rainfall. Wet- and
dry-season results indicated that 60 percent of the annual
loading occurred during the wet season (June-September), and
40 percent occurred during the dry season (October-May).
The average annual loading of total nitrogen to the watershed
was primarily from surface runoff (46 percent) and rainfall
(27 percent). Baseflow, septic systems, and point sources each
accounted for less that 10 percent of the total nitrogen loads.
Loadings and flows were simulated as steady input values
from the average annual results generated by a spreadsheet
model using the WASP4 model (Southwest Florida Water
Management District, 1992).

From the estimates for the Sarasota Bay watershed, the
Sarasota Bay National Estuary Program projected annual
loads to Sarasota Bay for total phosphorus, total nitrogen,
lead, and zinc for a 20-year period from 1992 to 2012 (Hey],
1992). The average annual total nitrogen load estimates were
933,750 1b/yr and 1,145,730 Ib/yr (423,542 kg/yr and 519,694
kg/yr), for 1992 and 2012 respectively. Several management
alternatives and land-use conditions were evaluated that could
potentially affect the 20-year pollutant loading projections
(table 10). Five of 14 build-out alternatives (build-out is an
estimate of the total number of units that can potentially be
built under land-use management plans) resulted in lower total
nitrogen loads than the 1992 estimates; these five alternatives
assumed the implementation of the Sarasota County advanced
wastewater plan. The 30/70 (30 percent medium density and
70 percent open space) residential cluster development concept
was determined to be the best alternative for reduction of
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Figure 27. Examples of variation in runoff with increasing impervious surfaces: (a) natural ground cover, (b) 10-20 percent impervious cover,
(c) 35-50 percent impervious cover, and (d) 75-100 percent impervious cover (from Federal Interagency Stream Restoration Working Group, 1998).

total nitrogen loads. At build-out, the 30/70 residential cluster

concept results in a projected reduction of 89,490 1b/yr (40,592 e Total nitrogen concentrations in runoff were
kg/yr) of total nitrogen from the 1992 levels (Heyl, 1992). estimated mostly from literature values for Florida
The 1992 pollutant loading model relied on several from the 1983 National Urban Runoff Program.
simplifying assumptions because local, site-specific data
Were sparse. e Runoff coefficients were estimated from the
Soil Conservation Service (1986) hydrologic
e Total nitrogen loading from precipitation was soil types and land-use groupings.

distributed evenly over the 52-mi” (135 km?)

Sarasota Bay surface area. The loadings were based The simplifying assumptions used in the 1992 pollutant

upon the total nitrogen concentration determined lf)admghm'odel pgrmllttedcllofn g-iangg P I'O_].eCtl(l)IlS uls'mg'estlma-
for Tampa Bay of 0.82 mg/L and an average tion techniques developed for broad, regional applications.

precipitation of 54.6 in. (137 cm) or 337,000 Ib/yr Recent research has generated site-specific data, remote-
(152,860 ke/yr) R ’ sensing data, and Geographic Information System (GIS)
’ ' methods to account for variability that had formerly been
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Table 10. Total nitrogen loads to Sarasota Bay projected for 2012 for several land management

alternatives in the Sarasota Bay watershed.

[From Heyl (1992). AWT, Advanced wastewater treatment; BMPs, best management practices; 1b/yr, pounds per
year; build-out, estimate of the total number of units that potentially can be built under the land-use management

plans; %, percent]

Total nitrogen

load Land management alternative’
(Ib/yr)
933,750 1991 estimate
Uncontrolled build-out; no best management practices (BMPs); no advanced wastewater
1,145,730
treatment (AWT)
1,064,620 Wet detention BMPs, as required by law; no AWT
914,860 Wet detention BMPs, as required by law and AWT
888,490 1-acre residential lot (80% pervious); commercial (40% pervious) plus BMPs and AWT
873.010 Residential cluster development (50% medium density-50% open space, 90% pervious);
’ commercial (40% pervious) plus BMPs and AWT
855,360 2-acre residential lot (90% pervious); commercial (40% pervious) plus BMPs and AWT
844.260 Residential cluster development (30% medium density-70% open space, 90% pervious);

commercial (40% pervious) plus BMPs and AWT

! Assumes all future development conforms to these land management alternatives.

limited to basinwide, evenly distributed estimates. Algorithms
for predicting near-realtime precipitation from NEXRAD
data have been developed and verified (Neary and others,
2004), and have been used in watershed modeling (Berne

and others, 2005).

In the 1992 pollutant loading model, rainfall concentra-
tions of nutrients from Tampa Bay were used to represent
rainfall concentrations for the Sarasota Bay watershed
resulting in overestimated atmospheric deposition of nutrients
to the Sarasota Bay watershed (Southwest Florida Water
Management District, 2002). Wet and dry atmospheric
deposition of total nitrogen to the Sarasota Bay watershed was
slightly more than half of the atmospheric deposition reported
by Poor and others (2001) for Tampa Bay, or about 3.92 1b/
acre/yr (4.4 kg/ha/yr) total nitrogen (N. Poor, University of
South Florida, oral commun., 2004). Alexander and others
(2001) used a spatially referenced regression watershed model
(SPARROW) to predict the mean wet deposition of nitrogen to
the Sarasota Bay watershed. They determined the wet deposi-
tion of total nitrogen to be 1.36 Ib/acre/yr (1.53 kg/ha/yr) or
slightly less than 40 percent of the total nitrogen deposition.
Similar research by Poor and others (2001) in Tampa Bay
indicated that wet deposition of total nitrogen in Tampa Bay
accounted for 56 percent of the total nitrogen deposition
for the period 1996 to 1999. The study also determined that
a net flux of nitrogen from the water to the atmosphere, as
ammonium, occurred during one summer when Tampa Bay

warmed to 82.4 °F (28 °C). The 1992 pollutant loading model
predicted atmospheric deposition as the second largest source

of nitrogen to the Sarasota Bay watershed. NEXRAD data and
nitrogen speciation/flux measurements can be used to provide

a better means of understanding the variability of this substan-
tial source of nitrogen to the Sarasota Bay watershed.

The soil storage capacity variable used in the 1992
pollutant loading model was based on the runoff numbers from
the SCS method. Modifying watershed models to account for
soil water storage capacity as a function of water-table depth
will likely enhance the accuracy of runoff projections. The
SWFWMD (2002) recommended updating the 1992 Sarasota
Bay watershed pollutant loading model predictions by
comparing the projections with current pollutant loading data.

Since the early 1990s, estimates of pollutant loads have
been improved by comprehensive watershed models linking
load estimates to dynamic processes within the watershed.

In 1999, the USEPA recommended the use of watershed
loading models to evaluate the effect of land-use practices

on pollutant loading to water bodies (U.S. Environmental
Protection Agency, 1999). Models were categorized as simple
or complex, and the advantages and disadvantages of each of
the groups were described.

Simple models, such as the watershed spreadsheet
model, were recommended for gross, empirical estimates
of pollutant loads when reliable data are relatively sparse.

The 1992 Sarasota Bay watershed pollutant loading model is
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an example of this type of model. These models are of limited
value for determining loads on a seasonal or finer scale and in
evaluating the effect of control measures (U.S. Environmental
Protection Agency, 1999).

Complex models utilize the current understanding of
watershed processes affecting pollutant sources and sinks.
Algorithms in complex models more closely simulate physical
processes (infiltration, runoff, pollutant accumulation,
ground-water/surface-water interaction) (U.S. Environmental
Protection Agency, 1999). These models (1) can provide infor-
mation on source loadings from specific parts of the water-
shed, (2) can predict the effect of different control practices,
and (3) have greater spatial and temporal resolution. Complex
models are appropriate for load estimates to: (1) provide
explicit analysis of runoff and pollutant transport, (2) evaluate
short-term processes lasting days or hours, and (3) optimize
potential control scenarios. Predictions of variable flows and
water-quality affected processes at numerous points within
the watershed may be achieved using complex models (U.S.
Environmental Protection Agency, 1999). Watershed models
categorized into this group include:

e BASINS (Better Assessment Science Integrating
Point and Nonpoint Sources)

HSPF (Hydrologic Simulation Program—Fortran)

SWAT (Soil and Water Assessment Tool)

SWMM (Storm Water Management Model)

SPARROW (SPAtially Referenced Regressions On
Watershed Attributes)

BASINS is a multipurpose environmental analysis
system developed to assist regional and local agencies with
watershed and water quality-based evaluations by integrating
data on water quality and quantity, land uses, and point and
nonpoint source loading, thus providing the ability to perform
preliminary assessments of watersheds (U.S. Environmental
Protection Agency, 1999). BASINS consists of a series of
interrelated components including: (1) data extraction tools for
national databases; (2) assessment tools (TARGET, ASSESS,
and Data Mining) for large and small-scale watershed
characterization; (3) utilities for classifying digital elevation
models, land use, soils, and water-quality observations; (4) an
instream water-quality model, QUAL2E; (5) two watershed
loading and transport models, Hydrological Simulation
Program—Fortran (HSPF) and Soil and Water Assessment
Tool (SWAT); (6) PLOAD, a simplified GIS-based model that
estimates nonpoint pollutant loads on an annual average basis;
(7) the Kinematic Runoff and Erosion Model (KINEROS),
an event oriented, physically based model that may be used
to determine the effects of various artificial features such as
urban developments, small detention reservoirs, or lined chan-
nels on flood hydrographs and sediment yield; (8) Rosgen’s
Bank Erosion Hazard Index, which has been incorporated in
the pollutant loading model as PLOAD-BEHI; (9) AQUATOX,

which receives and automatically formats output from HPSF
or SWAT to integrate watershed analysis with the likely effects
on the aquatic biota in receiving waters; and (10) a Parameter
Estimation (PEST) tool in WinHSPF (Windows version of
HSPF) that automates the model calibration process and
allows users to quantify the uncertainty associated with
specific model predictions.

The HSPF model is used to calculate pollutant load
and transport from complex watersheds to receiving waters
(U.S. Environmental Protection Agency, 1999). HSPF
provides capabilities for continuous and storm-event simula-
tion. The model output includes a time series of the runoff
flow rate, sediment load, nutrient and pesticide concentrations,
and water quantity and quality at any location in the water-
shed. The Chesapeake Bay Program has used HSPF to model
total watershed contributions of flow, sediment, and nutrients
to the tidal region of the bay. Wicklein and Schiffer (2002)
simulated hydrology and water quality of runoff using the
HSPF model in central Florida. To characterize runoff, they
examined six land-use types (agriculture, rangeland, forest,
wetlands, rapid infiltration basins, and urban) for a complex
stream system in the Reedy Creek Improvement District.

For the period from 1990 to 1995, the model was calibrated
for two subwatersheds and runoff was simulated for the
remaining subwatersheds. Simulated time series for total phos-
phorus, phosphate, ammonia nitrogen, and nitrate nitrogen
generally agreed with periodic data for the two subwatersheds.
Simulation of hydrology and water quality of runoff for future
land-use scenarios was then projected for 2008. The land-use
scenarios assumed a decrease in forested areas by 50 percent
and an increase in impervious areas by 300 percent. Simulated
nutrient concentrations did not change substantially, but simu-
lated loads for all constituents increased by 10 percent; nitrate-
nitrogen loads increased by 17 percent. The HSPF model may
also be used in conjunction with ground-water flow models to
simulate surface-water and ground-water interactions.

