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Methodology for Estimating Nutrient Loads
Discharged from the East Coast Canals to
Biscayne Bay, Miami-Dade County, Florida

By A.C. Lietz

Abstract

Biscayne Bay isan oligotrophic, subtropical
estuary located along the southeastern coast of
Floridathat provides habitat for a variety of plant
and animal life. Concern has arisen with regard to
the ecological health of Biscayne Bay because of
the presence of nutrient-laden dischargesfrom the
east coast canals that drain into the bay. This con-
cern, aswell asplanned diversion of dischargesfor
ecosystem restoration from the urban and agricul-
tural corridors of Miami-Dade County to Ever-
glades National Park, served as the impetus for a
study conducted during the 1996 and 1997 water
years to estimate nutrient loads discharged from
the east coast canalsinto Biscayne Bay.

Analytical results indicated that the highest
concentration of any individual nutrient sampled
for in the study was 4.38 mg/L (milligrams per
liter) for nitrate at one site, and the lowest concen-
trations determined were below the detection
limits for orthophosphate at six sites and nitrite at
four sites. Median concentrations for all the sites
were 0.75 mg/L for total organic nitrogen,

0.10 mg/L for ammonia, 0.02 mg/L for nitrite,
0.18 mg/L for nitrate, 0.20 mg/L for nitrite plus
nitrate nitrogen, 0.02 mg/L for total phosphorus,
and 0.005 mg/L for orthophosphate. The maxi-
mum total phosphorus concentration of 0.31 mg/L
wasthe only nutrient concentration to exceed U.S.
Environmental Protection Agency (1986) water-
quality criteria. High concentrations of total phos-
phorus usually reflect contamination as aresult of
human activities. Five sites exceeded the fresh-

water quality standard of 0.5 mg/L for ammonia
concentration as determined by the Miami-Dade
County Department of Environmental Resources
Management. Median total organic nitrogen con-
centrations were higher in urban and forested/wet-
land areas than in agricultural areas; median
concentrations of nitrite, nitrate, and nitrite plus
nitrate nitrogen were higher in agricultural areas
than in urban and forested/wetland areas; and
ammonia, total phosphorus, and orthophosphate
concentrations were higher in urban areas than in
agricultural and forested/wetland areas. These
results coincide with expected differencesin nutri-
ent concentrations based on knowledge of point
and nonpoint source influences and nutrient
cycling.

The Wilcoxon signed ranks test (WSRT)
was used to compare differences between point
(grab) samples and depth-integrated samples for
total nitrogen and total phosphorus concentrations
at 12 east coast canal sites. Statistically significant
differences (alphalevel of 0.025) intotal phospho-
rus concentrations between point (grab) samples
collected 1.0 meter deep and depth-integrated
samples were detected at three sites. One site also
showed statistically significant differencesin total
phosphorus concentrations between point (grab)
samples collected 0.5 meter deep and depth-inte-
grated samples. There were no statistically signif-
icant differencesin total nitrogen and total
phosphorus concentrations between point (grab)
samples collected 0.5 meter deep and 1.0 meter
deep for all the sites. Results of the line of organic
correlation, afitting procedure used to compare
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point (grab) and depth-integrated samples where
statistically significant differences exist as defined
by the WSRT, indicated that point (grab) samples
underestimate total phosphorus concentrations
when compared to depth-integrated samples. This
underestimation probably can be attributed to the
reduced suspended-sediment concentrations near
the surface during periods of flow as compared to
those near the streambed.

Predictive models were developed to esti-
mate total nitrogen and total phosphorus loads by
means of an ordinary |least-squares regression tech-
nigque. Instantaneous discharge was used as the
independent variable, and total phosphorusload or
total nitrogen load represented the dependent vari-
able. A software program called Estimator was
used to develop the regression models and to com-
pute total nitrogen and total phosphorus loads at
site S-26 along Miami Canal. The coefficients of
determination (R?) were adjusted to conform with
the number of degrees of freedom in the model.
The adjusted R? for total nitrogen load models
ranged from 0.69 to 0.99, and the adjusted R? for
total phosphorus load models ranged from 0.23 to
0.99. The average adjusted R? for total nitrogen
load models and the average adjusted R? for total
phosphorus load models were 0.87 and 0.76,
respectively. All but two of the models were
statistically significant at an alphalevel of 0.05.
Onetotal phosphorus load model was statistically
significant at an alphalevel of 0.10 (site G-58), and
the other total phosphorus load model was not
statistically significant at either 0.05 or 0.10
(site S-:21A).

INTRODUCTION

A major concernin many coastal areas acrossthe
Nation is the ecological health of bays and estuaries.
One common problem in many of these areasis nutrient
enrichment as aresult of agricultural and urban activi-
ties. Nutrients are essential compounds for the growth
and maintenance of all organismsand especially for the
productivity of aguatic environments. Nitrogen and
phosphorus compounds are especially important to sea-
grass, macroalgae, and phytoplankton. However, heavy
nutrient loads transported to bays and estuaries can

result in conditions conducive to eutrophi cation and the
attendant problems of algal blooms and high phy-
toplankton productivity. Additionally, reduced light
penetration in the water column because of phytoplank-
ton blooms can adversely affect seagrasses, which many
commercia and sport fish rely on for their habitat.

Biscayne Bay, a shallow subtropical estuary
aong the southeastern coast of Florida, provides an
aguatic environment that is habitat to adiversity of
plant and animal species. Increased nutrient loadsin
discharges from the east coast canals in southern Flor-
ida(fig. 1), asaresult of agricultural and urban activi-
ties, are apotential threat to the health of Biscayne Bay.
Dissolved-oxygen concentrations average about 5 mg/L
(milligrams per liter) in Biscayne Bay, but hypoxic con-
ditions along with nutrient enrichment exist in the east
coast canals. Plans are being formulated by water-man-
agement officials to reestablish natural flow to Ever-
gladesNational Park (ENP) by diverting water that now
flows through the agricultural/urban corridor and then
discharges by way of canals to Biscayne Bay.

Anunderstanding of nutrient loading to Biscayne
Bay is needed for both an assessment of the ecological
health of the bay as well as an evaluation of the water-
quality impact of the diverted water to ENP. The U.S.
Geological Survey (USGS) began astudy in April 1996
to: (1) develop methodol ogy for the purpose of estimat-
ing nutrient loads in Biscayne Bay, and (2) determine
whether point (grab) samples, historically collected at
0.5and 1 m (meter) below the surface near the centroid
of flow, accurately represent water quality inthe stream
cross section. The study was done as part of the South
Florida Ecosystem Program, which is a collaborative
effort by the USGS; various other Federal, State, and
local agencies; and Indian Tribes to provide earth sci-
ence information needed to resolve land-use and water
issues in southern Florida.

For planning purposes, Biscayne Bay is divided
into three subregions; namely, north bay, central bay,
and south bay (Alleman, 1995). North bay extendsfrom
about 5 mi (miles) north of the Dade/Broward County
boundary to the Miami shoreline, central bay extends
from the Miami shoreline to the featherbed banks east
of Model Land Canal, and south bay extends from the
featherbed banks east of Model Land Canal to Barnes
Sound (fig. 1). Certain areas of north bay exhibit
severely degraded water quality that largely is attrib-
uted to heavy loads of nutrients and toxicants from the
tributary canals, including Arch Creek, Snake Creek,
Biscayne Canal, and Little River Canal. Hypoxic
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conditionsexist in the canalsand high concentrations of
ammonia, total phosphorus, and trace elements are
common. Water quality in the central bay region ranges
from pristineto highly degraded. Miami Canal, flowing
through a highly urbanized area, contributes heavy dis-
charges of pollutants to Biscayne Bay. Tributary or
coastal canalsthat drain into central bay, such asMiami
Canal, Coral Gables Canal, and Snapper Creek Canal,
tend to be nutrient enriched and contribute toxicants to
Biscayne Bay. Canals draining into south bay receive
nutrient enrichment from agricultural activities. Black
Creek Canal containshighlevelsof ammoniaasaresult
of leachate from the south Miami-Dade landfill.

Purpose and Scope

The purpose of thisreport isto present methodol-
ogy that can be used to estimate nutrient loads dis-
charged from the east coast canalsinto Biscayne Bay in
southeastern Florida. Graphical summaries have been
created to compare medians and eval uate the distribu-
tion of nutrient concentrations in the east coast canal
system based on land-use categories in the Biscayne
Bay watershed. Vertical depth profiles of dissolved-
oxygen, total phosphorus, and total nitrogen concentra-
tions have been constructed to document horizontal and
vertical variability within the canal system. A statistical
approach is used to compare differences between point
(grab) and depth-integrated samples (from the east
coast canal sites) for total nitrogen and total phosphorus
concentrations. A modeling technique is used for devel-
oping equations through simple linear regression analy-
sesin order to estimate nutrient loads based on
discharge. The nitrogen and phosphorus species
described in this report include total organic nitrogen,
ammonia, nitrite, nitrate, nitrite plus nitrate nitrogen,
total phosphorus, and orthophosphate. Most of the data
presented in this report were collected from the east
coast canal sites during the 1996 and 1997 water years.
Datafrom one site (S-26 along Miami Canal) were col-
lected from 1966 to 1996.

Background on Nutrients

The ecological health of Biscayne Bay is depen-
dent on nutrient loads. An understanding of the pro-
cesses that control nutrient loads to the bay is needed to
properly develop restoration effortsin southern Florida.
Nutrients fall into three categories — macronutrients,
micronutrients, and trace nutrients. The macronutrients
(generally represented as nitrogen, phosphorus, and

carbon species) arerequired in the greatest amounts and
are mgjor componentsin the cells of all organisms.
Nitrogen and phosphorus compounds are important to
free-floating type plants, such as algae (Hem, 1985,
p.128). Micronutrients consist of trace elementssuch as
manganese, copper, and zinc.

Nitrogen, phosphorus, and carbon species can
exist in both organic and inorganic forms. The most
common inorganic forms of nitrogen are ammonia,
nitrite, and nitrate. Total organic nitrogen can exist as
particulate or nonparticulate organic nitrogen. Most of
the nitrogen compoundsin surface-water bodiesexistin
an oxidized form as nitrate and nitrite. The U.S. Envi-
ronmental Protection Agency (1986) has established
water-quality standards or guidelinesfor nitrate, nitrite,
nitrite plus nitrate nitrogen, and ammonia. Nitrate,
nitrite, and ammonia in concentrations above estab-
lished standards or guidelines can be detrimental to the
health of humans, and anmoniais toxic to aquatic
organisms.

Phosphorus exists inorganically as soluble reac-
tive phosphorus and in the particulate inorganic and
nonparticul ate inorganic states. Soluble reactive phos-
phorus is commonly referred to as orthophosphate.
Particulate inorganic phosphorus consists mostly of
phosphate minerals, such as apatite. Nonparticul ate
inorganic phosphorus includes condensed phosphates,
such as those found in detergents. Phosphorus exists
organically as particulate organic and nonparticul ate
organic phosphorus. Particul ate organic phosphorus
existsin plants, animals, and organic detritus. Nonpar-
ticulate organic phosphorus comprises mainly dis-
solved or colloidal organic compounds (Chapra, 1997,
p. 523).

Nutrients exist in water bodies as aresult of both
natural and anthropogenic (manmade) sources,
athough contributions from natural sources are mini-
mal. Anthropogenic contributions might be significant,
however, and can result from agricultural activities,
domestic and animal waste, municipal wastewater, and
byproducts of manufacturing processes. Phosphorus
generally islower in concentration than other nutrients
because it does not naturally occur in the atmosphere

nor is it abundant in the earth’s crust. Phosphorus also
tends to strongly adsorb to sediments and fine-grained

particles, causing its removal from the water column.
Nitrogen differs from phosphorus in that it naturally
occurs in the atmosphere and does not adsorb as

strongly to particulate matter. Additionally, denitrifica-
tion acts as a removal mechanism for nitrogen under
anaerobic conditions.

4 Methodology for Estimating Nutrient Loads Discharged from the East Coast Canals to Biscayne Bay, Miami-Dade County, Florida



The nitrogen cycle principally is a series of oxi-
dation and reduction reactions catalyzed by bacteria,
mostly the Nitrobacter and Nitrosomonas species
(Lawrence, 1996, p. 9). Under aerobic and anaerobic
conditions, total organic nitrogen catalyzed by bacteria
is decomposed to amine groups in a process called
deamination. This reaction continues under aerobic
conditions to produce ammonia (ammonification) as
well as nitrite and nitrate (nitrification). The processis
expressed below:

Total organic nitrogen 0 Amines . Ammonia [
Nitrite ' Nitrate

Furthermore, the microbes use nitrogen under aerobic
conditions by consuming electronsin the oxygen mole-
cule. However, during reducing conditions (usually
when dissolved-oxygen concentration is below 1.0
mg/L ), the microbes use electrons from oxygen in the
nitrate molecule. With this process, the nitrateion is
depleted of oxygen (denitrification), resulting inthefor-
mation of nitrous oxide or gaseous nitrogen (Lawrence,
1996, p. 10). The nitrogen atom eventually is reduced
by reacting with hydrogen ions to form ammoniain a
process called nitrate reduction. The processis
expressed below:

Nitrous oxides or nitrogen gas 0 Nitrate [
Nitrite 0 Ammonia

M ost nitrogen compoundsin surface-water bodies exist
as nitrate because of prevailing aerobic conditions.
Eutrophication is defined asanatural or artificial
addition of nutrientsto awater body (Hackney and oth-
ers, 1992, p. 693) and isthe principal threat to lakes,
estuaries, or streams that receive excessive total nitro-
gen and total phosphorus loads. Nutrient enrichment
can result in inordinate algal production, known as cul-
tural eutrophication, and produces an undesirable taste
and odor problemsto awater supply. Many other unde-
sirable chemical effects also could be attributed to
eutrophication. Algal dieoffsresultinanincreasein the
amount of organic matter available for consumption by
bacteria, resulting in oxygen depletion. If oxygenis
depleted faster than it is replenished by photosynthesis
or absorption from the atmosphere, hypoxic or anoxic
conditions can ensue, thus adversely affecting aguatic
species and ultimately resulting in fish kills. The conse-
guences of oxygen depletion include changes in redox
states, especialy asthey apply to certain trace elements.
Sulfate reduction and methanogenesis can occur, iron
sulfides can form in the sediments, and solubleiron can
be transferred to the water column. Additionally, the

release of phosphate to the water column from
iron/phosphate complexes (because of changesin
iron/sulfur oxidation states) could further accelerate the
eutrophication process.

Historical Surface-Water-Quality Data

A considerable amount of historical surface-
water-quality data exists from the east coast canal sys-
tem in southern Florida, much of it having been col-
lected intermittently for many years by the USGS for
determination of concentrations of nutrients and major
inorganic constituents. Since 1940, a voluminous
amount of salinity monitoring data has been collected
fromthe east coast canal sites. In 1974, the USGS began
aprogram called the Nationa Stream Quality Account-
ing Network (NASQAN), which was designed to deter-
mine long-term water-quality trends associated with
major drainage basins throughout the Nation. Concen-
trations of major inorganic constituents and physical
characteristics, nutrients, trace elements, suspended
sediment, selected organic compounds, and bacterio-
logical and biologica constituents were determined at
one NASQAN east coast canal site (S-26 along Miami
Canal). Water samples from this site were collected
monthly from October 1974 to September 1981 and
quarterly from October 1981 to September 1994. Data
that were collected under other programs since 1966
also exist. The Miami-Dade County Department of
Environmental Resources Management (DERM) has
collected surface-water-quality datafrom the east coast
canals since 1979. Much of the same data, as deter-
mined under the NASQAN program, also were col-
lected by DERM under avariety of programs. Most of
the DERM data were collected as part of the Biscayne
Bay Monitoring Program, General Canal Monitoring
Program, or Intensive Canal Monitoring Program.

Previous Studies

Previous studies involving the development of
models based upon linear regression techniques are
numerous. Smith and others (1982) studied trends in
total phosphorus measurements at NASQAN stations
based upon concentration/discharge models. Cohn and
others (1989) studied the problem of retransformation
bias, which can result when log-linear regression
models are used to estimate constituent loads. Gilroy
and others (1990) studied mean square errors of regres-
sion-based constituent transport estimates. Cohn and
others (1992) evaluated the validity of aminimum vari-
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ance unbiased estimator (MVUE) to estimate fluvial
constituent loads. Watts (1993) and Ries (1994) used
regression models to estimate monthly water-level
changes in the Closed Basin Division of the San Luis
Valley in Colorado and low-flow deviation discharges
in Massachusetts, respectively. Belval and others
(1994) estimated loads of water-quality constituentsin
the James and Rappahonnock Riversin Virginia based
upon multiple-regression techniques. Stoker and others
(1995) used an ordinary least-squares technique to
describe loading characteristics of McKay Bay,
Delaney Creek, and East Bay in Tampa, Fla.
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DESCRIPTION OF STUDY AREA

Miami-Dade County, located on the southeastern
tip of peninsular Florida (fig. 1), encompasses an area of
about 2,000 mi? (square miles). The county is bounded
by the Atlantic Ocean on the east, Broward County on
the north, Collier and Monroe Counties on thewest, and
the Florida Keys (Monroe County) on the south. The
areais characterized as a subtropical, marine environ-
ment with long, hot, wet summersand mild, dry winters.
Seasonal variation in rainfall is pronounced; about 75
percent of areal rainfall occurs during the 5-month wet
season from June through October. Long-term records
(1966-95) indicate that average annual rainfall in Miami
isabout 59 in. (inches), ranging from aslow as39in. in
1975to ashigh as83in. in 1968 (fig. 2).
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Figure 2. Average annual rainfall in Miami, 1966-95.
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A total of 15 east coast canal sitesin
Miami-Dade County (fig. 1) were selected for
the study; 13 sitesare gated spillwaysand 2 sites
are gated culverts. All east coast canal sites that
have automatic gate operation contain an over-
riding mechanism that closesthe gatesto prevent
saltwater intrusion when the headwater and tail-
water differential reaches a certain level. The
operational description of the 15 east coast canal
sitesin table 1 is condensed from recently pub-
lished reports by the U.S. Army Corps of
Engineers (1995) and by Swain and others
(1997).

Environmental Setting

Physiographic features (fig. 3) have significantly
controlled the environment, drainage, and ultimately
theland usein Miami-Dade County (Fish and Stewart,
1991, p. 4). The Atlantic Coastal Ridge, 2 to 10 mi in
width, forms the highest ground in the county. Eleva-
tions aong the ridge range from about 8 to 15 ft (feet)
above sealevel, but are 20 ft above sealevel or greater
in some places. West of Homestead, elevations of the
Atlantic Coastal ridgearefrom 5to 8 ft above sealevel.
The Atlantic Coastal Ridgeisanatural barrier to drain-
age of the interior, except where it is breached by
shallow sloughs or rivers.

Table 1. Operational description of the east coast canal sites in Miami-Dade County

[High and low ranges in stage, as indicated at specific sites, depend on field conditions and agricultural needs. Operational purpose: 1, control flooding; 2,
prevent saltwater intrusion. Type of control: 4B-CMPC, four-barrel, corrugated metal-pipe culverts; RCGS, reinforced-concrete gated spillway; 1B-CMPC,
single-barrel, corrugated metal-pipe culvert. Other notes: N/A, not applicable]

Opera- Stage, in feet above sea level
. Local identification _p Number and Level at which [ Level at which Level at which
Site No. tional | Type of control . .
number type of gates | gates automati- | gates become | gates automati-
purpose cally open stationary cally close
G-58 | 255406080094600 1 4B-CMPC | Four flap gates N/A N/A N/A
G-93  |02290560 2 RCGS | |Wovertica N/A N/A N/A
lift gates
S20  |252129080223500 2 RCGS f?f;‘z\;ee“' = 1.4 12 1.0
S20F |02290725 2 Rogs |Theevertical |, 055 1.20r 2.0 1.00r18
lift gates
S20G  |252922080204800 2 RCGS I(i)frt‘Z‘;ee”'ca‘ 140r22 120r20 1.00r18
s21  |o2200711 2 Rogs | Threevertical [, oy 150r 1.9 1.00r15
lift gates
S21A  |253110080204700 2 RCGS m‘;ﬁ“%ﬂ 140r22 120r20 1.00r18
s22  |02290700 2 RCGS | |Wovertica 35 29 25
lift gates
S25  |02290520 2 1B-cmpc | Onedircular 2.2 20 18
sluice gate
S25B | 254735080154800 2 RCGS |lWwoverticd 3.0 28 2.0
lift gates
S26  |02288600 2 RCGS |lWoverticd 28 25 93
lift gates
S27  |02286380 2 RCGS |lWwoverticd 1.9 17 16
lift gates
S28  |02286340 2 RCGS |lWwoverticd 21 18 15
lift gates
S29  |02286300 2 RCGs |our vertica o5 20 15
lift gates
S123  |02290704 2 RCGS m(;;’m:'ca] 240r35 2.00r 3.0 1.60r25
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Figure 4. Population of Miami-Dade County, 1960-94.

The Sandy Flatlandsin northeastern Miami-Dade
County islower in elevation (6-18 ft above sealevel)
than the Atlantic Coastal Ridge, and prior to develop-
ment was poorly drained. The Everglades, by far the
largest feature, is dightly lower than the Sandy Flat-
lands, and before development, was wet in most years
and subject to seasonal flooding. Drainage was slow
and generally to the south and southwest, channeled
behind the higher Atlantic Coastal Ridge. The Ever-
glades forms a natural trough in north-central, central,
and southwestern Miami-Dade County. Elevations
range from about 9 ft above sea level in the northwest-
ern corner to about 3 ft above sealevel in southwestern
Miami-Dade County, except for tree islands or ham-
mocks which may be afew feet higher than the
surrounding land. Most of the eastern part of the
Everglades within the county is used for agriculture,
rock quarrying, or urban development.