SWAT is a watershed-scale model developed to predict
the effect of land management practices on water, sediment,
and agricultural chemical yields in large complex watersheds
with varying soils, land use, and management conditions over
long periods of time (Neitsch and others, 2005). Data inputs
include weather, surface runoff, return flow, percolation,
evapotranspiration, transmission losses, pond and reservoir
storage, crop growth and irrigation, ground-water flow, reach
routing, nutrient and pesticide loading, and water transfer.

The model is physically based and does not rely on regression
relations between input and output variables. This feature
permits modeling of watersheds with minimal monitoring data
(Neitsch and others, 2005).

The SWMM model simulates overland water quantity
and quality produced by storms in urban watersheds for a
wide range of watershed processes (U.S. Environmental
Protection Agency, 1999). Model components include rainfall
and runoff, water-quality analysis, and point-source inputs.
Either continuous or storm-event simulation is possible,
with variable and user-specified time steps (wet and dry



weather periods). Input data requirements include rainfall
hyetographs, antecedent conditions, land use, topography, soil
characteristics, dry-weather flow, hydraulic inputs (gutters or
pipes), pollutant accumulation and wash-off parameters, and
hydraulic and kinetic parameters. Model output includes time
series of flow, stage, and constituent concentrations at any
location in the watershed.

The SPARROW model incorporates a statistical modeling
approach that retains spatial referencing for illustrating predic-
tions and for relating upstream nutrient sources to downstream
nutrient loads (Smith and others, 1997). SPARROW is based
on a digital stream-network data set that is composed of
stream segments (reaches) that are attributed with travel time
and connectivity information. Drainage-basin boundaries are
defined for each stream reach in the network data set through
the use of a digital elevation model (Preston and Brakebill,
1999). The application of SPARROW for watershed assess-
ment offers three principal features. First, the statistical basis
of SPARROW provides an objective means of identifying
relations between stream-water quality and environmental
factors such as contaminant sources in the watershed and
land-surface characteristics that affect contaminant delivery to
streams (Alexander and others, 2002). Second, SPARROW’s
spatially detailed network and travel-time data provide a
means of estimating instream loss rates. These loss rates
allow upstream watershed factors to be related to downstream
loads in a more integrated manner than previously possible,
and allow the simultaneous evaluation of many factors that
affect loads including storage, denitrification, interbasin
transfer, and ground-water/surface-water exchange (Alexander
and others, 2002). Third, SPARROW provides a means of
retaining detailed spatial information about all environmental
factors considered in the regression model. Because the regres-
sion models are linked to spatial information, predictions
and subsequent analytical results can be illustrated through
detailed maps that provide information about nutrient loading
at detailed spatial scales.

McMahon and Roessler (2002) used the SPARROW
model to develop total nitrogen inputs and total nitrogen
delivery and a total nitrogen budget for the Neuse River
basin in North Carolina. SPARROW estimated nitrogen yield
within 25 percent of the observed values at most of the 44
monitoring stations used to calibrate the model. Observed
values consisted of water-quality data collected both by
the USGS and the State of North Carolina. Soil drainage
characteristics (specifically, ground-water recharge) and
channel transport factors (aquatic processes in streams and
reservoirs) both substantially influence the transport of total
nitrogen at the reach and whole-basin scale. Total nitrogen
losses associated with in-stream processes occurred at a rate
of about 8 percent per mi (5 percent per km) in streams with a
mean annual discharge less than 37 ft¥/s (1.04 m¥/s); losses in
streams with greater discharge occurred at a rate of 0.3 percent
per mi (2 percent per km). SPARROW included statistical
uncertainty in nitrogen delivery estimates and the estimates
were used to map the spatial probability distribution of stream
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reaches. McMahon and Roessler (2002) noted the flexibility of
SPARROW to accept multiple model specifications that aid in
the understanding of complex terrestrial-aquatic processes.

Sprague and others (2000) estimated nitrogen loads
using observed concentration and streamflow data with the
USGS ESTIMATOR model—a log-linear regression model
that uses time, flow, and season terms to predict daily nutrient
concentrations (Cohn and others, 1989). They obtained flow-
adjusted concentrations to remove the bias of flow from the
load estimates and applied the Kendall-Theil test to evaluate
trends in nutrient loads. Sprague and others (2000) then used
the Chesapeake Bay Watershed Model (WSM) to quantify
nitrogen sources for 1995 and 1998 scenarios. The WSM
is spatially and temporally variable and based on the HSPF
model (Donigian, and others, 1994). Results from the WSM
were used as input for the SPARROW model to determine the
primary factors affecting the observed nutrient trends. Sprague
and others (2000) found that cultural changes in nutrient
sources and natural variations in streamflow were the major
factors affecting the trends in nitrogen loads.

Revising the 1992 pollutant loading model predictions, as
the SWFWMD has suggested, could involve the application of
a detailed model (such as HSPF) to determine the spatial and
temporal details of pollutant fate and transport and the applica-
tion of SPARROW to assess the contribution of pollutant
loads to the watershed by stream reaches. The accuracy of the
multiple model approach could be refined by incorporating
lot-scale models into the HSPF domain to elicit lot-scale
inputs to pollutant loads in the watershed.

Jones, Edmund and Associates, Inc. (2006) developed
a spatially integrated model for pollutant loading estimates
(SIMPLE) to estimate pollutant loading for the Sarasota Bay
watershed. SIMPLE is based upon previously developed
models by Camp Dresser & McKee, Inc. (1992) and Harper
and Baker (2003b) and includes functionality to permit user
control of constituents, rainfall, and BMPs through an ArcMap
interface. Baseflow contributions are inferred by data inspection
and an average baseflow contribution factor of 0.0012 ft*/acre
(0.07 m3/ha) was computed for the watershed. Pollutant loads
were computed by multiplying runoff volumes by event mean
concentrations (EMCs), similar to the procedures used by
Camp Dresser & McKee, Inc. (1992) and Harper and Baker
(2003Db). Pollutant loads were estimated from the EMCs
presented in Camp Dresser & McKee, Inc. (1992). Additional
pollutant load estimates for (1) wetlands BOD (biochemical
oxygen demand), TSS (total suspended solids), TP (total
phosphorus), and TN (total nitrogen), (2) lead and zinc, (3) oil
and grease, and (4) fecal coliform bacteria were obtained from
other studies (Jones, Edmund and Associates, Inc., 2006).

The consistency of the estimation methods used in the
1992 and 2006 studies enabled a temporal comparison of
the increase or decrease in pollutant loads reaching Sarasota
Bay. In a complimentary approach, detailed field studies offer
the possibility of measuring further reductions in pollutant
loads caused by relatively small changes in watershed prac-
tices. The methods originally suggested by the USEPA for
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determining EMCs emphasized generalizing the EMCs to

be applicable to many geographic areas (U.S. Environmental
Protection Agency, 1983). The literature values determined in
the National Urban Runoff Program were applied to water-
sheds to identify large-scale changes in pollutant loads with
minimal data collection. Since 1983, changes in sampling
methods and analysis have resulted in improved strategies for
determining EMCs.

Event Mean Concentrations for Pollutant Loading
Models

One way to characterize constituent concentrations and
stormwater loads in streams and rivers involves using the EMC
approach originally suggested by the USEPA through the
Urban Stormwater Management Program (U.S. Environmental
Protection Agency, 1983). Event mean concentrations have
been used extensively to estimate runoff constituent loads to
surface-water bodies; however, some EMCs are derived from
literature values whereas others are derived from sparse data
or limited storms (U.S. Environmental Protection Agency,
1999). Stormwater sampling strategies for characterizing the
concentrations of constituents in runoff include grab, peak
discharge, first-flush, composite, random, volume-weighted
and flow-weighted sampling.

Chang and others (1990) sampled the first 0.5 in.

(1.27 cm) of runoff for water-quality constituents to evaluate
the first flush of stormwater runoff to streams. They found
that although the first flush concentrations were elevated, the
first 0.5 in. (1.27 cm) of runoff did not carry the majority of
the storm load. As the amount of storm precipitation and the
percent impervious cover increased, the percentage of constit-
uent load in the first flush of runoff decreased (table 11).
Precipitation falling on small, impervious catchments causes
rapid changes in streamflow, dissolved constituents, and
suspended solids and, therefore, a large number of samples
are required to adequately characterize the stormwater loads
(Breautt and Granato, 2000).

Stenstrom and others (2002) evaluated sampling errors
resulting from the number of stormwater samples collected
over the hydrograph during a typical storm. They found that
a smaller percentage of error occurred with equal-volume
or equal-rainfall sampling intervals than with equal-timing
intervals or random timing. Error percentage also decreased
as sample size increased. Automatic samplers were preferred
over grab samples except in the case where sample contamina-
tion from carry-over is a concern.

Kayhanian (2002) studied the variability of EMCs for
metal concentrations in stormwater as the result of sampling
method (flow-weighted composite, first flush, all grabs, peak,

Table 11. Percentage of pollutant load contained in storm runoff for selected levels of

impervious ground cover.

[Data from Chang and others (1990); in., inches; BOD, biochemical oxygen demand; COD, chemical oxygen
demand; NH3, ammonia nitrogen; NO2+NO3, nitrite plus nitrate nitrogen; TSS, total suspended solids]

Percentage of pollutant load

First0.5in. Last0.25in.
Pollutant of runoff of runoff

) 30 percent

impervious cover
BOD 68 32
COD 77 23
NO2+NO3 62 38
NH3 71 29
TSS 81 19
Copper 67 33
Fecal coliform bacteria 80 20

10.75 in. average maximum runoff.
21.25in. average maximum runoff.

3225 in. average maximum runoff.

First0.5in. Last0.75in.  First0.5in. Last0.75in.
of runoff of runoff of runoff of runoff
50 percent 90 percent
impervious cover? impervious cove
53 47 33 67
57 43 48 52
56 44 40 60
58 42 30 70
61 39 41 59
42 58 31 69
44 56 36 64



end, and random). Concentrations for copper, lead, and zinc
showed considerable variability based upon the sampling
method used (fig. 28), and the variability had a substantial
impact on the calculation of annual loads. Othmer and Berger
(2002) evaluated sampling methods for EMCs for solids,
organic carbon, hydrocarbons, metals, and nutrients. They
concluded that substantial variability between sampling
methods indicated the need for establishing criteria for the
collection of representative samples.
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Figure 28. Variability in selected metal concentrations for different
event mean concentration (EMC) sampling schemes (reprinted from

Kayhanian, 2002 and published with permission).

Soller and others (2005) observed that pollutant concen-
trations in the first part of the wet season were up to 20 times
higher than late season concentrations. They investigated
pollutant loads from the first seasonal storm flows as an
estimate of annual pollutant loads. Seasonal first flush did
not consistently produce peak concentrations for total metals,
dissolved metals, and anions because of variability in total
flow, antecedent dry days, and season (Soller and others,
2005). EMCs from highway runoff decreased as total storm
runoff increased, and increased as the number of dry antecedent
days before a storm increased (Kim and others, 2005).

Continuous monitoring using in-stream sensors has been
used as a surrogate to estimate pollutant concentrations and
address the sample size errors described by Soller and others
(2005). Regression equations for turbidity determined from
nutrient and bacterial concentrations provided reliable esti-
mates of nutrient and bacterial loads from continuous turbidity
measurements (Rasmussen and others, 2005).