A small part of the Big Cypress Swamp occupies
northwestern Miami-Dade County where elevations
range from 7 to 10 ft above sealevel. Coastward from
the Everglades and the Atlantic Coastal Ridgelie
coastal marshes and mangrove swamps at elevations
that generally range from 0 to 3 ft above sealevel. This
description of the physiographic featuresin Miami-
Dade County wastaken from a published report by Fish
and Stewart (1991, p. 4).

One of the principal factorsinfluencing the
development of southern Florida water control isthe
rapid population growth along the lower east coast.
According to the 1990 census, the population in Miami-
Dade County doubled every 10 years between 1910 and
1960 (Metropolitan Dade County, 1995, p. 1-79).
Although the rate of population slowed over the next

two decades, there still was a significant growth in pop-
ulation, with about 1.3 and 1.7 million peoplein 1970
and 1980, respectively (fig. 4). Immigration accounted
for 78 percent of the population growth from 1960 to
1990; as of 1994, Miami-Dade County had attained a
population of about 2.0 million people.

Asof 1985, about 205,827 (16.5 percent) and
1,045,162 acres (83.5 percent) of total land areain
Miami-Dade County was classified as developed and
undeveloped land, respectively (Metropolitan Dade
County, 1988, p. 39). The major land-use categoriesin
the developed area include residential, transportation,
parks and recreation, industrial, and commercial and
institutiona (fig. 5). Theresidential category comprises
the highest percentage of land use in the devel oped area
of Miami-Dade County. The undeveloped land areain
Miami-Dade County includes agriculture, barren/urban
open land, and forested/wetland.

Hydrologic Setting

A rapidly expanding population in the urban and
agricultural areas of southern Florida hasresulted in an
extensive water-management system that has evolved
over the years. This system of cands, levees, pump
stations, and gated water-control structures was con-
structed over thelast century, initially for the purpose of
draining thewetlands and for flood control. The earliest
attempt at water management occurred in 1905 with the

Florida Legislature’s creation of the Everglades Drain-
age District. This resulted in the construction of North

Residential
41.8%

/

T Institutional 4.3%

~
Commercial 4.9%

/ Industrial 7.3%

Transportation \
33.6% Parks and recreation

8.0%

Figure 5. Approximate land-use percentages in the
developed area of Miami-Dade County.
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River Cana and Miami Canal by 1913, and the con- Beach, Fla. (north of Broward County), where deci-

struction of Hillsboro Canal and West Palm Beach sions are made regarding water-management needs.
Canals (north of the study ares) shortly thereafter. By The close hydraulic connection that exists
1921, &l four canals had hurricane gates at the Lake between ground and surface water in southern Florida is

Okeechobee end. Many of the canals along the east due to the highly transmissive nature of the Biscayne
coast of southern Florida were completed by the 19305, jifer. the sole source of drinking water for residents
for the purpose of ﬂOOd protection, b_Ut WEre uncon- 4t \jami-Dade County. Depending on the relation of
trolled anq did not impede saltwgter |qtru5|on. the canal stages to the surrounding water table, water is

During 1943-45, saltwater intrusion became & gy changed from surface water to ground water or vice
serious threat to the water supplies of southern FIoridaversa, and canals can be classified as either “gaining” or
because of severe drought conditions. The need for a $8sing” (fig. 6). At the east coast canal sites, the gates
tem of gated control structures on the primary east coagta opened during the wet season to discharge excess
canals was realized and came to fruition with the creatiQpaier to the Atlantic Ocean and are closed during the
in 1948 of the Central and Southern Florida Flood Condry season to prevent saltwater intrusion. When the

trol Project, designed by the U.S. Army Corps of Engi-gates are opened during the wet season, canal stages
neers (USACE). Operational control of this project CaM@enerally become lower than the surrounding water
under the direction of the Central and Southern Flood 5p|e. inducing ground-water flow to the canals (gain-

Control District, now known as the SFWMD, which WaSing) and eventual discharge to tide. During the dry sea-
created in 1949 by the Florida Legislature. An extensivgon’ the gated control structures are closed to prevent
series of levees was constructed, eventually resulting i@ wwater intrusion; however, the ground-water hydrau-
the formation of major water-conservation areas used . gradient is generally seaward, and the inland reaches
supply water for ENP and to store water for rechargingof the coastal canals continue to collect ground water
the Biscayne aquifer. Most of these water-conservationynq transport it downstream to the coastal controls. The
areas were completed by the early 1960's. As a result gfges at the gated control structures are generally

this highly managed system, the hydrology of southeryigher than the surrounding ground-water levels, and

Florida has been altered. Recent plans have focused Qe canals (losing) recharge the aquifer and retard salt-
“replumbing” the water-management system to restore,ater intrusion.

more natural flow to ENP. Canal-aquifer relations can also affect water

The water-management system provides flood quality. During dry periods when there is no flow, the
protection during the wet season (June-October) by canals tend to be chemically and physically stratified,
storing excess water in the water-conservation areas resembling long lakes. During periods of flow, mixing
and by discharging water through the east coast canalgcurs in the canals and ground-water seepage contrib-
when flood events occur. During the dry season utes highly mineralized water devoid of oxygen to the
(November-May), replenishment of ground-water supganals. Recharge to the tributary canals can be the result
plies along the east coast is accomplished by conveyirg rainfall, surface runoff, inflow from secondary
water through the primary canals from the water-con-cgngjs, seepage through levees, and in some cases,
servation areas. All of the major tributary canals alonge|eases from water-conservation areas or from Lake
the east coast contain gated control structures that argkeechobee (by way of Miami Canal), all of which
opened during flood situations to permit discharge of provide water of varying quality. The canals also

excess water, and are closed during dry periods to Magiovide a permanent surface for evaporation.
tain high freshwater heads, recharge ground water, and

retard saltwater intrusion.

A key element in the operation of the water- DATA-COLLECTION METHODS
management system is the communications and contrgiND PROCEDURES

system, which is a sophisticated electronic system that

relies on remote acquisition and control units to operate During periods of flow, water samples were
control structures and to record hydrologic and meteczollected for the determination of nitrogen and phos-
rological data. These data are transmitted by way of phorus species that truly represent the stream cross
telemetry to the operations control center in West Palrsection. This was accomplished by collecting depth-
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Figure 6. Hydraulic connection between gaining and losing canals.

integrated samples and point (grab) samples from mid-
stream at 0.5- and 1.0-m depths for comparison. These
samples were collected mostly upstream of the gated
control structures at locations where most of the histor-
ical datawere collected. Additionally, hydrologic data
were collected concurrent with each sampling event for
use in the determination of instantaneous discharge.
Based on these data, statistical comparisonswere made
between point (grab) and depth-integrated samples, and
models were devel oped to estimate total nitrogen and
total phosphorus loads.

Sample Collection and Processing

Depth-integrated and point (grab) samples for
nutrients were collected from the gated control struc-
tures at the east coast canal sitesin Miami-Dade
County during periods of flow. Most of the samples
were collected near low tide when the gates at the sites
usually are open. Depth-integrated samples were col-
lected by means of the equal -width-increment method
(fig. 7), which commonly is used when a discharge
measurement is not made before sampling. In this

Data-Collection Methods and Procedures 11
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Figure 7. Depth-integrated sample collected by use of the
equal-width-increment method.

method, the width of the stream is subdivided into
equal-width intervals with a sampling vertical associ-
ated with each interval.

In each cross section for the study, 8 to 10 verti-
calswere used. Thefirst vertical selected was half the
distance of thefirst interval from the edge of the stream
bank, and the other verticals were equally spaced apart
across the stream from the first vertical. Because flow
velocities of the east coast canasin Miami-Dade
County are nearly always less than 2 ft/s (feet per
second), the weighted-bottle method was used to coll ect
each sample. The weighted bottle does not sample iso-
kinetically (nozzle velocity equal to stream velocity);
however, it can be used during low flows and when dif-
ferencesin water quality acrossthe stream are believed
to beinsignificant (Shelton, 1994, p. 11). In theinitial
step, the vertical with the greatest velocity is selected;
the weighted bottle is then lowered and raised at a con-
stant rate so that it isnot overfilled when returned to the
surface. For each specific site, thistransit rate was
maintained throughout for al the verticals in the cross
section, and a sample from each vertical was compos-
itedin achurn splitter for processing. Thetransit rate as
well asthe nozzle size was varied for each specific site
in order to prevent overfilling of the bottle.

During sample processing, the water in the churn
was stirred by the churn disc at arate of about 9 in/s
(inches per second) to minimize error, with care being
exercised to prevent the churn disc from breaking the
surface. A tota of 125 mL (milliliters) of thiscomposite
sample was siphoned off into an amber polyethylene
bottle, chilled immediately, and within 48 hours was
shipped to the USGS Water Quality Service Unitin
Ocala, Fla., for analysis according to the procedures
described by Fishman and Friedman (1989). The con-
stituents determined were total organic nitrogen,

ammonia, nitrite, nitrate, nitrite plus nitrate nitrogen,
total phosphorus, and orthophosphate.

A point (grab) sample was collected concur-
rently with each depth-integrated sample. Point (grab)
samples, depending on the site, were collected at 0.5
or 1.0 m below the surface near the centroid of flow by
using a Niskin bottle. This bottleis spring loaded so
that a messenger can trip it shut at the appropriate
depth. After collection of the point (grab) sample,
125 mL of the sample wastransferred from the Niskin
bottle into an amber polyethylene bottle, chilled, and
shipped for analysis according to protocol (Fishman
and Friedman, 1989).

Before each sampling trip, the Niskin bottle,
weighted bottle, and churn splitter were cleaned with
adilute nonphosphate detergent and then rinsed with
tap water followed by deionized water. Two rinses
with native water were required for the samplers
before sample collection at each east coast candl site.
Between sampling sites, the samplerswere rinsed with
deionized water before being rinsed with native water.

Quality Assurance Samples

To ensure the integrity of the field data collected
for the study, quality assurance samples (equipment
blanks, field blanks, and split samples) were used exten-
sively in the data-collection phase. Blank solutions
essentially are samples free of the analytes being deter-
mined in the environmental samples. An equipment
blank isablank solution that is processed through all of
the equipment used in the collection and processing of
the environmental samples. Field blanks are actually
eguipment blanks donein thefield and are subject to all
aspects of the data-collection efforts as the environmen-
tal samples, including processing, preservation, trans-
port, and laboratory handling. Two types of field and
equipment blanks were used: one for the Niskin bottle
and the other for the weighted bottle and churn splitter.
These two field blank solutions consisted of inorganic
blank water prepared at the USGS Water Quality
Service Unit and were processed and analyzed accord-
ing to protocol. Analytical results from the equipment
blanks and field blanks indicated that most of the
concentrations for the individual nitrogen and phos-
phorus species were below the detection limits for the
analytical methods.
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Split sampleswere collected concurrently by the
USGS and DERM to verify interlaboratory accuracy.
The sampling data consisted of point (grab) samples
that were collected from the same Niskin bottle by
both agencies. The samples were sent to the USGS
Water Quality Service Unit and to the DERM labora-
tory for analysis.

Determination of Instantaneous Discharge

During 1960-61, the USACE performed a study
on a 1:16 scale physical model of atypica SFWMD
gated east coast canal site (U.S. Army Corps of Engi-
neers, 1963). Test results indicated that four possible
flow regimes exist: submerged orifice flow, submerged
weir flow, free orifice flow, and free weir flow. The
USACE devel oped theoretical flow equations for the
stage-discharge relations for the gated spillway east
coast canal sitesunder theseregimes. Intheir [aboratory
analyses, the USA CE determined experimental values
for the discharge coefficients for the equations under
these flow regimes, relating the coefficients and perti-
nent variablesin plots (U.S. Arms Corps of Engineers,
1963). Sincethen, the SFWMD has applied the USACE
equations and calibrated them for each east coast canal
site (Otero, 1994).

Because only experimental discharge coefficients
existed for gated spillways and culverts for the various
flow regimes, a study was conducted to develop dis-
charge-coefficient ratings based on actual field condi-
tions (Swain and others, 1997). The discharge-
coefficient ratings were determined from field measure-
ments made by an Acoustic Doppler Current Profiler
(ADCP). The ADCP usesthe Doppler shift in reflected
acoustic signals to determine the velocity of moving
water (RD Instruments, 1989). A discharge measure-
ment can be made rapidly at low, irregular flow condi-
tions, which often exist for the east coast canal sites.
The discharge-coefficient ratings developed by this
methodology were used in the determination of instan-
taneous discharge for each sampling event. The
upstream and downstream stages and gate readings
were recorded before and after each sampling event.
The gates were held stationary during the sampling
periods. Discharge-related data collected during each
sampling event were used in the following equations to
compute discharge for the submerged orifice and weir
flow regimes.

Submerged orifice flow for gated spillwaysis
expressed by the equation (Collins, 1977):

Q = CLh./2g(H-h) (1)

whereQisdischarge, in cubic feet per second; Cysisthe
discharge coefficient relative to the function of a gate
opening and submergence; L is length of gatesill, in
feet; g isacceleration of gravity, in feet per square sec-
ond; H, is headwater height above sill, in feet; and his
tailwater height above sill, in feet. Cys can be derived
from field measurements by rearranging equation 1 as:

_ Q
C, = : 2
% LhJ/2g(H-h) @)

Submerged welir flow for gated spillwaysis
expressed by the equation (U.S. Army Corps of Engi-
neers, 1963):

Q = CysLhv2g(H-h), ©)

which can be rearranged in the form:

_Q _c _/A-h
Lh@ CWS H 1 (4)

where C,sisadischarge coefficient for submerged weir
flow. Cys should approach C,\s as the gate opening
approaches submerged weir flow conditions.

Ratings for gated culvertsinclude multiple flow
conditions depending on submergence of the upstream
and downstream ends. The standard rating equation for
asubmerged culvert used in southern Florida originates
from the orifice-flow equation:

H-h = K¥=, (5)

where K is aflow coefficient which accounts for the
entrance, friction, and exit losses; v = Q/A, the mean
flow velacity; and A isthe open area of the gate. With
some manipulation, equation 5 becomes (Swain and
others, 1997, p. 7):
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Q = AC.v2g(H -h), (6)

where C. is a submerged culvert coefficient. Cys, Cyys,
and C, are the discharge coefficients determined under
actual field conditions for submerged orifice flow
(gated spillways), submerged weir flow (gated spill-
ways), and submerged culvert flow, respectively.

ESTIMATION OF NUTRIENT LOADS AND
WATER-QUALITY ANALYSES

Water samples were collected from the gated
control structures at the east coast canal sitesin
Miami-Dade County (fig. 1) for the purpose of devel-
oping models that could be used to estimate nitrogen
and phosphorus loads. Box plots were constructed
(shown later) to show differences in the median con-
centration of the individual nutrient species at each
site. Additionally, field measurements of selected
water-quality constituents (specific conductance, pH,
water temperature, and dissolved oxygen) were made
at specificintervalsto describe vertical and horizontal
variability of an east coast canal site (S-22). Plots
have been constructed for site S-22 (shown later) to
determinewhether total nitrogen and total phosphorus
concentrations increase with depth.

Statistical comparisons also are made to deter-
mine differences between point (grab) samples col-
lected at 0.5 and 1.0 m deep and depth-integrated
samples collected from the east coast canal sites.
Finally, aleast-squares regression analysis technique
is used to determine the relation between nutrient
loads and instantaneous discharge. By use of this
technique, the total number of samples required to
attain a certain level of precision in load estimatesis
reduced and error in load estimates is minimized
because models are based on compl ete data sets and
not daily observations, which are subject to sampling
errors of a single observation.

The constituent load at any given time can be
determined if the constituent concentration and the
discharge at the time of samplingisknown. Theloadis
computed as follows:

L = CxQ x0.002697, ©)

where L isthe constituent load, in short tons per day; C
isthe constituent concentration, in milligrams per liter;
Q isdischarge at time of sampling, in cubic feet per
second; and 0.002697 is a conversion factor to short
tons per day.

Distribution of Nutrient Concentrations

More than 200 depth-integrated samples were
collected for this study during arange of flow condi-
tions to determine nutrient concentrations in the east
coast canal waters of Miami-Dade County. The indi-
vidual nitrogen and phosphorus species (depth-inte-
grated samples) that were analyzed for the study are
summarized in table 2. The box plots presented and
discussed herein show concentrations of nutrients
among three land-use categories: forested/wetland,
agricultural, and urban. Forested/wetland areas are
considered to be the land-use category with thelowest
level of human activities whereas the agricultural and
urban areas are the highest (Ham and Hatzell, 1996,
p. 12). Theresults coincide with expected differences
in nutrient concentrations based on knowledge of
point and nonpoint source influences and nutrient
cycling.

The median total organic nitrogen concentra-
tion for all the east coast canal sites was 0.75 mg/L,
which represents the highest median concentration
of any nutrients sampled for in this study. The box
plot in figure 8 indicates that median total organic
nitrogen concentrations generally were higher in
forested/wetland and urban areas than in agricul tural
areas. The minimum total organic nitrogen concen-
tration of 0.20 mg/L was detected at site S-21A
along Princeton Canal, and the maximum total
organic nitrogen concentration of 1.7 mg/L was
detected at site S-26 along Miami Canal. Miami
Canal is one of five canals that distributes water
from Lake Okeechobee to the highly urbanized
southeastern coast of Florida. The entire reach of the
canal traverses forested/wetland, agricultural, and
urban areas. Agricultural and urban runoff and
sewage effluent discharges contribute to the water-
quality degradation in Miami Canal.
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Table 2. Summary of nutrient concentrations determined at the east canal sites in Miami-Dade County
[All unitsin milligrams per liter as nitrogen or as phosphorus)

Category q;r;;f:lic Ammonia Nitrite Nitrate ;?:?nniitrrailti Totzlennitro— phol?)tr?cljrus ph(()JrStpl;]l’?z;te
nitrogen
Site G-58
Mean 0.55 127 0.020 0.090 0.11 1.92 0.23 0.17
Median .55 1.20 .020 .080 .10 1.95 .24 A7
Maximum .60 1.50 .047 154 .20 2.10 31 .26
Minimum .50 1.10 <.001 .020 .02 1.70 13 .09
No. of samples 6 6 6 6 6 6 4 6
Site G-93
Mean .58 .39 .036 .360 .39 1.37 .05 .02
Median .52 .25 .035 .300 .35 1.30 .05 .02
Maximum 1.00 .80 .081 570 .60 2.20 .08 .04
Minimum 40 .05 .003 .017 .02 .61 .04 .01
No. of samples 10 10 10 10 10 10 10 10
Site S-20
Mean 1.05 .06 .003 .004 .007 112 .007 .002
Median 1.10 .05 .003 .004 .008 1.10 .007 .001
Maximum 1.20 0 .006 .007 .010 1.30 .010 .010
Minimum .83 .04 .002 .002 .002 .88 .006 <.001
No. of samples 11 11 11 11 11 11 11 11
Site S-20F
Mean 32 .04 .016 121 1.23 1.58 .010 .004
Median 32 .04 .016 1.19 1.20 1.50 .010 .002
Maximum A7 .10 .020 1.38 1.40 1.90 .020 .010
Minimum 21 .03 .014 .99 1.00 1.40 .007 <.001
No. of samples 10 10 10 10 10 10 10 10
Site S-20G
Mean 40 .06 .017 .780 .79 121 .025 .008
Median 40 .06 .019 .930 .95 1.30 .02 .006
Maximum .50 0 .028 1.180 1.20 1.70 .08 .020
Minimum .23 .02 .004 .056 .06 51 .01 <.001
No. of samples 7 8 8 8 8 7 8 8
Site S-21
Mean 0.58 0.19 0.019 0.37 0.39 1.16 0.012 0.006
Median .56 .20 .022 .46 .50 1.20 .010 .004
Maximum 75 .30 .037 .69 .70 1.70 .030 .020
Minimum A1 .10 <.001 .07 .07 .62 .007 <.001
No. of samples 17 17 17 17 17 17 17 17
Site S-21A
Mean .30 .03 .021 3.69 3.7 4.04 .006 .002
Median .30 .03 .020 3.69 3.7 4.10 .005 .001
Maximum 42 .07 .028 4.38 4.4 4.70 .010 .004
Minimum .20 .01 .014 2.88 29 3.30 .004 <.001
No. of samples 7 7 7 7 7 7 7 7

Estimation of Nutrient Loads and Water-Quality Analyses
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Table 2. Summary of nutrient concentrations determined at the east canal sites in Miami-Dade County--(Continued)
[All unitsin milligrams per liter as nitrogen or as phosphorus]