Research Topics

Management strategies for multiple uses of the water
resources of the Sarasota Bay watershed will depend on
continued research to understand the dynamics of the
watershed’s hydrology. Water movement and use within the
watershed is complex and understanding water movement
is paramount to refining strategies for balanced use of the
resource. Important topics to consider for future research
include:
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e Determining the effect of lot-scale land practices

on runoff, storage, and ground-water recharge
including:

o Compaction by construction traffic patterns
and grading.

o Retaining the original soil structure including
organic and leaching horizons.

o Infiltration specifications for fill used to raise
the elevation in areas beyond the house foun-
dation.

o Infiltration for mixed-species planting beds in
lot-scale landscapes.

o Water and chemical needs for establishing and
maintaining mixed species planting beds.

o Engineered bioretention planting beds for
reducing nutrient runoff.

o Use of pervious materials (for sidewalks and
driveways), disconnected impervious areas,
swales, and other infiltration enhancements to
reduce runoff.

o Reducing the energy of runoff to streams
to minimize transport and resuspension of
contaminants (such as metals, pathogens, and
endocrine disrupting compounds) from urban
areas.

Quantifying dry season flux of nutrients from
atmospheric deposition to accurately determine
atmospheric contributions.

Quantifying changes in partitioning of water
(infiltration, runoff, deposition, resuspension) and
contaminants as urbanization alters predevelopment
rainfall-runoff relations.

Determining the variability in runoff pollutant
concentrations and loads transported by streams.

Using remote sensing and GIS to quantify spatial
variability in watershed characteristics (such as soil
moisture and precipitation) over large areas.

Refining lot-scale hydrologic and hydraulic models.

Evaluating sample-collection strategies to provide
detailed environmental data for determining nonpoint
inputs and loads.

Developing watershed models that account for
spatial variability, dynamic infiltration, and lot-scale
hydrology.

Developing the linkage between watershed models
and lot-scale models to evaluate the effect of small-
scale changes over the entire Sarasota Bay watershed.
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Summary

Comprehensive watershed planning is the key to
successful multiple-use watershed management. Scientific
tools available for watershed planning rely upon extensive and
representative data-collection programs that are well designed
and well maintained. The Comprehensive Conservation
and Management Plan developed by the SBEP provides the
framework for long-term management of stormwater and
wastewater, maintenance and restoration of habitats, and
access to the natural resources of the Sarasota Bay watershed.
This report summarizes characteristics of the Sarasota Bay
watershed and factors influencing recharge to ground water
and overland runoff to surface water in the watershed.

The Sarasota Bay watershed drains more than 200 mi>
(518 km?) within Manatee, Sarasota, and Charlotte Counties
and empties into several embayments before flowing into the
Gulf of Mexico. Climate, geography, soils, hydrogeology, land
cover, land use, and urbanization all affect water movement
within the watershed. The climate of west-central Florida
is characterized by long, warm, humid summers and short,
mild, dry winters. Precipitation is seasonal and nearly 60
percent of annual precipitation occurs during the wet season,
from June through September. Average annual precipitation
within Sarasota County between 1915 and 2003 was 52.47 in.
(133 cm); the maximum and minimum recorded annual
precipitation was 85.54 in. (217 cm) for 1959 and 32.77 in.
(83 cm) for 2000, respectively.

The Sarasota Bay watershed lies within the Southern
Gulf Coastal Lowlands where soils are poorly drained and the
water table is near land surface. As the population of west-
central Florida continues to grow, pasture and forested lands
have been converted to urban or suburban use. The literature
reviewed indicates that land conversion increases the imper-
vious cover, which alters the hydrology of the watershed by
increasing runoff and decreasing infiltration. Most land-use
practices tend to compact soil and reduce water infiltra-
tion, either by design or as a consequence of using the land.
Impervious cover and compaction disrupt the natural process
of recharge to the surficial aquifer system and increase runoff.
Enhancing recharge benefits the watershed by replenishing
the ground-water system, encouraging natural filtration, and
reducing the transport of pollutants in runoff.

Land practices that (1) reduce the removal of native
soil horizons, (2) limit vehicular traffic during home site
construction, (3) promote deeply rooted landscaping plants,
and (4) add organic matter to the soil may enhance infiltra-
tion near the precipitation point-of-contact. Infiltration in the

watershed does not occur exclusively by Horton infiltration,
the infiltration mechanism employed by most rainfall-runoff
models. Without accounting for Dunne infiltration, common in
humid, high water-table areas, runoff CNs and runoff esti-
mates may yield inaccurate results.

As urbanization in the Sarasota Bay watershed continues,
conventional approaches used to convey and manage runoff to
large detention or treatment areas are being augmented with
integrated management practices to address sustainability,
restoration, and low-impact development. Integrated manage-
ment practices used or planned in the watershed include
vegetative roof covers, bioretention, grass swales, and perme-
able pavement. These practices have been shown to reduce
runoff and pollutant concentration in runoff and to increase
infiltration.

Restoring the balance between predevelopment runoff
to surface water and recharge to ground water assumes that
runoff will be reduced to enhance ground-water recharge.
Reducing pollutant loadings in runoff that reach surface
streams and the Sarasota Bay is an important goal of the
SBEP. Annual pollutant loadings to Sarasota Bay were
estimated in 1992 and 2006 from simple pollutant loading
models based on sparse and empirical data. Simple models are
useful for annual estimates, but they are of limited value for
determining loads on a seasonal or finer scale for evaluating
the effect of control measures.

Complex models can provide information about
(1) source loadings from different parts of the watershed,

(2) effects of control measures, and (3) processes occurring
at greater spatial and temporal resolution. Available complex
watershed models include: BASINS (Better Assessment
Science Integrating Point and Nonpoint Sources), HSPF
(Hydrologic Simulation Program—TFortran), SWAT (Soil and
Water Assessment Tool), SWMM (Storm Water Management
Model), and SPARROW (SPAtially Referenced Regressions
On Watershed Attributes).

Improved methods for determining model inputs for event
mean concentrations are available. Automated, discharge-
weighted sampling produced fewer errors than random grab,
seasonal first-flush, and hydrograph peak sampling strategies.
Finer scale spatial and temporal data and modeling approaches
have the potential to elicit detailed information about the
watershed characteristics influencing (1) recharge to ground
water and (2) discharge by overland runoff and pollutant
loading to surface water in the Sarasota Bay watershed.



Selected References

Acker, W.L., 1974, Basic procedures for soil sampling and core
drilling: Scranton, Pa., Acker Drill Co., 246 p.

Alexander, R.B., Johnes, P.J., Boyer, E:-W., and Smith, R.A., 2002,
A comparison of models for estimating the riverine export of
nitrogen from large watersheds: Biogeochemistry, v. 57/58,

p. 295-339.

Alexander, R.B., Smith, R.A., Schwarz, G.E., Preston, S.D., Brakes-
bill, J.W., Srinivasan, R., and Pacheco, P.A., 2001, Atmospheric
nitrogen flux from the watersheds of major estuaries of the United
States: An application of the SPARROW watershed model, in
Valigura, R., and others, eds., Nitrogen Loading in Coastal Water
Bodies: An Atmospheric Perspective, American Geophysical
Union Monograph, v. 57, p. 119-170.

American Forests, 2000, Urban Ecosystem Analysis for the Houston
Gulf Coast Region: U.S. Department of Agriculture Report, 11 p.

American Forests, 2000, Local Ecosystem Analysis for Garland,
Texas: U.S. Department of Agriculture Report, 8 p.

American Forests, 2000, Urban ecosystem analysis for the Houston
Gulf Coast region: U.S. Department of Agriculture Report, 11 p.

Arnold, T.L., and Friedel, M.J., 2000, Effects of land use on recharge
potential of surficial and shallow bedrock aquifers in the Upper
[llinois River Basin: U.S. Geological Survey Water-Resources
Investigations Report 00-4027, 18 p.

Bahk, B.M., 1997, An investigation of a wet detention pond used to
treat stormwater and irrigation runoff from an agricultural basin,
in Fifth Biennial Stormwater Research Conference, Brooksville,
Fla., 1997, Proceedings: Brooksville, Southwest Florida Water
Management District.

Bahk, B.M., and Kehoe, Mark, 1997, A survey of outflow water
quality from detention ponds in agriculture: Southwest Brooks-
ville, Florida Water Management District Report.

Barlow, P.M., 2003, Ground water in freshwater-saltwater environ-
ments of the Atlantic Coast: U.S. Geological Survey Circular
1262, 113 p.

Barr, G.L., 1996, Hydrogeology of the surficial and intermediate
aquifer systems in Sarasota and adjacent counties, Florida:
U.S. Geological Survey Water-Resources Investigations Report
96-4063, 81 p.

Berndt, M.P., Oaksford, E.T., Mahon, Gary, and Schmidt, Walter,
1998, Groundwater, in Fernald, E.A., and Purdum, E.D., eds.,
Water Resources Atlas of Florida: Tallahassee, Institute of Science
and Public Affairs, Florida State University.

Berne, A., ten Heggeler, M., Uijlenhoet, R., Delobbe, L., Dierickx, P.,
and deWit, M., 2005, A preliminary investigation of radar rainfall
estimation in the Ardennes region and a first hydrological applica-
tion for the Ourthe catchment: Natural Hazards and Earth System
Sciences, v. 5, p. 267-274.

Bhuji, D.R., and Ohsawa, M., 1998, Effects of nature trails on ground
vegetation and understory colonization of a patchy remnant forest
in an urban domain: Biological Conservation, v. 85, p. 123-135.

Bidlake, W.R., Woodham, W.M., and Lopez, M.A., 1996, Evapo-
transpiration from areas of native vegetation in west-central
Florida: U.S. Geological Survey Water-Supply Paper 2430, 35 p.

Selected References M

Brady, N.C., 1990, The nature and properties of soils: New York,
Macmillan, 621 p.

Breault, R.F.,, and Granato, G. E., 2000, A synopsis of technical
issues of concern for monitoring trace elements in highway and
urban runoff: U.S. Geological Survey Open-File Report 00-422,
77 p.

Brevik, E., Fenton, T., and Moran, L., 2002, Effect of soil compaction
on organic carbon amounts and distribution, south-central lowa:
Environmental Pollution, v. 116, p. S137-S141.

Bridges, W.C., 1982, Technique for estimating magnitude and
frequency of floods on natural-flow streams in Florida: U.S.
Geological Survey Water-Resources Investigation Report 82-4012,
44 p., and 1 sheet.

Broska, J.C., and Knochenmus, L.A., 1996, Assessment of the hydro-
geology and water quality in a near-shore well field, Sarasota,
Florida: U.S. Geological Survey Water-Resources Investigations
Report 96-4036, 64 p.

Brown, D.P., 1982, Water resources and data-network assessment of
the Manasota Basin, Manatee and Sarasota Counties, Florida: U.S.
Geological Survey Water-Resources Investigations Report 82-37,
80 p.

Buchanan, T.J., and Somers, W.P., 1969, Discharge measurements
at gaging stations: U.S. Geological Survey Techniques of Water-
Resources Investigations, book 3, chap. A8, 65 p.

Buol, S.W., Hole, ED., and McCracken, R.J., 1973, Soil genesis and
classification: Ames, lowa State University Press, 360 p.

Butt, A.J., Linker, L.C., Sweeney, J.S., Shenk, G.W., Batiuk, R.,
and Cerco, C., 2000, Technical tools used in the development of
Virginia’s tributary strategies—Technical summary report: Virginia
Department of Environmental Quality, 111 p.

Camp Dresser & McKee, 1984, Tributary streamflow and pollutant
loading: Tallahassee, Florida Department of Environmental
Regulation.

Camp Dresser & McKee, 1985, Southeast area stormwater manage-
ment study—Manatee County, Florida: Bradenton, Fla.