Category qug(J;?ic Ammonia Nitrite Nitrate ;?J:Inr:ittrgi Totzlennitro- phol?)t:cl)rus phoorstgr?;te
nitrogen
Site S-22
Mean .78 .08 .010 A2 A2 .97 .010 .004
Median 75 .09 .009 A1 A2 .97 .010 .004
Maximum 1.10 .20 .024 .19 .20 1.20 .020 .008
Minimum .55 .01 .004 .07 .08 .75 .006 .002
No. of samples 21 21 21 21 21 21 21 21
Site S-25
Mean .76 21 .015 A3 14 1.10 .049 .023
Median 75 .10 .013 .08 .09 1.00 .045 .014
Maximum 1.10 .50 .037 .28 .30 150 .100 .060
Minimum .50 .06 .006 .07 .08 .81 .030 .004
No. of samples 14 14 14 14 14 14 14 14
Site S-25B
Mean .79 .07 .022 .35 37 1.20 .02 .007
Median .79 .07 .020 .29 .32 1.20 .02 .004
Maximum 1.00 .20 .056 .59 .60 1.40 .03 .040
Minimum .55 .01 .001 24 .25 .89 .01 .001
No. of samples 20 20 20 20 20 20 20 20
Site S-26
Mean 1.05 0.60 0.032 0.170 0.20 1.8 0.020 0.004
Median 1.00 .61 .020 110 15 17 .020 .003
Maximum 1.70 1.10 .100 .460 .56 2.8 .050 .020
Minimum .70 .03 .006 .002 .01 13 .008 .001
No. of samples 19 19 19 19 19 19 19 19
Site S-27
Mean .79 .64 .028 .190 22 1.6 .04 .02
Median .70 .65 .030 .180 21 17 .04 .02
Maximum 1.10 .96 .040 .300 .33 19 .05 .03
Minimum .55 41 .010 .060 .07 14 .03 .01
No. of samples 17 17 17 17 17 17 16 17
Site S-28
Mean .86 .16 .011 110 110 1.10 .04 .014
Median .86 15 .009 .070 .080 1.10 .03 .010
Maximum 1.20 47 .036 .260 .300 150 .07 .020
Minimum .66 .02 .002 .001 .002 .83 .03 .008
No. of samples 18 18 18 17 18 18 18 18
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Table 2. Summary of nutrient concentrations determined at the east canal sites in Miami-Dade County--(Continued)
[All unitsin milligrams per liter as nitrogen or as phosphorus]

Total

- . - . Total nitrite Total nitro- Total Ortho-
Category ohrgamc Ammonia Nitrite Nitrate plus nitrate gen phosphorus phosphate
nitrogen
Site S-29
Mean 1.02 .29 .021 19 22 1.51 .020 .003
Median 1.00 .30 .020 18 .20 1.51 .020 .002
Maximum 1.30 .50 .064 48 .50 2.10 .030 .007
Minimum .85 .03 <.001 .06 .06 1.60 .008 <.001
No. of samples 17 17 17 17 17 17 17 17
Site S-123
Mean 37 .16 .004 A3 A3 .58 .03 .014
Median .39 .09 .005 .08 .09 .56 .02 .004
Maximum A7 .70 .01 40 40 .87 A2 .07
Minimum .26 .03 <.001 .01 .01 31 .02 .002
No. of samples 7 8 8 8 8 7 8 8
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Figure 8. Total organic nitrogen concentrations among land-use categories.
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Total organic nitrogen is transformed by the
process of ammonification to ammonia. The median
ammonia concentration for all the east coast canal
siteswas0.10 mg/L. The box plotinfigure 9 indicates
that median ammonia concentrations tend to be higher
in urban areas than in agricultural and forested/wet-
land areas. The minimum ammonia concentration of
0.01 mg/L was detected at sites S-21A, S-22, and
S-25B. The maximum ammonia concentration of
1.5 mg/L was detected at site G-58 along Arch Creek.
The upper Arch Creek watershed is highly contami-
nated as a result of possible landfill leachate and
industrial waste (Alleman, 1995, p. 20). The highest
ammonia concentration detected was well below the
U.S. Environmental Protection Agency (USEPA)
maximum concentration of 2.1 mg/L for chronic
exposure to aquatic organisms (U.S. Environmental

Protection Agency, 1986). However, five sites (G-58,
G-93, S-26, S-27, and S-123) had concentrations that
exceeded the Miami-Dade County DERM water-
quality freshwater standard of 0.5 mg/L for ammonia.
Nitriteis an intermediate speciesin the nitrifica-
tion process by which ammoniais transformed into
nitrate under aerobic conditions which exist in most
canals. The median nitrite concentration for al the
east coast canal sites was 0.02 mg/L, which is below
USEPA maximum contaminant level of 1.0 mg/L
(U.S. Environmental Protection Agency, 1986). The
maximum contaminant level is the maximum permis-
sible level of a contaminant in water which is deliv-
ered to any user of a public water system. Median
nitrite concentrations tend to be higher in agricultural
areas than in urban and wetland areas. The minimum
nitrite concentration of less than 0.001 mg/L was
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Figure 9. Total ammonia concentrations among land-use categories.
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detected at sites G-58, S-21, S-29, and S-123, and the
maximum nitrite concentration of 0.10 mg/L was
detected at site S-26 (table 2).

Nitrate represents the end product of the nitrifi-
cation process. The median nitrate concentration for
all the east coast canal siteswas 0.18 mg/L. The
box plot in figure 10 indicates that median nitrate con-
centrations tend to be higher in agricultural areasthan
in forested/wetland and urban areas. The minimum
nitrate concentration of 0.001 mg/L was detected at
site S-28; the maximum nitrate concentration of
4.38 mg/L was detected at site S-21A (table 2), which
iswell below the maximum contaminant level of
10.0 mg/L (U.S. Environmental Protection Agency,
1986). The maximum nitrate concentration, which
was the highest maximum concentration of any nutri-

ents sampled for in this study, was probably the result
of agricultural runoff.

Total nitrogen, which representsthe sum of total
organic nitrogen, ammonia, nitrite, and nitrate concen-
trations, ranged from 0.31 to 4.7 mg/L for all the east
coast canal sites(table 2). The maximumtotal nitrogen
concentration of 4.7 mg/L was detected at site S-21A
in an agricultural area, with nitrate comprising 93 per-
cent of this maximum concentration. The minimum
total nitrogen concentration of 0.31 mg/L was detected
at site S-123.

The median nitrite plus nitrate nitrogen concen-
tration for all the east coast canal siteswas0.20 mg/L.
The box plot in figure 11 indicates that median nitrite
plus nitrate concentrations tend to be higher in agricul-
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Figure 10. Total nitrate concentrations among land-use categories.
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tural areas than in forested/wetland and urban areas.
The minimum nitrite plus nitrate concentration of
0.002 mg/L was detected at sites S-20 and S-28; the
maximum nitrite plus nitrate concentration of 4.4
mg/L was detected at site S-21A, which is below the
maximum contaminant level of 10.0 mg/L (U.S. Envi-
ronmental Protection Agency, 1986).

The median total phosphorus concentration for
all the east coast canal sites was 0.02 mg/L. The box
plot infigure 12 indicates that median total phosphorus
concentrations generally were higher in urban areas
than in forested/wetland and agricultural areas. The
minimum total phosphorus concentration of

0.004 mg/L was detected at S-21A; the maximum total
phosphorus concentration of 0.31 mg/L was detected at
site G-58 (table 2), which is above the recommended
upper concentration limit of 0.10 mg/L to control
eutrophication (U.S. Environmental Protection Agency,
1986). Additionally, the maximum total phosphorus
concentration of 0.12 mg/L at site S-123 (table 2)
dightly exceeded the recommended upper concentra-
tion limit. High concentrations of total phosphorus usu-
ally reflect contamination as a result of human
activities, such as from point or nonpoint source dis-
charges.
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Figure 11. Total nitrite plus nitrate concentrations among land-use categories.
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The median orthophosphate concentration for all
the east coast canal siteswas 0.005 mg/L, which isthe
lowest median concentration of any nutrients sampled
for inthisstudy. Thebox plot infigure 13 indicates that
median orthophosphate concentrations generally were
higher in urban areas than in forested/wetland and agri-
cultural areas. The minimum orthophosphate concen-
tration of less than 0.001 mg/L was detected at sites
S-20, S-20F, S-20G, S-21, S-21A, and S-29, and the
maximum orthophosphate concentration of 0.26 mg/L
was detected at site G-58 (table 2). High concentrations
of orthophosphate as well as total phosphorus are usu-
ally indicative of human activities, such asfrom point or

Water-Quality Cross-Section Surveys

Water-quality cross-section surveys for specific
conductance, pH, water temperature, and dissolved
oxygen were conducted to document water-quality
cross-section homogeneity in the east coast canal
system. On October 7, 1997, field measurements of
these constituents were made (from near the surface at
1-ft intervals to the streambed) at site S-22 along Snap-
per Creek Canal from seven verticals about 10 ft equi-
distant from each other in the cross section. During the
field measurements, instantaneous discharge was deter-
mined to be 414 ft3/s (cubic feet per second). The only
water-quality constituent to show any variation with

nonpoint source discharges. depth was dissolved oxygen.

10.0 F T T T T T T T T T T T T T T T =
i - EXPLANATION ]
E - T Maximum [ Agriculture i
o L 75th Percentile [ ] Forested/Wetland _
E i = | Median [ ] Urban B
) 25th Percentile  (4) Number of samples
<§( J— Minimum
o 1.0 7
(0] C 7
= C ]
=| - -
= - 4 -
= - @ ]
%“ I @ ]
= " (®)

0.10 =
( = (10) (8) T (18) -
z - % (19) (16) .
@) B _ i
Z - (17) (20) (17) ]
S i 10 (1) T |
m . (10) | |
2
2 o1 |k 1 T (7) T i
: E T T T =
o B J
I L —
o
<_(| - -
= | -
O
'_

0.001 I I I I I I I I I I I I I I I

G-58 G-93 S-20 S-20F S-20G S-21 S-21A S-22

S-25 S-25B S-26 S-27 S-28 S-29 S-128

EAST COAST CANAL SITE

Figure 12. Total phosphorus concentrations among land-use categories.
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Figure 13. Orthophosphate concentrations among land-use categories.

Plots of dissolved-oxygen concentration for the
seven vertical profilesat site S-22 along Snapper Creek
Canal (from the left bank looking downstream) were
constructed and are shown in figure 14. Dissolved-oxy-
gen concentration decreased with increasing depth for
all but one vertical. The vertical 46.2 ft from the left
bank showed no variation with depth, which probably
can be attributed to complete mixing in the vertical. In
June and July 1996, preliminary water-quality surveys
at three verticalsin the cross section were performed at
Sites S-22, S-25B, S-26, and S-28. Resultswere similar
tothosefor thewater-quality survey doneat site S-22in
October 1997, with dissol ved-oxygen concentration
decreasing with depth.