Camp Dresser & McKee, 1992, Point/nonpoint source pollutant
loading assessment, Sarasota National Estuary, Florida: Bradenton,
Fla.

Campbell, K.M., 1985, Geology of Sarasota County, Florida: Talla-
hassee, Florida Geological Survey Open-File Report 10, 16 p.

Canillas, E.C., and Salokhe, V.M., 2001, A regression analysis
of some factors influencing soil compaction: Soil and Tillage
Research, v. 61, no. 3, p. 167-168.

Canillas, E.C., and Salokhe, V.M., 2002, A decision support system
for the compaction assessment in agricultural soils: Soil and
Tillage Research, v. 65, no. 2, p. 221-230.

Caraco, D., Claytor, R., and Zielinski, J., 1998, Nutrient loading from
conventional and innovative site development: Ellicott City, Md.,
Center for Watershed Protection, 89 p.

Carmen, K., 2002, Compaction characteristics of towed wheels
on clay loam in a soil bin: Soil and Tillage Research, v. 65,
no. 1, p. 37-43.

Carr, D.W., and Kehoe, M.J., 1997, Outfall water quality from wet
detention systems: Brooksville, Southwest Florida Water Manage-
ment District Report, 145 p.



42 Retrospective Review of Watershed Characteristics and a Framework for Future Research

Carter, R.W., and Davidian, Jacob, 1968, General procedures for
gaging streams: U.S. Geological Survey Techniques of Water-
Resources Investigations, book 3, chap. A6, 13 p.

Center for Watershed Protection, 2001, Redevelopment roundtable
consensus agreement—Smart site practices for redevelopment and
infill projects: Elicott City, Md., Center for Watershed Protection,
14 p.

Cerco, C.F, and Noel, M.R., 2004, The 2002 Chesapeake Bay
eutrophication model: Washington, D.C., U.S. Environmental
Protection Agency Report EPA 903-R-04-004, 374 p.

Chang, G., Parrish, J., and Souer, C., 1990, The first flush of runoff
and its effects on control structure design: City of Austin, Tex.,
Environmental Resources Management Division, 17 p.

Charbeneau, R.J., 2000, Groundwater hydraulics and pollutant
transport: Upper Saddle River, N.J., Prentice-Hall, 593 p.

Cheng, M., Coffman, L.S., Zhang, Y., and Licsko, Z.J., 2004,
Hydrologic responses from low impact development comparing
with conventional development, in Proceedings of the Low Impact
Development Workshop—A Tool for the Tampa Bay Region,
Tampa, Fla, May 25, 2004, p. 419-430.

Chin, D.A., 2004, An overview of urban stormwater-management
practices in Miami-Dade County, Florida: U.S. Geological Survey
Open-File Report 2004-1346, 17 p.

Clark, S., Burian, S., Pitt, R., and Field, R., 2005, Urban wet-weather
flows: Water Environment Research, v. 77, no. 6, p. 826-981.

Coftey, S.W., and Smolen, M.D., 1990, The nonpoint source
manager’s guide to water quality monitoring—Draft: U.S. Kansas
City, Mo., Environmental Protection Agency Report, Water
Management Division, Region 7.

Cohn, T.A., Delong, L.L., Gilroy, E.J., Hirsch, R.M., and Wells, D.K.,
1989, Estimating constituent loads: Water Resources Research,
v.25,n0. 5, p. 937-942.

Covington, J.M., 1993, Eogene nanofossils of Florida, in Zullo, V.A.,
Harris, W.B., Scott, T.M., and Portello, R.W., eds., The Neogene of
Florida and adjacent regions—Proceedings of the third Bald Head
Island Conference on Coastal Plains Geology: Tallahassee, Florida
Geological Survey Special Publication 37, p. 43-44.

Cullum, M.G., 1984, Evaluation of the water management system at
a single-family residential site: water quality analysis for selected
storm events at Timber Creek subdivision in Boca Raton, Florida:
West Palm Beach, South Florida Water Management District
Technical Publication 84-11, v. 11, 116 p.

DelJong-Hughes, J., Moncrief, J.F., Voorhees, W.B., and Swan, J.B.,
2001, Soil compaction—Causes, effects, and control: University of
Minnesota Agricultural Extension Service, 15 p., accessed 2003, at
Wwww.extension.umn.edud distribution/cropsystems/DC3115.html

Dixon, L.K., 1992, Sediment contaminants in selected Sarasota Bay
tributaries: Mote Marine Laboratory Technical Report 242, 12 p.

Dixon, L.K., 1994, Literature compilation and data synthesis for
atmospheric deposition to the Tampa Bay watershed, Sarasota,
Florida: Mote Marine Laboratory Florida Technical Report 370,
46 p.

Donigian, A.S., Bicknell, B.R., Patwardhan, A.S., Linker, L.C.,
Chang, C.H., and Reynolds, R., 1994, Chesapeake Bay Program
watershed model application to calculate bay nutrient loadings:
Annapolis, Md., U.S. Environmental Protection Agency Chesa-
peake Bay Program Office, EPA 903-R-94-042, 283 p.

Doubek, Jaime, 1998, Stormwater runoff prevention: Bay Waves,
Sarasota Bay National Estuary Program, Summer issue, p. 15.

Doubek, Jaime, and Tomasko, David, 1998, Seagrass monitoring:
The recovery of seagrass meadows occurring in Sarasota Bay: Bay
Waves, Sarasota Bay National Estuary Program, Summer issue,
p-7.

Dragun, J., 1988, The soil chemistry of hazardous materials: Silver
Spring, Md., Hazardous Materials Control Research Institute,
458 p.

Duerr, A.D., and Wolansky, R.M., 1986, Hydrogeology of the
surficial and intermediate aquifers of central Sarasota County,
Florida: U.S. Geological Survey Water-Resources Investigations
Report 86-4068, 48 p.

Dunne, T., and Leopold, L.B., 1978, Water in Environmental Plan-
ning: N.Y., Freeman and Co., 818 p.

East Central Florida Regional Planning Council, 1978, Orlando
metropolitan areawide water quality management plan—Volume I1I:
Point and nonpoint source needs and recommendations: Winter
Park, East Central Florida Regional Planning Council Report.

East Central Florida Regional Planning Council, 1984, Lake
Tohopekaliga drainage area agricultural runoff management plan:
Winter Park, Fla., East Central Florida Regional Planning Council
Report.

East Central Florida Regional Planning Council, 1985, Point and
nonpoint source assessment of the middle St. Johns River—
Volume I: Winter Park, Fla., East Central Florida Regional
Planning Council Report.

East Central Florida Regional Planning Council and South Florida
Water Management District, 1988, Boggy Creek water quality
management study-final report: Winter Park, Fla., East Central
Florida Regional Planning Council Report.

Estevez, E.D., and Blanchard, Greg, 1988, A bibliography on Sara-
sota Bay, Florida—Its resources and surrounding areas: Sarasota,
Fla., Mote Marine Laboratory Technical Report 117a, 46 p.

Fall, Carol, 1990, Characterization of agricultural pump discharge
quality in the upper St. Johns River basin: Palatka, Fla., St. Johns
River Water Management District Report SJ90-1.

Fall, Carol, and Hendrickson, J., 1987, An investigation of the
St. Johns River Water Control District: Reservoir Water Quality
and Farm Practices: Palatka, Fla., St. Johns River Water Manage-
ment District Report.

Fall, Carol, Jennings, P., and Von Canal, M., 1995, The effective-
ness of agricultural permitting in the upper St. Johns River basin:
Palatka, Fla., St. Johns River Water Management District Report.

Federal Interagency Stream Restoration Working Group, 1998,
Stream Corridor Restoration: Principles, Processes, and Practices:
Springfield, Va., National Technical Information Service Report,
accessed July 24, 2007 at www.usda.gov/stream_restoration


http://www.extension.umn.edu/

Federico, A.C., 1977, Investigations of the relationship between land
use, rainfall and runoff quality in the Taylor Creek Watershed:
Palatka, Fla., St. Johns River Water Management District Report.

Fetter, C.W., 1994, Applied Hydrogeology, 3d ed., Upper Saddle
River, N.J., Prentice Hall.

Florida Department of Environmental Protection, 1988, Stormwater
erosion and sediment best management practices for developing
areas, in Florida Development Manual: A Guide to Sound Land
and Water Management: Tallahassee, Florida Department of
Environmental Protection, v. II, chap. 6.

Freeze, R.A., 1980, A stochastic conceptual analysis of rainfall-
runoff process on a hillslope: Water Resources Research, v. 16,
no. 2, p. 395.

Freeze, R.A., and Cherry, J.A., 1979, Groundwater: Englewood
Cliffs, N.J., Prentice-Hall, 604 p.

Gaggiani, N.G., and Lamonds, A.G., 1978, Chemical and biological
quality of Lakes Faith, Hope and Charity at Maitland, Florida, with
emphasis on the effects on storm runoff and bulk precipitation,
1971-74: U.S. Geological Survey Open-File Report 77-491, 104 p.

Garner, A., Stevely, J., Smith, H., Hoppe, M., Floyd, T., and Hinch-
cliff, P, 2001, A guide to environmentally friendly landscaping:
Florida Yards and Neighborhoods Handbook—SP191: Gainesville,
Report prepared by the University of Florida Institute of Food and
Agricultural Science, 21 p.

German, E.R., 1983, Water quality of Lakes Faith, Hope, Charity,
and Lucien, 1971-79, in an area of residential development and
highway construction at Maitland, Florida: U.S. Geological Survey
Water-Resources Investigations Report 82-51, 71 p.

German, E.R., 1997, Analysis of nonpoint-source ground-water
contamination in relation to land use: Assessment of nonpoint-
source contamination in central Florida: U.S. Geological Survey
Water-Supply Paper 2381, 63 p.

Golding, B.L., 1997, Discussion of “Runoff curve number—Has it
reached maturity?” by V.M. Ponce and R.H. Hawkins: Journal of
Hydrologic Engineering American Society of Civil Engineers, v. 2,
p. 145-148.

Goldsmith, Wendi, Silva, Marvin, and Fischenich, Craig, 2001,
Determining optimum degree of soil compaction for balancing
mechanical stability and plant growth capacity: ERDC-TN-
EMRRP-SR-26: Vicksburg, Miss., U.S. Army Engineer
Research and Development Center, accessed July 24, 2007 at
www.wes.army.mil/el/emrrg

Gregg, J.R., 1984, Evaluation of the water management system of a
single-family residential site: Hydrology and hydraulics of Timber
Creek subdivision in Boca Raton, Florida: West Palm Beach,
South Florida Water Management District Report.

Gregg, J.R., and Slater, T.R., 1989, Evaluation of the surface water
management system at a single-family residential development:
Springhill subdivision: West Palm Beach, South Florida Water
Management District Technical Publication 84-11, v. 1.

Gregory, J.H., 2004, Stormwater infiltration at the scale of an
individual residential lot in north central Florida: Gainesville,
University of Florida, Masters thesis, 103 p.

Selected References 43

Grubbs, J.W., 1998, Recharge rates to the Upper Floridan aquifer
in the Suwannee River Water Management District, Florida:
U.S. Geological Survey Water-Resources Investigations Report
97-4283, 30 p.

Guay, J.R., 2002, Rainfall-runoff characteristics and effects of
increased urban density on streamflow and infiltration in the
eastern part of the San Jacinto River basin, Riverside County,
California: U.S. Geological Survey Water-Resources Investigations
Report 02-4090, 50 p.

Gustafson, Kurt, 1998a, Atmospheric deposition: Bay Waves,
Sarasota Bay National Estuary Program, Summer issue, p. 11.

Gustafson, Kurt, 1998b, Florida yards and neighborhoods research:
Bay Waves, Sarasota Bay National Estuary Program, Summer
issue, p. 4.

Gustafson, Kurt, 1998c¢, Phillippi Creek water-quality studies: Bay
Waves, Sarasota Bay National Estuary Program, Summer issue,
p. 6.

Gustavo, A.A., Fann, D.A., Roat, Paul, 1989, A historical geography
of southwest Florida waterways, Volume I: Anna Maria Sound to
Lemon Bay: Sea Grant Florida SGEB47, 80 p.

Hager, M.C., 2003, Low-Impact Development: Stormwater, v. 4,
no. 1, 14 p.

Hamilton, G.W., and Waddington, D.V., 1999, Infiltration rates on
residential lawns in central Pennsylvania: Journal of Soil and
Water Conservation, v. 54, p. 564-568.

Hangen, E., Buczko, U., Bens, O., Brunotte, J., and Huttl, R.F.,
2002, Infiltration patterns into two soils under conventional and
conservation tillage: Influence of the spatial distribution of plant
structures and soil animal activity: Soil and Tillage Research,

v. 63, no. 3, p. 181-186.

Harper, H.H., 1985, Fate of heavy metals from highway runoff in
stormwater management systems: Orlando, University of Central
Florida, Ph.D. dissertation.

Harper, H.H., 1988, Effects of stormwater management systems on
groundwater quality: Tallahassee, Florida Department of Environ-
mental Regulation Report.

Harper, H.H., 1994, Stormwater loading rate parameters for central
and south Florida: Orlando, Environmental Research and Design
Report 59 p.

Harper, H.H., 1995, Pollutant removal efficiencies for typical
stormwater management systems in Florida, in Proceedings of the
Fourth Biennial Stormwater Research Conference, Clearwater,
Fla., 1995: Brooksville: Southwest Florida Water Management
District, p. 16-17.

Harper, H.H., and Baker, D.M., 2003a, Evaluation of alternative
stormwater regulations for southwest Florida: Orlando, Fla.,
Environmental Research and Design Report, variously paged.

Harper, H.H., and Baker, D.M., 2003b, Nonpoint source model
development and basin management basin management strategies
for Lemon Bay Project: Orlando, Fla., Environmental Research
and Design Report, variously paged.

Harper, H.H., Baker, D.M., and Harper, C., 2002, Effectiveness of
stormwater treatment systems in the Florida Keys: Orlando, Fla.,
Environmental Research and Design Report, variously paged.


http://www.wes.army.mil/el/emrrp

44 Retrospective Review of Watershed Characteristics and a Framework for Future Research

Harper, H.H., and Herr, J.L., 1993, Treatment efficiencies of
detention with filtration systems: Palatka, Fla., St. Johns River
Water Management District Report.

Harper, H.H., Wanielista, M.P., Baker, D.M., Fries, B.M., and
Livingston, E.H., 1985, Treatment efficiencies of residential storm-
water runoff in a hardwood wetland, in Proceedings of the Fifth
Annual Conference and International Symposium on Applied Lake
and Watershed Management, November 1985: Lake Geneva, Wisc.

Harper, H.H., Wanielista, M.P.,, Fries, B.M., and D.M. Baker, D.M.,
1986, Stormwater treatment by natural systems: Tallahassee,
Florida Department of Environmental Regulation Report.

Harper, H.H., Wanielista, M.P., Yousef, Y.A., and Didomenico, D.,
1982, Lake Eola restoration: Water quality background and
stormwater management practices: Orlando, University of Central
Florida Report.

Harpstead, M.1., Sauer, T.J., and Bennett, W.E., 1997, Soil Science
Simplified: Ames, lowa State University Press, 210 p.

Hawkins, R.H., Jiang, R., Woodward, D.E., Hjelmfelt, A.T., and Van
Mullem, J.A., 2002, Runoff curve number method: Examination of
the initial abstraction ratio, in Proceedings of the Second Federal
Interagency Hydrologic Modeling Conference, July 28-August 1,
2002: Las Vegas, Interagency Advisory Committee on Water Data,
Subcommittee on Hydrology.

Healy, H.G., 1975, Terraces and shorelines of Florida: U.S. Geological
Survey Map Series 71, 1 sheet.

Heath, R.C., 1983, Basic ground-water hydrology: U.S. Geological
Survey Water-Supply Paper 2220, 86 p.

Hendrickson, J., 1987, Effect of the Willowbrook Farms detention
basin on the quality of agricultural runoff: Palatka, Fla., St. Johns
River Water Management District Report.

Henry, J. A., 1998, Weather and climate, in Fernald, E.A., and
Purdum, E.D., eds., Water Resources Atlas of Florida: Tallahassee,
Institute of Science and Public Affairs, Florida State University.

Hernandez, T.X., 2001, Rainfall-runoff modeling in humid, shallow,
water-table environments: Miami, University of South Florida
Masters Thesis, 111 p.

Hernandez, T.X., Nachabe, M., Ross, M., and Obeysekera, J.,
2003, Modeling runoff from variable source areas in humid,
shallow water table environments: Journal of the American Water
Resources Association, v. 39, no. 1, p. 75-85.

Heyl, M.G., 1992, Point/nonpoint source pollutant loading assess-
ment, in Framework for action: Sarasota Bay National Estuary
Program Report, p. 12.4-12.19.

Holler, J.D., 1989, Water quality efficiency of an urban commercial
wet detention stormwater management system at the Boyton Beach
Mall in South Palm Beach County, Florida: Florida Scientist, v. 52,
p. 48-57.

Holtkamp, M.L., 1998, An assessment of the effectiveness of
enhancing the existing stormwater pond near 102" Avenue on
its water quality function: Brooksville, Southwest Florida Water
Management District Report.

Hopkins, K., Brown, B., Linker, L.C., and Mader, R.L., 2000, Chesa-
peake Bay watershed model land use and model linkages to the
airshed and estuarine models: Annapolis, Md., U.S. Environmental
Protection Agency Chesapeake Bay Program, 76 p.

Hoppe, M.K., 2004, Putting a LID on stormwater runoff: Bay Sound-
ings, v. 3, no. 2, 3 p., accessed in 2004, at www.baysoundings.conly
spring04/lid.html

Howie, Barbara, and Waller, B.G., 1986, Chemical effects of
highway runoff on the surficial aquifer, Broward County, Florida:
U.S. Geological Survey Water-Resources Investigations Report
86-4200, 41 p.

Huber, W.C., and Dickinson, R.E., 1988, Storm Water Management
Model, Version 4, Part A: User’s Manual: Athens, Ga., U.S.
Environmental Protection Agency Report EPA/600/3-88/001a.

Hutchinson, C.B., 1992, Assessment of hydrogeologic condi-
tions with emphasis on water quality and wastewater injection,
southwest Sarasota and west Charlotte Counties, Florida: U.S.
Geological Survey Water-Supply Paper 2371, 74 p.

Hydrologic Engineering Center, 1990, HEC-1 Flood hydrograph
package user’s manual: Davis, Calif., U.S. Army Corps of
Engineers Report, 410 p.

International Committee on Anthropogenic Soils, 2003, Soil
taxonomy for urban and anthropogenic soils, accessed in 2003, at
http://clic.cses.vt.edu/icomanth

Jim, C.Y., 1998, Soil characteristics and management in an
urban park in Hong Kong: Environmental Management, v. 22,
p. 683-695.

Jones, Edmund and Associates, 2006, Sarasota County pollutant
loading refinement—Draft monitoring plan: Gainesville, Fla.

Kautz, R.S., Haddad, K., Hoehn, T.S., Rogers, T. Estevez, E., and
Atkeson, T., 1998, Natural systems, in E.A., Fernald, and Purdum,
E.D., eds., Water Resources Atlas of Florida: Tallahassee, Institute
of Science and Public Affairs, Florida State University.

Kayhanian, M., 2002, Establishment of an effective total maximum
daily load through reliable water quality: Proceedings of StormCon
2002, San Marco Island, Florida, August 12-15, 2002.

Keating, Janis, 2003, Trees: The Oldest New Thing in Stormwater
Treatment?: Stormwater, v. 4, no. 1, accessed in 2004 at http://
www.forester.net/sw_0203_trees.html.

Kehoe, M.J., Dye, C.W., and Rushton, B.T., 1994, A survey of
the water quality of wetlands-treatment stormwater ponds-final
report: Brooksville, Southwest Florida Water Management District
Report.

Kemp, W.M., Bartelson, R., Blumenshine, S., Hagy, J.D., and
Boynton, W.R., 2000, Ecosystem models of the Chesapeake Bay
relating nutrient loadings, environmental conditions, and living
resources: University of Maryland Center for Environmental
Science Contribution #3218, 159 p.

Kennedy, E.J., 1984, Discharge ratings at gaging stations: U.S.
Geological Survey Techniques of Water-Resources Investigations,
book 3, chap. A10, 9 p.

Kim, Lee-Hyung, Kayhanian, Masoud, and Stenstrom. M.K.,
2005, Event mean concentration and loading of litter from
highways during storms: Science of the Total Environment, v. 330
p. 101-113.

Knighton, D., 1998, Fluvial forms and processes—A new perspective:
London, Oxford University Press, 400 p.


http://www.baysoundings.com

Knochenmus, L.A., 2006, Regional evaluation of the hydrogeologic
framework, hydraulic properties, and chemical characteristics of
the intermediate aquifer system underlying southern west-central
Florida: U.S. Geological Survey Scientific Investigations Report
2006-5013, 52 p.

Knochenmus, L.A., and Bowman G., 1998, Transmissivity and
water quality of water-producing zones in the intermediate aquifer
system, Sarasota County, Florida: U.S. Geological Survey Water-
Resources Investigations Report 98-4091, 27 p.

Korhnak, L.V., 2000, Restoring the hydrological cycle, in Restoring
Duryea, M.L., ed., The urban forest ecosystem: Gainesville,
University of Florida Institute of Food and Agricultural Sciences,
Chapter 6: 22 p.

Lee, G.F., 2003, The urban pesticide problem: Stormwater, v. 4, no. 1,
accessed in 2004 at http://www.foresternet/sw_0101_urban.htm|

Lee, H., Lau, S.M., Kayhanian, M., and Stenstrom, M.K., 2004,
Seasonal first flush phenomenon of urban stormwater discharges:
Water Research, v. 38, p. 4153-4163.

Legg, A.D., Bannerman, R.T., and Panuska, J., 1996, Variation in the
relation of rainfall to runoff from residential lawns in Madison,
Wisconsin, July and August 1995: U.S. Geological Survey Water-
Resources Investigations Report 96-4194, 11 p.

Leskew, L., 2002, Assessment of soil compaction and structural
degradation in the lowland clay soils: SWEEP Report #4: Ontario,
Canada, Soil and Water Environmental Enhancement Program,
accessed in 2004 at res2.agr.ca/initiatives/manurenet/env_prog/
sweep/rep4rep04.html

Lewelling, B.R., and Wylie, R.W., 1993, Hydrology and water quality
of unmined and reclaimed basins in phosphate-mining areas
west-central Florida: U.S. Geological Survey Water-Resources
Investigations Report 93-4002, 93 p.

Livingston, Eric, 2003, Stormwater management—It’s time to
kick it up a notch: Bay Soundings, v. 2 no. 4, accessed 2004 at
www.baysoundings.conl

Livingston, Eric, 2004, The continuing evolution of stormwater
management in Florida, in Proceedings of the workshop on low
impact development: A tool for the Tampa Bay region: Tampa,
Fla.,Tampa Bay Regional Planning Council, Tampa Bay Estuary
Program, and Florida Department of Environmental Protection.