During the same October 1997 period when a
water-quality cross-section survey was made at site

S-22, total nitrogen and total phosphorusconcentrations
also were determined at the same location. Water sam-
ples were collected midstream at a depth of 1 ft below
the surface and at 2-ft intervalsthereafter, until near the
streambed at adepth of 15 ft. The plotsin figure 15 indi-
cate that both total nitrogen and total phosphorus
concentrations increased with depth. Additionally,
point (grab) samplesat 1.0 m deep near midstream and
depth-integrated samples were collected for analysis of
suspended-sediment concentration. Significant differ-
ences in suspended-sediment concentration were
detected between the point (grab) and depth-integrated
samples (1.0 and 3.0 mg/L, respectively). Thisis plau-
sible because suspended-sediment concentrations usu-
aly are higher near the streambed during periods of

flow than near the surface and would not be “captured”

by a point (grab) sample.
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Figure 14. Vertical profiles of dissolved-oxygen concentration in Snapper Creek Canal at site S-22 at various distances
from left bank looking downstream (LEW). Instantaneous discharge is 414 cubic feet per second. LEW represents left
edge of water.
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Canal at site S-22. Instantaneous discharge is 414 cubic
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Statistical Comparisons of Point (Grab)
and Depth-Integrated Samples

Statistical tests were used in this study to
compare differences between point (grab) and depth-
integrated samplesfor total nitrogen and total phospho-
rus concentrations from the east coast canal sitesin
Miami-Dade County. A matched-pair approach using
the Wilcoxon signed ranks test (WSRT), a nonparamet-
ric statistical test, was used to compute differences
between sample pairs and to rank the absol ute val ues of
the nonzero differences. Each rank was assigned a
negative signif the original differenceisnegativeand a
positive sign otherwise. Because of the small sample
sizes, the exact form of the test statistic (W+) was used
rather than the large sample approximation (Helsel and
Hirsch, 1992, p. 144). The W+ statistic isthe sum of al
the ranks having a positive sign. The p-value (Helsel
and Hirsch, 1992, table B6) is the attained significance
level and must be less than the alpha or significance
level to reject the null hypothesis of no differencein
medians between the data sets. The significance (or

alphalevel) for aone-sided WSRT is0.05 and indicates
that thereis a5 percent, or alin 20, probability of
incorrectly rejecting the null hypothesiswhen it is actu-
ally true. When atwo-sided WSRT isused (x is either
larger or smaller than y), the significance (or alpha
level) then becomes 0.025. The WSRT was used in this
study because the null hypothesis of normality is diffi-
cult to reject for small sample sizes, and water-quality
data frequently assume a nhon-normal or asymmetric
distribution.

Table 3 presentsthe results of the WSRT for total
nitrogen and total phosphorus concentrations for 12 of
the east coast canal sites by comparing: (1) differences
between point (grab) samples collected at 1.0 m deep
and depth-integrated samples, (2) point (grab) samples
collected at 0.5 m deep and depth-integrated samples,
and (3) point (grab) samples collected at 0.5and 1.0 m
depths. There were no statistically significant differ-
ences in tota nitrogen concentration between point
(grab) samples collected at 1.0 m deep and depth-inte-
grated samples; however, there were statistically signif-
icant differencesin total phosphorus concentration for
the same comparisons at sites S-21, S-25B, and S-28.
No sites showed any statistically significant differences
in total nitrogen concentration between point (grab)
samples collected at 0.5 m deep and depth-integrated
samples, and only one site (S-21) showed statistically
significant differencesin total phosphorus concentra-
tion. At none of the sites were statistically significant
differences detected in total nitrogen and total phospho-
rus concentrations between point (grab) samples col-
lected at 0.5 m and 1.0 m depths. Based on these
statistical results, depth-integrated samples probably
provide amorerealistic representation of total phospho-
rus concentrations in the stream cross section than do
the point (grab) samples.

The WSRT, like al hypothesis tests, only indi-
cates which differences are statistically significant and
doesnot describetherelation between thevariables. For
thisreason, differences between point (grab) and depth-
integrated samples that were indicated by the WSRT
were further examined by using the line of organic cor-
relation (LOC). Thisfitting procedure, first proposedin
hydrology by Kritskiy and Menkel (1968), is also
known as the reduced magjor axis, unique solution, or
equivalence line and is represented by the equation:

J = y+sgnix-x) | ®
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where y isthe estimated value of y, y is the average The LOC is basically a geometric method asiit

of y values, x istheaverageof x values, Syisthestan-  minimizesthe sum of the areas of right triangles formed
dard deviation of y values, Sxisthestandard deviation by the horizontal and vertica linesfrom datapointsto the
of x values, and sgn (r) isthe sign of correlation coef-  fitted line (Hirsch and Gilroy, 1984, p. 707). Unlike an
ficient (Lif risgreaterthan0,0ifr =0,and-1ifris  ordinary least-squares regression technique, the LOC is
less than 0). useful in describing the relation between two variables,

Table 3. Statistical interpretation of total nitrogen and total phosphorus concentrations at the east coast canal sites in Miami-
Dade County

[Significant level (a) = 0.05/2 = 0.025; P values from Helsel and Hirsch (1992, table B6); DI, depth integrated; >, greater than the value; N/A, not applicable]

Statistical difference between samples
Grab samples collected at 1.0-meter|| Grab samples collected at 0.5-meter || Grab samples collected at 0.5-meter and
depth and DI samples depth and DI samples 1.0-meter depths
Site No. Constituent
,\sl,gn?-f n’c\)lg.zgrfo W+. P N, @ n,t;lg.zgrfo W+. P N, @ n,;lg.zgrfo W+. P
ple | differ- | S| vaue |[ 33| giffer- | S| yaue || S2M differ- | S yaue
pairs | ences SiliE s ences Sille liEs ences SfiE
G-58 [Total nitrogen 6 4 35 >0.312 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 6 4 4 >.312 N/A N/A N/A N/A N/A N/A N/A N/A
G-93 [Total nitrogen 10 8 15 >191 4 3 4 375 4 4 75 [>0.188
[Total phosphorus 10 2 15 >.375 4 0 0 >.375 4 1 1 >.375
s21 [Total nitrogen 17 15 56 >.151 8 7 11 >.188 8 7 175 >.188
[Total phosphorus 17 14 94 .003 8 7 255 .023 8 4 2 >312
S21A [Total nitrogen 7 7 15 >.188 5 5 10 >.219 5 4 8 >.188
[Total phosphorus 7 4 8 .188 5 1 1 >.375 5 4 2 >312
S22 [Total nitrogen 21 14 80 .045 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 21 7 145 >.188 N/A N/A N/A N/A N/A N/A N/A N/A
525 [Total nitrogen 14 9 29 >.180 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 14 6 14 >.219 N/A N/A N/A N/A N/A N/A N/A N/A
5258 [Total nitrogen 20 13 63 122 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 20 10 55 .001 N/A N/A N/A N/A N/A N/A N/A N/A
526 [Total nitrogen 18 8 10.5 >.191 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 18 6 17 .109 N/A N/A N/A N/A N/A N/A N/A N/A
S27 [Total nitrogen 17 7 10.5 >.188 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 17 4 4 >.312 N/A N/A N/A N/A N/A N/A N/A N/A
528 [Total nitrogen 18 11 44 >.160 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 18 6 21 .016 N/A N/A N/A N/A N/A N/A N/A N/A
529 [Total nitrogen 17 11 38.5 >.160 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 17 7 18 >.188 N/A N/A N/A N/A N/A N/A N/A N/A
S123 [Total nitrogen 7 6 19 .047 N/A N/A N/A N/A N/A N/A N/A N/A
[Total phosphorus 7 4 10 .062 N/A N/A N/A N/A N/A N/A N/A N/A

STATISTICALLY SIGNIFICANT DIFFERENCES BETWEEN GRAB AND DEPTH-INTEGRATED SAMPLES

Equation from line of organic correlation is Grab = 0.2973 DI + 0.0057. Direction of biasof grab islow.

Equation from line of organic correlation is Grab = 0.25 DI + 0.00625. Direction of bias of grab islow.

Equation from line of organic correlation is Grab = 0.8255 DI — 0.0018. Direction of biasof grab islow.

Equation from line of organic correlation is Grab = 1.093 DI — 0.008. Direction of bias of grab islow.
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and thus, was used in this study to describe the relation
between point (grab) and depth-integrated samples. The
LOC eliminates variance reduction in estimates by
eliminating the correlation coefficient from the slope.
The variances of the LOC estimates are then in propor-
tion to the variances of the original data (Helsel and Hir-
sch, 1992, p. 278).

Statistically significant differences for total
nitrogen and total phosphorus between point (grab) and
depth-integrated samples collected from sites S-21,
S-25B, and S-28, as defined by the LOC (the same
samples and sites as defined by the WSRT in table 3),
are shown in figure 16. Asillustrated, point (grab)
samples collected from 0.5- and 1.0-m depths under-
estimate total phosphorus concentrations compared to
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depth-integrated samples. Because of the affinity of
total phosphorus to adsorb to particulate matter, under-
estimation of concentrations by point (grab) samples
probably is dueto the reduced suspended-sediment con-
centrations near the surface compared to concentrations
near the streambed during periods of flow. The sus-
pended-sediment concentration determined from a
point (grab) sample during the October 1997 water-
quality cross-section survey at site S-22 was only one-
third the concentration determined from the depth-inte-
grated sample collected concurrently. However, sus-
pended-sediment concentrations in southern Florida
canals are low; for example, the average concentration
based on 108 samples collected from site S-26 along
Miami Canal over a 20-year period was 6.7 mg/L.
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concentrations at sites S-21, S-25B, and S-28 as defined by the line of organic correlation.
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Additionally, other factors contributing to differences
between sample types could be related to the degree of
mixing at the samplelocation based upon physical char-
acteristics of the channel, such as distance upstream or
downstream from the control structures and configura-
tion of the channel.

Model Development

An ordinary |east-squares regression technique
was used to devel op predictive equations for the pur-
pose of estimating total nitrogen and total phosphorus
|oads discharged from the east coast canals to Biscayne
Bay. The predictive equations can be used to estimate
the value of a dependent variable from observations on
arelated or independent variable. In thisstudy, load was
used as the dependent or response variable and dis-
charge as the independent or explanatory variable.
Because discharge is used in the computation of load,
linearity and the best fit equation can be established or
developed more easily by relating load to discharge
rather than concentration to discharge.

Using more than one independent variable, such
as stage, rainfall, gate opening, and discharge, multiple
linear regression was attempted to improve the predic-
tive equations. However, because discharge is com-
puted from stage and gate openings and is based upon
rainfall, collinearity between independent variables
precluded thisapproach. A smoothing procedure, called
locally weighted scatterplot smooth (LOWESS), was
used by plotting load asafunction of dischargeto deter-
mine the degree of linearity between the two variables.
When it was deemed necessary to improve the linear
relation between load and discharge, transformations of
the independent variable were made based upon the
relation of the curveto the Mosteller and Tukey bulging
rule (Helsel and Hirsch, 1992, p. 229).

Improvement in the models was based on
increases in the adjusted coefficient of determination
(RZ), which explainsthe amount of variationin theload
determined by discharge and reduction in the predicted
error sums of squares (PRESS) statistic. The models
selected were those having the highest adjusted R? and
the lowest PRESS statistic as well asthe lowest root
mean square error or standard error of the regression.
The null hypothesis of no linear relation between |oad
and dischargewasrejected at the 0.05 significancelevel
(a level) when the attained significance level (p-value)
was less than 0.05.