Lopez, M.A. and Giovannelli, R.F., 1984, Water-quality character-
istics of urban runoff and estimates of annual loads in the Tampa
Bay area, Florida, 1975-80: U.S. Geological Survey Water-
Resources Investigations Report 83-4181, 76 p.

Lopez, M.A., and Michaelis, D.M., 1979, Hydrologic data from
urban watersheds in the Tampa Bay area, Florida: U.S. Geological
Survey Water-Resources Investigations Report 78-125, 51 p.

Lopez, M.A., and Woodham, W.M., 1983, Magnitude and frequency
of flooding on small urban watersheds in the Tampa Bay area,
west-central Florida: U.S. Geological Survey Water-Resources
Investigations Report 82-42, 52 p.

Lynard, W.G., Finnemore, E.J., Loop, J.A., and Finn,, R.M., 1980,

Urban stormwater management and technology: Case histories:
U.S. Environmental Protection Agency, EPA-600/8-80-035, 329 p.

Marella, R.L., 2004, Water withdrawals, use, discharge, and trends
in Florida, 2000: U.S. Geological Survey Scientific Investigations
Report 2004-5151, 136 p.

Selected References 45

Martin, E.H., and Smoot, J.L., 1985, Constituent load changes in
urban stormwater runoff routed through a detention pond wetlands
system in central Florida: U.S. Geological Survey Water-
Resources Investigations Report 85-4310, 74 p.

Masek, C.H., 2002, Adapting the SCS method for estimating runoff
in shallow water table environments: Tampa, University of South
Florida, Masters thesis, 120 p.

Mattraw, H.C., Jr., Hardee, Jack, and Miller, R.A., 1978, Urban
stormwater runoff data for a residential area, Pompano Beach,
Florida: U.S. Geological Survey Open-File Report 78-324, 110 p.

Mattraw, H.C., Jr., Hardee, Jack, and Miller, R.A., 1981, Stormwater
quality processes for three land-use areas in Broward County,
Florida: U.S. Geological Survey Water-Resources Investigations
Report 81-23, 56 p.

McBride, R.A., Martin, H., and Kennedy, B., 1997, Soil compaction:
Ontario Ministry of Agriculture and Food, Fact Sheet 88-082,
accessed in 2004 at www.gov.on.ca/OMAFRA/english/crops)

McConnell, R.G., Araj, E.G., and Jones, D.T., 1999, Developing
nonpoint source water quality levels of service for Hillsborough
County, Florida: Sixth Biennial Stormwater Research and Manage-
ment Conference, Southwest Florida Water Management District,
September 14-17, 1999, Tampa, Fla., p. 145-154.

McKenzie, D.J., and Irwin, G.A., 1983, Water-quality assessment
of stormwater runoff from a heavily used urban highway bridge
in Miami, Florida: U.S. Geological Survey Water-Resources
Investigations Report 83-4153, 45 p.

McMahon, Gerard, and Roessler, Chris, 2002, A regression-based
approach to understand baseline total nitrogen loading for TMDL
planning, in Proceedings of the Water Environment Federation,
National TMDL Science and Policy Conference, Phoenix, Ariz.,
November 13-16, 2002, 27 p.

Meek, B.D., Rechel, E.R., and Carter, L.M., and DeTar, W.R., 1989,
Changes in infiltration under alfalfa as influenced by time and
wheel traffic: Soil Science Society of America Journal, v. 53,

p- 238-241.

Meek, B.D., Rechel, E.R., and Carter, L.M., DeTar, W.R., and Urie,
A.L., 1992, Infiltration rate of a sandy loam soil: Effects of traffic,
tillage, and plant roots: Soil Science Society of America Journal,
v. 56, p. 908-913.

Miller, R.A., 1979, Characteristics of four urbanized basins in south
Florida: U.S. Geological Survey Open-File Report 79-694, 53 p.

Miller, R.A., 1985, Percentage entrainment of constituent loads
in urban runoff, South Florida: U.S. Geological Survey Water-
Resources Investigations Report 84-4329, 44 p.

Miller, W.L., 1988, Description and evaluation of the effects of urban
and agricultural development on the surficial aquifer system, Palm
Beach County, Florida: U.S. Geological Survey Water-Resources
Investigations Report 88-4056, 58 p.

Missimer, T.M., McNeill, D.F., Ginsburg, R.N., Mueller, P.A.,
Covington, J.M., and Scott, T.M., 1994, Cenozoic record of global
sea level events in the Hawthorn Group and Tamiami Forma-
tion on the Florida Platform: Abstract, Geological Society of
America, Annual Meeting, Seattle, Wash., Program with Abstracts,
p. A-151.


http://www.forester.net/sw_0101_urban.html
http://www.baysoundings.com
http://www.gov.on.ca/OMAFRA/english/crops/facts/88-082.htm
http://www.gov.on.ca/OMAFRA/english/crops/facts/88-082.htm

46 Retrospective Review of Watershed Characteristics and a Framework for Future Research

Nachabe, M.H., 1995, Estimating hydraulic conductivity for soils
with macropores: American Society of Civil Engineers, Journal of
Irrigation and Drainage Engineering, v. 121, no. 1, p. 95-102.

Nachabe, M.H., Masek, C., and Obeysekera, J., 2004, Observations
and modeling of profile soil water storage above a shallow water
table: Journal of the Soil Science Society of America, v. 68, no. 3,
p- 719-724.

Naef, Felix, Scherrer, Simon, and Weiler, Markus, 2002, A process
based assessment of the potential to reduce flood runoff by land
use change: Journal of Hydrology, v. 267 no. 1-2, p. 74-79.

National Oceanic and Atmospheric Administration, 2007, NOAA El
Nifio page, accessed June 18, 2007, at http://www.elnino.noaa.gov

Natural Resource Conservation Service, 1996a, Soil quality resource
concerns—Compaction: Washington, D.C., Soil Quality Informa-
tion Sheet, 2 p.

Natural Resource Conservation Service, 1996b, Soil quality indi-
cators—Soil crusts: Washington, D.C., Soil Quality Information
Sheet, 2 p.

Natural Resource Conservation Service, 1997, Cow-Pen Slough
Basin Master Plan: Gainesville, Fla., Final Report 61 p.

Natural Resource Conservation Service, 1998, Soil quality indica-
tors—Infiltration: 2 p.

Natural Resource Conservation Service, 2000, Urban soil compaction:
Auburn, Ala., Soil Quality Urban Technical Note 2, 4 p.

Neary, V.S., Habib, E., and Fleming, M., 2004, Hydrologic modeling
with NEXRAD precipitation in middle Tennessee: Journal of
Hydrologic Engineering, v. 9, p. 339-349.

Neitsch, S.L., Arnold, J.G., Kiniry, J.R., and Williams, J.R., 2005,
Soil and water assessment tool—Theoretical documentation:
Temple, Texas Agricultural Experiment Station, 541 p.

Othmer, E.F.,, and Berger, B.J., Kayhanian, M., 2002, Future moni-
toring strategies with lessons learned on collecting representative
samples: Proceedings of StormCon 2002, San Marco Island, Fla.,
August 12-15, 2002.

Palone, R.S., Todd, A.H., eds., 1997, Chesapeake Bay riparian
handbook: A guide for establishing and maintaining riparian forest
buffers: Radnor, Pa., U.S. Forest Service Report NA-TP-02-97,
variously paged.

Peet, M., 1995, Sustainable practices for vegetable production in the
south: Newburyport, Mass., Focus Publishing, accessed in 2004 at
www.ncsu.edu/sustainable/index. html

Phillips, R.A., Clausen, J.C., Alexopoulos, J., Marton, B.L, Zaremba, S.,
and Cote, M., 2003, BMP Research in a low-impact development
environment: The Jordan Cove project: Stormwater, v. 4, no. 1,
9p.

Phillips, S.W., ed., 2002, The U.S. Geological Survey and the
Chesapeake Bay—The role of science in environmental restora-
tion: U.S. Geological Survey Circular 1220, 32 p.

Pitt, R.E., Lantrip, J., Harrison, R., Henry, C.L., and Xue, D., 1999,
Infiltration through disturbed urban soils and compost-amended
soil effects on runoff quality and quantity: Washington, D.C., U.S.
Environmental Protection Agency Report EPA/600/R-00/016,
Office of Research and Development, variously paged.

Poor, Noreen, Pribble, Ray, and Greening, Holly, 2001, Direct wet
and dry deposition of ammonia, nitric acid, ammonium, and nitrate
to the Tampa Bay Estuary, Fla., USA: Atmospheric Environment,
v. 35, p. 3947-3955.

Post, Buckley, Schuh, and Jernigan, 2003, County-wide survey of
sediment quality at weir structures: Sarasota, Fla., Report.

Preston, S.D., and Brakebill, J.W., 1999, Application of spatially-
referenced regression modeling for the evaluation of total nitrogen
loading in the Chesapeake Bay watershed: U.S. Geological Survey
Water-Resources Investigations Report 99-4054, 12 p.

Prince George’s County, Maryland, 1999, Low-impact development
design strategies—An integrated design approach: Report prepared
by the Department of Environmental Resource Programs and
Planning Division, Prince George’s County, Largo, Md., variously
paged.

Purdum, E.D., 2002, Florida waters, a water resources manual from
Florida’s water management districts: Brooksville, Southwest
Florida Water Management District Report, accessed in 2005 at
Www.swiwmd.state.fl.ud

Randrup, T.B., and Dralle, K., 1997, Influence of planning and design
on soil compaction in construction sites: Landscape and Urban
Planning, v. 38, no. 1, p. 87-92.

Raper, R.L., Reeves, D.W., Schwab, E.B., and Burmester, C.H., 2000,
Reducing soil compaction of Tennessee Valley soils in conserva-
tion tillage systems: Journal of Cotton Science, v. 4, p. 84-90.

Rasmussen, T.J., Ziegler, A.C., and Rasmussen, P.P., 2005, Estima-
tion of constituent concentrations, densities, loads, and yields in
lower Kansas River, northeast Kansas, using regression models
and continuous water-quality monitoring, January 2000 through
December 2003: U.S. Geological Survey Scientific Investigations
Report 2005-5165, 117 p.

Rosener, L.A., Aldrich, J.A., and Dickinson, R.E., 1988, Storm Water
Management Model: Athens, Ga., U.S. Environmental Protec-
tion Agency Report EPA/600/3-88/001b, Version 4, Part B, extra
addendum.

Rosolem, C.A., Foloni, J.S.S., and Tiritan, C.S., 2002, Root growth
and nutrient accumulation in cover crops as affected by soil
compaction: Soil and Tillage Research, v. 65, p. 109-115.

Rushton, Betty, 2002, Infiltration opportunities in parking lot designs
reduce runoff and pollution, in Proceedings of the seventh biennial
stormwater research and watershed management conference,

May 22-23, 2002, Tampa, Fla.: Brooksville, Southwest Florida
Water Management District, p. 146-155.

Rushton, Betty, Miller, Charlie, Hull, Clark, and Cunningham, Jeff,
1997, Three design alternatives for stormwater detention ponds:
Brooksville, Southwest Florida Water Management District
Report, variously paged.

Ryder, P.D., 1985, Hydrology of the Floridan aquifer system in west-
central Florida: U.S. Geological Survey Professional Paper 1403-F,
p. F1-F63, 1 pl.