Animportant part of model development isresid-
uals analysis. Two assumptions of an ordinary least-
squares regression are: (1) variance of the residualsis
constant (homoscedastic) over the range of values, and
(2) residuals are independent. Plots of predicted values
against residuals were examined, and where noncon-
stant variance (heteroscedasticity) over the range of
values was observed, log transformations of the
response variables were made. Because of errorsin
comparing log space with real space, no comparisons
were made with this analogy between transformed and
nontransformed models based on the adjusted R? or
PRESS statistics.

A key dement in model development is regres-
sion diagnostics. Basing model adequacy solely on the
adjusted R? may prove to be inadequate because there
may be no indication as to whether the data have been
well fitted. Examination of data pointsfor leverage,
influence, or outliers was required to verify model ade-
guacy. Outliersin thex direction were determined to be
significant if they exceeded 3 p/n where p isthe number
of coefficients and n equals the number of samples
(Helsel and Hirsch, 1992, p. 247). Studentized residuals
were used to examine outliersin the y direction, and
Cook’sD was used to determine influence from outli-
ers. Observations were considered to have high influ-
ence if Cook'dD exceeded the value for the
distribution forp+1,n-p ata = 0.1 (Helsel and Hirsch,
1992, p. 249). Numerous data values demonstrated high
leverage, but only a few data values showed both high
leverage and high influence.

The ESTIMATOR Program

Because continuous discharge data are currently
being computed and long-term water-quality data are
available at site S-26 along Miami Canal, a software
program, called ESTIMATOR, was used in the devel-
opment of nitrogen and phosphorus load models and for
the estimation of loads at the site. The ESTIMATOR
program develops models and computes loads based on
mean daily discharge and water-quality data files. This
program was used at site S-26 (formerly part of the
NASQAN network as previously discussed) because of
the continuous discharge data available and the require-
ment that about 50 water samples should have been col-
lected over at least a 2-year period. The ESTIMATOR
program consists of a seven-parameter log/linear model
employing the following regressors: a constant, a qua-
dratic fit to the natural logarithm of discharge, a qua-
dratic fit to time, and a sinusoidal first-order Fourier
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function to compensate for seasonality. The model is
written as.

InL = By + B, INQ +B,IN"Q + BT + B, T2
+B5SIN2TT + Bgcos2mT

)

where Inisthe natural logarithm, L isload, Bqisthe

Table 4. Regression models for the estimation of total
nitrogen and total phosphorus loads at site S-26 developed
from the ESTIMATOR program

[Seeequation 9in text. The coefficients of determination (Rz) for both total
nitrogen and total phoshorus modelsare 0.99. A total of 152 and 188 obser-
vations were used in the total nitrogen load and total phosphorus load mod-
els, respectively]

constant, 3, to Bg are the coefficients, Qisdischarge, T Constituent Coefficient Value
isdecimal time, T2 isdecimal time squared, and sin2rT Total nitrogen Bo -10.15!
+ cos2mT are periodic functions. Total phosphorus -13.81¢
The ESTIMATOR program employs a mini- Total nitrogen B 1003"
mum variance unbiased estimator for the elimination Total phosphorus 9995
of biasin thetransformation of log spacetoreal space. e 5 0L
Regression modelsfor_tqtal nitrogerj and tqtal .p.hos- Total phosphorus 2 0019
phorus loads and coefficients statistically significant e — 5 =
at the 95 percent confidenceintervalsfor site S-26 are Total phosghorus 3 0018
presented in table 4. In addition to the constant, both T :
the logarithms of discharge and discharge squared %:al Bﬁgzgﬁgrus Bs _'8822
were significant for the total nitrogen load model, . :
whereas only the logarithm of discharge was signifi- Total nitrogen Bs =0ED
Total phosphorus -.0403
cant for the total phosphorus load model. The pro- :
gram estimates monthly and annual mean daily |oads. ?::I' ”'r:mgﬁ” Be -0532
Maximum and minimum monthly mean daily and ot prosphorus L

annual daily loads computed by the ESTIMATOR
program at site S-26 for water years 1987 through
1996 are summarized in table 5.

Istatistically significant at 95 percent confidence interval.

Table 5. Summary statistics for the estimation of total nitrogen and total phosphorus loads at
site S-26 computed by the ESTIMATOR program for water years 1987-96

Maximum monthly Minimum monthly .
Waf;r Constituent mean daily load mean daily load Arlnﬁgl d;”yel:rad
- (tons per day) (tons per day) ({0 [ 570
1987 Total nitrogen 0.72 0.011 78.2
Total phosphorus .008 1.85x 104 70
1988 Total nitrogen 1.68 .004 . 190
Total phosphorus 021 6.32x 107 2.47
1989 Total nitrogen 54 .00 465
Total phosphorus .007 .00 61
1990 Total nitrogen 101 .00 85.5
Total phosphorus 012 .00 111
1991 Total nitrogen 1.60 013 § 144
Total phosphorus .018 2.21x10 181
1992 Total nitrogen 2.63 .040 261
Total phosphorus .028 6.55x 10 2.98
1993 Total nitrogen 104 .008 P 188
Total phosphorus 012 1.38x 10 2.18
1994 Total nitrogen 77 .018 § 127
Total phosphorus .008 248 x 10 1.45
1995 Total nitrogen 2.00 00 268
Total phosphorus .019 .00 271
1996 Total nitrogen 172 .00 199
Total phosphorus .016 .00 2.19
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Nutrient Loads Estimation Models

Measured nutrient loads were used to develop
eguations through simple linear regression analysesin
order to estimate computed |oads based on discharge.
Themeasured datawere mainly based on datacollected

from depth-integrated samples. The nutrient loads

and/or discharge were occasionally transformed before

simple linear regression techniques were employed to
develop the “best fit” models used to estimate the

loads. Results of the regression analyses relating load
to discharge at the east coast canal sites are presented

in table 6. The coefficients of determinatiorf(i

table 4 were adjusted to conform with the number of

degrees of freedom in the model.

Table 6. Results of regression analyses relating load to discharge at the east coast canal sites in Miami-Dade County

[Data based on depth-integrated samples, except for sites S-20, S-20F, and S-20G in which data are based on grab samples. Significant level (a) = 0.05;
Annotations: ACD, adjusted coefficient of determination; N, nitrogen load, in tons per day; P, phosphorus load, in tons per day; Q, discharge, in cubic feet
per second; In, natural logarithm. Models are valid for discharges greater than zero]

Discharge Root mean 95 percent confidence intervals
Site No. rar\ge Predictive equation N, @) AC2D square p- GG COBTTIEI
(cubic feet samples (R9) value . -
per second) error Upper limit Lower limit
. N = 0.013 + 4.45 x 103Q 6 09 | 001 0.00 507x10° | 383x10°
G0 1080 o h013+ 0,14 x 107nQ 77 | 004 02 | 210x102 | -273x 103
N =15x103+368x 10°Q 10 84 [ 113 00 | 492x107° [ 244x10°
G-93 30- 237 2 3
_ -3 .69 073 564x10° | 1.88x10°
S20 143 - 237 N =-0.12 + 3.76 x 10™°Q 10 .00 . .
P=51x10%+94x 10—8Q2 10 .79 .0005 .00 1.00 x 10 5.80 x 10
= 91 .26 3.25 1.92
S20F | 346-1080 N =-13.8 + 2.58InQ .00 . .
P=508x 104+ 243 x 10-5Q 91 .001 .00 3.05 % 10 1.80 x 10
_ 6092 71 .046 1.93x 107 3.00x 107"
S20G | 286- 429 N =0.225 + 9.8 x 10°Q .046 . .
P=276x10%+5.53 x 10-5Q .97 .0005 .00 7.00 x 10 4.05x% 10
— -3 .88 45 0.004 0.003
S21 202 - 1740 N =-0.38 +3.77 x 10°Q 17 .00
P: '738 + 10-4 + 427 X 10-8Q2 17 89 01 00 0004 0003
coa | 223357 N = 0.85 + 2.56 x 10°°Q? .85 .33 00 3.64 %107 1.47x 107
LnP=4.72- 1.71InQ 23 24 19° 130 471
LnN =-1.32 +3.25x 10°3Q 21 83 [ .14 00 | 397x107° [ 254x10°7
S22 133-576 3 3
oos | 1. | N=361x102+387x105Q7| 14 86 [ .32 00 | 480x10° [ 294x107
_ LnP=-6.22 +3.18x 10Q? 14 78| .35 0 420x10* | 216x 10
_ 2 -3 .82 197 3.88x10° | 246x10°
S258 |214-781 N =1.46 x 10© + 3.17 x 10°Q 20 .00 ) .
P=-0.014 +7.81 x 10°Q 20 50 | .01 0 115x10* | 4.16x 10
= -3 .93 A3 5.30x 107° 3.91x107°
s27  |127-524 N =-0.46 + 4.60 x 10™°Q 17 .00 ) .
- -3 .89 .206 445x10° | 3.07x10°
S28  |165- 857 N =-0.26 + 3.76 x 10™°Q 18 .00 . .
LnP = -4.26 + 2.40 x 10°Q 18 58 31 .00 343x10° | 137x10
= .95 .35 3.49 271
S29  |333- 1,440 N =-17 + 3.09InQ 17 .00 . .
LnP =-4.93 + 1.87 x 103Q 17 19 36 .00 238x 107 | 1.35x10
N =-1.10+3.11 x 103Q 7 .93 24 00 [401x108 | 220x107
S123 (514-1,330 =
P=6.7x10%+5.34 x 10°Q 7 = 001 | .00 |559x10° e

1Upper and lower limits at site G-58 based on 90 percent confidence intervals of the coefficient.
Statistically significant at (o) = 0.10.
SNot statisti cally significant for phosphorus load.
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The adjusted R? for the total nitrogen load models
ranged from 0.69 to 0.99 (table 4), indicating that from
69 to 99 percent of the variation in total nitrogen load is
explained by discharge. The maximum adjusted R? of
0.99 was determined for sites G-58 (table 6) and S-26
(table 4), both in urban areas, and the minimum adjusted
R? of 0.69 was determined for site S-20 (table 6) inafor-
ested/wetland area. The average adjusted R? for all the
total nitrogen load models was 0.87. Modelsfor five
sites (S-20F, S-20G, S-21A, S-25, and S-29) required
transformation of theindependent variable (discharge) to
improve linearity, and models for one site (S-22)
required log transformation of the dependent variable
(total nitrogen load) due to nonconstant variance of the
residuals (heteroscedasticity). All of the total nitrogen
load models had p-values less than 0.05, indicating they
were statistically significant at an aphalevel of 0.05.
Plots showing total nitrogen load as afunction of dis-
charge at the east coast canal sitesare showninfigure17.