Sarasota Bay National Estuary Program, 1989, A chronicle of
Florida’s Gulf Coast: Sarasota, Fla., Program report, 72 p.

Sarasota Bay National Estuary Program, 1992, Framework for action:
Sarasota, Fla., Program report, variously paged.


http://www.swfwmd.state.fl.us/

Sarasota Bay National Estuary Program, 1995, Sarasota Bay: The
voyage to paradise reclaimed: Sarasota, Fla., Program report,
variously paged.

Sarasota Bay National Estuary Program, 2000, Sarasota Bay 2000:
A decade of progress: Sarasota, Fla., Program report, 62 p.

Sarasota County, 2005, Sarasota County History: Accessed July 2005
at www.scg.co.sarasota.fl.us/Historical-resources/history/index.asp

Sarasota County Extension Service, 2007, Sarasota County Water
Efficient Landscape Ordinance: Accessed June 14, 2007, at
hitp.//sarasota.extension.ufl. edu/Hort/WEL/ord/docs/ord.htn]

Sarasota Soil and Water Conservation District, undated, Stormwater
ponds—A citizen’s guide to their purpose and management:
Sarasota, Fla., 112 p.

Sauer, V.B., Thomas, W.O., Jr., Stricker, V.A., and Wilson, K.V.,
1981, Flood characteristics of urban watersheds in the United
States—Techniques for estimating magnitude and frequency of
urban floods: U.S. Department of Transportation, Federal Highway
Administration Report FHWA/ RD-81/178.

Sawka, G.J., Black, D.W., and Allhands, M.N., 1993, Evaluation
of wet detention for treatment of surface water runoff from a
citrus grove in south Florida, in Proceedings of the Third Bien-
nial Stormwater Research Conference, Tampa, Florida 1993:
Brooksville, Southwest Florida Water Management District.

Scheinkman, Mike, 2000, Documenting the Florida Yard concept
for reducing nitrogen runoff and leaching: Tallahassee, Florida
Department of Environmental Protection, Final report, 51 p.

Scheyer, J.M., and Hipple., K.W., 2005, Urban Soil Primer:
Report prepared by the U.S. Department of Agriculture, Natural
Resources Conservation Service, National Soil Survey Center,
Lincoln, Nebr., accessed in 2004 at http://soils.usda.gov/use

Schiffer, D.M., 1989, Effect of three highway-runoff detention
methods on water quality of the surficial aquifer system in central
Florida: U.S. Geological Survey Water-Resources Investigations
Report 88-4170, 79 p.

Schueler, T.R., 2000a, Technical note #107—The compaction
of urban soils, in Schueler, T.R., and Holland, H.K., eds., The
practice of watershed protection: Elliott City, Md., Center for
Watershed Protection, p. 661-665.

Schueler, T.R., 2000b, Technical note #108—Can urban soil compac-
tion be reversed?, in Schueler, R., and Holland, H.K., eds., The
practice of watershed protection, Elliott City, Md., Center for
Watershed Protection, p. 666-669.

Schueler, T.R., 2000c, The peculiarities of perviousness, in Schueler,
R., and Holland, H.K., eds., The practice of watershed protection,
Elliott City, Md., Center for Watershed Protection, p. 649-654.

Schueler, T.R., 2000d, Technical note #97—Influence of groundwater
on performance of stormwater ponds in Florida, in Schueler, R.,
and Holland, H.K., eds., The practice of watershed protection,
Elliott City, Md., Center for Watershed Protection, p. 525-528.

Scott, T.M., 1988, The lithostratigraphy of the Hawthorn Group
(Miocene) of Florida: Tallahassee, Florida Geological Survey
Bulletin 59, 148 p.

Selected References 47

Scott, T.M., Wingard, G.L., Weedman, S.D., and Edwards, L.E.,
1994, Reinterpretation of the peninsular Florida Oligocene: A
multidisciplinary view: Abstract, Geological Society of America,
Annual Meeting, Seattle, Wash., Program with Abstracts,

p- A-151.

Sharratt, Brenton, Voorhees, W.B., McIntosh, Gordon, and Lemne,
G.D., 1998, Persistence of soil structural modifications along a
historic wagon trail: Soil Science Society of America Journal,
v. 62, p. 774-777.

Shaw, Daniel, and Schmidt, Rusty, 2003, Plants for stormwater
design: Species selection for the upper Midwest: St. Paul,
Minnesota Pollution Control Agency, 59 p.

Sheaffer, J.R., Wright, K.R., Taggart, W.C., and Wright, R.M., 1982,
Urban storm drainage management: N.Y., Marcel Dekker, 273 p.

Smith, H.C., Friedman, David, Montana, C., Welle, P., and Lamm,
David, 2001, The impact of soil disturbance during construction on
bulk density and infiltration in Ocean County, New Jersey: Report
prepared by the U.S. Department of Agriculture, Natural Resource
Conservation Service, Ocean County Soil Conservation District,

18 p.

Smith, R.A., Schwarz, G.E., and Alexander, R.B., 1997, Regional
interpretation of water-quality monitoring data: Water Resources
Research, v. 33. no. 12, p. 2781-2798.

Soil Conservation Service, 1958, Soil survey of Hillsborough County,
Florida: Washington, D.C., Report.

Soil Conservation Service, 1978, Rainfall frequency atlas of
Alabama, Florida, Georgia, and South Carolina for durations from
30 minutes to 24 hours and return periods from 1 to 100 years:
Gainesville, Fla., Publication 4-33137.

Soil Conservation Service, 1983a, Soil survey of Manatee County,
Florida: Washington, D.C., Report.

Soil Conservation Service, 1983b, (Draft) TR-20 Project formulation-
hydrology (1982 version): Lanham, Md., Technical Release 20.

Soil Conservation Service, 1985, National engineering handbook:
Washington, D.C., Section 4—Hydrology; 210-VI-NEH-4,
Amend 6,

Soil Conservation Service, 1986, Urban hydrology for small
watersheds (2 ed.): Washington, D.C., Technical Release 55,
210-VI-TR-55.

Soil Conservation Service, 1991, Soil survey of Sarasota County,
Florida: Washington, D.C., Report.

Soil Conservation Service, 1993, Elligraw Bayou Plain management
study, Sarasota County, Florida: Gainesville, Fla., 50 p.

Soller, Jeffrey, Stephenson, Julie, Olivieri, Kendra, Downing, James,
and Olivieri, A.W., 2005, Evaluation of seasonal scale first flush
pollutant loading and implications for urban runoff management:
Journal of Environmental Management, v. 76, p. 309-318.

Southeastern Geological Society, 1986, Hydrogeological units
of Florida: Tallahassee, Florida Bureau of Geology Special
Publication 28, 9 p.

South Florida Water Management District, 1988, Archie Creek/
coastal areas and Buckhorn Creek watersheds—Stormwater
management plan: West Palm Beach, South Florida Water
Management District Report.


http://sarasota.extension.ufl.edu/Hort/WEL/ord/docs/ord.htm

43 Retrospective Review of Watershed Characteristics and a Framework for Future Research

Southwest Florida Water Management District, 1985, Hydrogeology
of the Southwest Florida Water Management District: Brooksville,
Report, 18 p.

Southwest Florida Water Management District, 1988a, Ground-
water resource availability inventory: Manatee County, Florida:
Brooksville, Report, 217 p.

Southwest Florida Water Management District, 1988b, Ground-
water resource availability inventory: Sarasota County, Florida:
Brooksville, Report, 207 p.

Southwest Florida Water Management District, 1991, Statewide
stormwater management workshop: Brooksville, Report, 110 p.

Southwest Florida Water Management District, 1992, Water supply
need and sources 1990-2020: Brooksville, Report, 322 p.

Southwest Florida Water Management District, 1998, Southern water
use caution area information report: Brooksville, Report, 22 p.

Southwest Florida Water Management District, 2002, Sarasota Bay
surface water improvement and management plan: Brooksville,
Report, 49 p.

Southwest Florida Water Management District, 2005, Data and maps,
Southwest Florida Water Management District data available on
the Web, accessed July 2005 at http://www.swfwmd.state.fl.us/
data/wmdbweb/rnfpage.htm

Sprague, L.A., Langland, M.J., Yochum, S.E., and others, 2000,
Factors affecting nutrient trends in major rivers of the Chesapeake
Bay watershed: U.S. Geological Survey Water-Resources Investi-
gations Report 00-4218, 109 pages.

Strata, Inc., 2002, Engineered Fills and Compactions: accessed June 2004
at www.stratageotech.com/news/detail.asp ? PressREleaselD=3

Stenstrom, M.K., Ma, Mike, and Kayhanian, Masoud, 2002,
Sampling issues: Composite versus grabs, in Proceedings of
StormCon 2002, San Marco Island, Fla., August 12-15, 2002.

Stowell, Larry, 1994, Soil compaction: A case study at the Candlewood
Country Club: Pace Turfgrass Research Institute, accessed June
2004 at http.//www.paceturf.org/journal/index.php/journal/P7(

Stricker, V.A., and Sauer, V.B., 1982, Techniques for estimating
flood hydrographs for ungaged urban watersheds: U.S. Geological
Survey Open-File Report 82-365, 24 p.

Taboada, M.A., Lavado, R.S., Rubio, G., and Cosentino, D.J., 2001,
Soil volumetric changes in natric soils caused by air entrapment
following seasonal ponding and water table rises: Geoderma,

v. 101, p. 49-64.

Thomann, R.V., Collier, J.R., Butt, A., Casman, E, and Linker,
L.C., 1994, Technical analysis of response of Chesapeake Bay
water quality model to loading scenarios: Report prepared by the
Chesapeake Bay Program, Annapolis, Md., 159 p.

Tomasko, D.A., Corbett, C.A., Greening, H.S., and Raulerson, G.E.,
2005, Spatial and temporal variation in seagrass coverage in
southwest Florida: Assessing the relative effects of anthropogenic
nutrient load reductions and rainfall in four contiguous estuaries:
Marine Pollution Bulletin, v. 50, p. 797-805.

Torres, A.E., Sacks, L.A., Yobbi, D.K., Knochenmus, L.A., and
Katz, B.G., 2001, Hydrogeologic framework and geochemistry
of the intermediate aquifer system in parts of Charlotte, De Soto,
and Sarasota Counties, Florida: U.S. Geological Survey Water-
Resources Investigations Report 01-4015, 74 p.

Trommer, J.T., 1993, Description and monitoring of the saltwater-
freshwater transition zone in aquifers along the west-central coast
of Florida: U.S. Geological Survey Water-Resources Investigations
Report 93-4120, 56 p.

Trommer, J.T., Loper, J.E., Hammett, K.M., 1996, Evaluation and
modification of five techniques for estimating stormwater runoff
for watersheds in west-central Florida: U.S. Geological Survey
Water-Resources Investigations Report 96-4158, 37 p.

Trommer, J.T., Loper, J.E., Hammett, K.M., and Bowman, Geronia,
1996, Comparison of estimated and observed stormwater runoff
for fifteen watersheds in west-central Florida using five common
design techniques: U.S. Geological Survey Open-File Report
96-129, 125 p.

University of Central Florida, undated, Green roof information:
Orlando, Stormwater Management Academy, University of Central
Florida, accessed July 2005 at www.stormwater.ucf.edu

U.S. Census Bureau, 2004, population data for Florida available
on the web at state and county QuickFacts, accessed 2004 at
huickfacts.census.gov/qgfd/stated/12000.html

U.S. Environmental Protection Agency, undated, Water-efficient
landscaping—Preventing pollution and using resources wisely:
Washington, D.C., Report, 14 p.

U.S. Environmental Protection Agency, 1983, Results of the national
urban runoff program (NURP): Washington, D.C., Report,
variously paged [Available from National Technical Information
Service, Springfield, VA 22161 as NTIS Report PB 84-185552].

U.S. Environmental Protection Agency, 1993, Guidance specifying
management measures for sources of nonpoint pollution in coastal
waters: Washington, D.C., EPA 840-B-92-002, variously paged.

U.S. Environmental Protection Agency, 1999, Protocol for devel-
oping nutrient TMDLs: Washington, D.C., EPA 841-B-99-007,
variously paged.

U.S. Environmental Protection Agency, 2000a, Low impact devel-
opment (LID)—A literature review: Washington, D.C., EPA-
841-B-00-005, 35 p.

U.S. Environmental Protection Agency, 2000b, Bioretention applica-
tions, Inglewood demonstration project, Largo, Maryland and the
Florida Aquarium, Tampa, Florida: Washington, D.C., Office of
Water Report EPA-841-B-00-005A, 3 p.

U.S. Environmental Protection Agency, 2002, Considerations in the
design of treatment best management practices to improve water
quality: Washington, D.C., Report EPA 600-R-03-103, variously
paged.

U.S. Environmental Protection Agency, 2004a, Stormwater best
management practices design guide: Washington, D.C., EPA
600-R-04-121, variously paged.

U.S. Environmental Protection Agency, 2004b, National management
measures to protect and restore wetlands and riparian areas for the
abatement of nonpoint source pollution: Washington, D.C., EPA
841-B-05-003, 204 p.

U.S. Environmental Protection Agency, 2005, The use of best
management practices in urban watersheds: Washington, D.C.,
EPA 600-R-04-184, variously paged.


http://www.stratageotech.com/news/detail.asp?PressREleaseID=3
http://www.paceturf.org/journal/index.php/journal/P70
http://quickfacts.census.gov/qfd/states

U.S. Water Resources Council, Hydrology Committee, 1981,
Estimating peak flow frequencies for natural ungaged watersheds,
a proposed nationwide test: 346 p.

U.S. Weather Bureau, 1964, Two- to ten-day precipitation for
return periods of 2 to 100 years in the contiguous United States,
Technical Paper 49.

Urban Land Institute, 2003, Growing by choice or chance: State
strategies for quality growth in South Carolina: Urban Land
Institute, Washington, D.C., 40 p.

van Dijck, S.J.E., and van Asch, T.W.J., 2002, Compaction of loamy
soils due to tractor traffic in vineyards and orchards and its effect
on infiltration in southern France: Soil and Tillage Research, v. 63,
no. 3, p. 141-153.

Viessman, Warren, Jr., Lewis, G.L., and Knapp, J.W., 1989, Intro-
duction to Hydrology (3d ed.): N.Y., Harper and Row.

Voorhees, W.B., Nelson, W.W., and Randall, G.W., 1986, Extent and
persistence of subsoil compaction caused by heavy axle loads: Soil
Science Society of America Journal, v. 50, p. 428-433.

Waller, B.G., 1982, Effects of land use on surface-water quality in the
east Everglades, Dade County, Florida: U.S. Geological Survey
Water-Resources Investigations Report 81-59, 37 p.

Waller, B.G., Klein, Howard, and Lefkoff, L.J., 1984, Attenuation of
stormwater contaminants from highway runoff within unsaturated
limestone, Dade County, Florida: U.S. Geological Survey Water-
Resources Investigations Report 84-4083, 13 p.

Wangemann, S.G., Kohl, R.A., and Molumeli, P.A., 2000, Infiltration
and percolation influenced by antecedent soil water content and air
entrapment: Transactions of the American Society of Agricultural
Engineers, v. 43, p. 1517-1523.

Weinburg, Michael, Reece, Dennis, and Allman, Dave, 1980, Effect
of urban stormwater runoff to a man-made lake on groundwater
quality: West Palm Beach, South Florida Water Management
District Technical Publication 80-4, 112 p.

Whalen, P.J., and Cullum, M.G., 1988, An assessment of urban
land use/stormwater runoff quality relationships and treatment
efficiencies of selected stormwater management systems: West
Palm Beach, South Florida Water Management District Technical
Publication 88-9.

White, W.A., 1970, The geomorphology of the Florida Peninsula:
Tallahassee, Florida Bureau of Geology Bulletin 51, 164 p.

Whitecotton, R.C.A., David, M.B, Darmody, R.G., and Price,
D.L., 2000, Impact of foot traffic from military training on soil
and vegetation properties: Environmental Management, v. 26,
p. 697-706.

Selected References 49

Whitt, T., 2006, Roof gardens a cure for water runoff?: Sarasota
Herald Tribune, October 8, 2006.

Wicklein, S.M., and Schiffer, D.M., 2002, Simulation of runoff and
water quality for 1990 and 2008 land-use conditions in the Reedy
Creek watershed, East-Central Florida: U.S. Geological Survey
Water-Resources Investigations Report 02-4018, 74 p.

Williams, G.R., 1950, Hydrology, in Rouse, Hunter, ed., Engineering
Hydraulics, Proceedings of the Fourth Hydraulics Conference, lowa
Institute of Hydraulic Research, June 12-15, 1949, p. 229-320.

Wingard, G.L., Sugarman, P.J., Edwards, L.E., McCartan, L.E., and
Feigenson, M.D., 1993, Biostratigraphy and chronostratigraphy of
the area between Sarasota and Lake Okeechobee, southern Florida:
An integrated approach: Geological Society of America, Abstracts
with programs, v. 25, no. 4, 78 p.

Wingard, G.L., Weedman, S.D., Scott, T.M., Edwards, L.E., and
Green, R.C., 1995, Preliminary analysis of integrated stratigraphic
data from the South Venice corehole, Sarasota County, Florida:
U.S. Geological Open-File Report 95-3, 129 p.

Winter, T.C., Harvey, J.W,, Franke, O.L., and Alley, W.M., 1998,
Ground water and surface water—A single resource: U.S.
Geological Survey Circular 1139, 79 p.

Wolansky, R.M., 1983, Hydrogeology of the Sarasota-Port Charlotte
area, Florida: U.S. Geological Survey Water-Resources Investiga-
tions Report 82-4089, 54 p.

Wolansky, R.M., and Corral, M.A., 1985, Aquifer tests in west-
central Florida, 1952-76: U.S. Geological Survey Water-Resources
Investigations Report 84-4044, 127 p.

Wolansky, R.M., Spechler, R.M., and Buono, Anthony, 1979,
Generalized thickness of the surficial deposits above the confining
bed overlying the Floridan aquifer, Southwest Florida Water
Management District: U.S. Geological Survey Open-File Report
79-1071, 2 pls.

Yousef, Y.A., Wanielista, M.P.,, Harper, H.H., and Hvitved-Jacobson, T.,
1986, Best management practices—Effectiveness of retention/
detention ponds for control of contaminants in highway runoft:
Tallahassee, Florida Department of Transportation Report.

Yousef, Y.A., Wanielista, M.P., Harper, H.H., Pearce, D.B., and
Tolbert, R.D., 1985, Best management practices—Removal of
highway contaminants by roadside swales: Tallahassee, Florida
Department of Transportation Report.

Zaslavsky, D., and Sinai, G., 1981, Surface Hydrology: I-V: Journal
of the Hydraulics Division, Proceedings of the American Society
of Civil Engineers, v. 107, p. 1-93.



	Title Page
	Suggested citation

	Contents
	List of Figures
	Figure 1.  Location of the Sarasota Bay watershed in west-central Florida
	Figure 2.  Population of Sarasota County from 1920 to 2000 
	Figure 3.  Average annual precipitation for Sarasota County from 1915 to 2003
	Figure 4.  Daily precipitation in the Sarasota Bay watershed from January 10, 2004, to January 10, 2
	Figure 5.  Departure from average annual precipitation in the Sarasota Bay watershed from 1915 to 20
	Figure 6.  Average monthly precipitation from 1915 to 2003 and 1998 El Niño precipitation in the Sar
	Figure 7.  Geomorphological features in west-central Florida
	Figure 8.  Ground-water use by aquifer in Sarasota County in 2000
	Figure 9.  Annual ground-water use in Sarasota County from 1977 to 2000
	Figure 10.  Ground-water use for public supply and agriculture in Sarasota County from 1977 to 2000
	Figure 11.  Stratigraphic, lithologic, and hydrogeologic units in west-central Florida
	Figure 12.  Locations of geologic sections in the study area
	Figure 13.  Geologic section A-A’ 
	Figure 14.  Geologic section B-B’
	Figure 15.  Geologic section C-C’
	Figure 16.  Geologic section D-D’
	Figure 17.  Generalized thickness of the surficial aquifer system in the study area
	Figure 18.  Generalized direction of flow in the surficial aquifer system in west-central Florida
	Figure 19.  Generalized recharge/discharge areas of the Upper Floridan aquifer in west-central Flori
	Figure 20.  Elevation of water levels in the surficial, intermediate, and Upper Floridan aquifer sys
	Figure 21.  Generalized isopleths of chloride concentration in the surficial aquifer system
	Figure 22.  Relation between moisture content and soil depth: (A) Horton infiltration, (B) Dunne inf
	Figure 23.  Average monthly water budget for west-central Florida
	Figure 24.  Generalized relation between compaction and moisture content of an average soil
	Figure 25.  Potential routes of water movement
	Figure 26.  Examples of seasonal variation in saturated source areas for a catchment in Vermont 
	Figure 27.  Examples of variation in runoff with increasing impervious surfaces: (a) natural ground 
	Figure 28.  Variability in selected metal concentrations for different event mean concentration (EMC

	List of Tables
	Table 1.   Physical characteristics of Flatwoods, Depressions, and Coastal Islands soils in the Sara
	Table 2.   Hydraulic properties of the surficial aquifer system in  the vicinity of the Sarasota Bay
	Table 3.  Selected physical and hydrologic properties for selected earth materials.
	Table 4.   Characteristics of Horton and Dunne mechanisms for infiltration and runoff.
	Table 5.   Bulk density of common urban settings.
	Table 6.   Effect of bulk density on root growth for various soil textures.
	Table 7.   Soil treatments to reduce bulk density.
	Table 8.   Runoff curve numbers by housing density and hydrologic soil group.
	Table 9.   Percent change in simulated runoff characteristics of land-cover types from conventional 
	Table 10. Total nitrogen loads to Sarasota Bay projected for 2012 for several land management altern
	Table 11. Percentage of pollutant load contained in storm runoff for selected levels of impervious g

	Abstract
	Introduction
	Purpose and Scope
	Historical Perspective of Sarasota Bay
	Sarasota Bay National Estuary Program 
	Acknowledgments

	Environmental Setting of the Sarasota Bay Watershed 
	Climate
	Geography
	Soils
	Water Use 
	Hydrogeology
	Upper Floridan Aquifer


	Intermediate Aquifer System
	Surficial Aquifer System
	Watershed Characteristics Influencing Recharge and Discharge  
	Soil Characteristics
	Porosity, Bulk Density, and Penetration Resistance
	Infiltration Rate

	Water Budget
	Urbanization and Land Use
	Land Practices
	Agriculture
	Construction
	Recreation

	Infiltration and Runoff

	Framework for Future Research in the Watershed
	Low-Impact Development
	Pollutant Loading and Watershed Modeling
	Event Mean Concentrations for Pollutant Loading Models

	Research Topics

	Summary
	Selected References 