The adjusted R? for the total phosphorus load
models ranged from 0.23 to 0.99 (table 6), indicating
from 23 to 99 percent of thevariationintotal phosphorus
load is explained by discharge. The maximum adjusted
R? of 0.99 was determined for sites S-123 (table 6) and
S-26 (table 4) located in urban areas, and the minimum
adjusted R? of 0.23 was determined for site S-21A in an
agricultural area (table 6). The average adjusted R? for
all thetotal phosphorus load modelswas 0.76, which is
lower than that for the total nitrogen load models. M od-
elsfor five sites (G-58, S-20, S-21, S-21A, and S-25)
required transformation of the independent variable (dis-
charge) to improve linearity, and models for six sites
(G-93, S-21A, S22, S-25, S-28, and S-29) required log
transformation of the dependent variable (total phospho-
rus load) due to heteroscedasticity. Most of the total
phosphorus load models had p-values |ess than 0.05;
however, the predictive model for site G-58 had a p-
value of 0.08, indicating that it is statistically significant
only at an alphalevel of 0.1. Thus, upper and lower lim-
itsof the dope coefficient for site G-58 representsthe 90
percent confidence intervals, indicating less predictive
power for the model. The total phosphorus load model
for site S-21A, indicating an inverse relation between
total phosphorus concentration and discharge was not
dtatistically significant at either an alphalevel of 0.05 or
0.10 and should not be used for estimating loads. Plots
showing total phosphorus|oad asafunction of discharge
at the east coast canal sites are presented in figure 18.

Variation in constituent concentration relative to
discharge generaly is attributed to two physical pro-
cesses; dilution or washoff (or a combination of both).

Dilution usually occurs as constituents enter a stream or
cana from a point source or because of ground-water
seepage during discharge. Thisisreflected asan inverse
relation between constituent concentration and dis-
charge, and is common among the major ions. Washoff
generally occurs as nutrients enter a stream because of
surface runoff from urban or agricultural areas, and in
this case, reflects an increase in constituent concentra-
tions with discharge. Variation in phosphorus concentra-
tions, however, is commonly the result of both the
dilution and washoff processes. The low adjusted R? for
sometotal phosphorusload modelscould beattributed to
dilution and washoff occurring simultaneously, resulting
in the poor linear relations between load and discharge.

Model Usage and Limitations

The models with the greatest predictive power
are those with the highest adjusted R? and the lowest
root mean sguare error. Because of project time con-
straints, data collected during this study span only
2 water years. The predictive power of the models
might be enhanced if data were collected for alonger
time period, such as 5 or 10 years, because amore rep-
resentative range of hydrologic conditionsislikely to
occur over alonger time period. The small number of
samples that were collected at some sites reflects the
fact that the gates at the control structures rarely open,
except during extreme rainfall events. Additionally,
|oads estimated by the model s represent loads com-
puted at the gated control structures on the canals. At
some sites, such as S-25, S-25B, and S-26, the canal
reaches (fig. 1) consist of several miles of ungaged sec-
tions to which both point and nonpoint source nutrient
loads could be contributed before the terminus of the
reaches at Biscayne Bay. Thisis particularly true of
Miami River, downstream of S-26 along Miami Canal,
which drains the urban and commercial areas of down-
town Miami. Other processes, such as ground-water
seepage, direct surface drainage, and precipitation, can
aso contribute nutrient loads to Biscayne Bay.

The upper and lower limits of the 95 percent con-
fidence intervals of the slope coefficient for the total
nitrogen and total phosphorus load models are pre-
sented in table 6. The significance of the 95 percent
confidence intervals and the relation to the predictive
power of the models is demonstrated by the following
example. If the mean daily discharge at site S-28 along
Biscayne Canal were 300 ft%s, the model -predicted
total nitrogen load would range from 3.20to 4.76 tons/d
(tons per day) based on the lower and upper limitsof the
95 percent confidence interval for the slope coefficient.
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Figure 18. Total phosphorus load as a function of discharge at the east coast canal sites in Miami-Dade County.
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A problem can arise with the use of log-trans- Analytical results indicated that the highest con-
formed models in estimating the mean load for several ~ centration of any nutrients sampled for in this study was
time periods. If thelog-transformed valuesaresummed ~ 4.38 mg/L for nitrate (as nitrogen) at one site, and the
for aperiod and the mean isthen transformed back into  lowest concentrations determined were below the
the original units, the estimates tend to be biased low detection limits for orthophosphate at six sites and
and more closely resemble the median and not the nitrite at four sites. Total organic nitrogen concentra-
mean. This can be overcome by use of the “smearingions ranged from 0.20 to 1.7 mg/L, with a median
estimator” described in Helsel and Hirsch (1992) by theoncentration of 0.75 mg/L for all of the east coast canal
following equation: sites. The 0.75-mg/L value was the highest median

concentration of any nutrients sampled for in this study.
Ammonia concentrations ranged from 0.01 mg/L to
1.5 mg/L, with a median concentration of 0.10 mg/L for

n all the sites. Five sites had concentrations that exceeded

y fHby+bi+ X +e) the Miami-Dade County DERM freshwater standard of
y = i=1 (10) 0.5 mg/L for ammonia. Nitrite concentrations ranged
' n ’ from less than 0.001 mg/L to 0.10 mg/L, with a median

concentration of 0.02 mg/L for all the sites. Nitrate con-
centrations ranged from 0.001 to 4.38 mg/L, with a
median concentration of 0.18 mg/L for all the sites.
Nitrite plus nitrate nitrogen concentrations ranged from
.002 to 4.4 mg/L, with a median concentration of
.20 mg/L for all the sites.
Total phosphorus concentrations ranged from

whereY; is the response variable} is the inverse of
selected transformatiohy is the intercepty; is the
slope coefficient¥; is the value of x for which y is to be
estimatedg, represents residuals, in original units; an
nis the number of samples. Use of this equation

requires that the residuals be independent and het- 0.004 to 0.31 mg/L, with a median concentration of
eroscedastic. As previously mentioned, the ESTIMA-O_02 mg/L. The ma;<imum total phosphorus concentra-

TOR program (used at site S-26) employs @ minimun, , ot 5 31 mg/L was the only nutrient concentration to
variance unbiased estimator for the elimination of b'aﬁxceed water-quality standards or guidelines of
in transforming from log space to real space. 0.10 mg/L for control of eutrophication. High concen-
trations of total phosphorus usually reflect contamina-
tion as a result of human activities. Orthophosphate
SUMMARY AND CONCLUSIONS concentrations ranged from less than 0.001 mg/L to
_ 0.26 mg/L, with a median concentration of 0.005 mg/L
Biscayne Bay, located along the southeastern ¢y 5| the sites. The 0.005 mg/L value was the lowest

coast of Florida, is an oligotrophic, shallow, subtropicaledian concentration of any nutrients sampled for in
estuary that provides habitat for a variety of plant ands study.

animal life. In recent years, the ecological health of Median concentrations of nitrite, nitrate, and
Biscayne Bay has become a matter of concern due to thgite plus nitrate nitrogen tended to be higher in agri-
presence of nutrient-laden discharges from coastal cyltural areas than in forested/wetland and urban areas.
canals that drain into the bay This concern, as well aRledian concentrations of ammonia, total phosphorus,
planned diversion of discharges for ecosystem restorand orthophosphate tended to be higher in urban areas
tion from the urban and agricultural corridors of Miamithan in forested/wetland and agricultural areas. Median
Dade County to Everglades National Park, served as tistal organic nitrogen concentrations generally were
impetus for a study to develop a method for estimatingigher in forested/wetland and urban areas than in
nutrient loads discharged from the east coast canals irdgricultural areas. These results coincide with expected
Biscayne Bay. More than 200 depth-integrated sampleffferences in nutrient concentrations based on knowl-
were collected for analysis of total organic nitrogen, edge of point and nonpoint source influences and nutri-
ammonia, nitrite, nitrate, nitrite plus nitrate nitrogen, ent cycling.

total phosphorus, and orthophosphate concentrations A water-quality cross-section survey conducted
during the 1996 and 1997 water years. At 15 east coaat site S-22 along Snapper Creek Canal during an
canal sites in Miami-Dade County, a comparison of instantaneous discharge of 413tin October 1997
nutrient concentrations by land-use category was madiedicated that dissolved-oxygen concentrations
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decreased with increasing depth. Water samples col-
lected incrementally from the middle of the canal
between the surface and the streambed at site S-22,
demonstrated an increase in total nitrogen and total
phosphorus concentrations with depth. Additionally,
point (grab) samplesat 1.0 m deep and depth-integrated
samples were collected for analysis of suspended-sedi-
ment concentration. Significant differencesin concen-
tration were detected between point (grab) and depth-
integrated samples (1.0 and 3.0 mg/L, respectively).
Suspended-sediment concentrations generally were
higher near the streambed during flow conditions than
near the surface.

The Wilcoxon signed ranks test (WSRT) was
used to compare differences between point (grab) and
depth-integrated samples for total nitrogen and total
phosphorus concentrations from 12 east coast canal
sites. There were no statistically significant differences
in total nitrogen concentration between point (grab)
samples collected at 1.0 m deep and depth-integrated
samples, but statistically significant differencesin total
phosphorus concentration between the samples were
apparent at 25 percent of the sites. No sites showed any
dtatistically significant differencesin total nitrogen con-
centration between point (grab) samples collected at
0.5 m deep and depth-integrated samples, and only one
site showed statistically significant differencesin total
phosphorus concentration. Statistically significant dif-
ferencesin total nitrogen and total phosphorus concen-
trations between point (grab) samples collected at 0.5-
and 1.0-m depths were not detected at any sites.

A fitting procedure, referred to asthe line of
organic correlation (LOC), was used to compare point
(grab) and depth-integrated samples where statistically
significant differences exist as defined by the WSRT.
Results of the LOC indicated that point (grab) samples
at 0.5- and 1.0-m depths underestimatetotal phosphorus
concentrations when compared to depth-integrated
samples. Because total phosphorus tendsto adsorb to
particulate matter, this underestimation is attributed to
the reduced suspended-sediment concentrations near
the surface as compared to those near the streambed
during periods of flow. The suspended-sediment con-
centration determined from a point (grab) sample was
only one-third the concentration determined from a
depth-integrated sample. Physical factors, such as dis-
tance upstream or downstream from the control struc-
tures and configuration of the sampling cross section,
could influence the degree of mixing and contribute to
differences between point (grab) and depth-integrated
samples.

M odel swere devel oped to estimate nutrient loads
in the east coast canals of Miami-Dade County. The
measured |oads were mainly based on data collected
from depth-integrated samples. Discharge was used as
the independent or explanatory variable, and total phos-
phorus load or total nitrogen load represented the
dependent or response variable. The coefficients of
determination (RZ) were adjusted to conform with the
number of degrees of freedom in the model. The
adjusted R? for total nitrogen load models ranged from
0.691t00.99, indicating that from 69 to 99 percent of the
variation in total nitrogen load is explained by dis-
charge. The average adjusted R?for all the total nitro-
gen load modelswas 0.87. The adjusted R for the total
phosphorus load models ranged from 0.23 to 0.99 and
averaged 0.76, which was lower than that for the total
nitrogen load models. All of the models, except for two
total phosphorusload models, were statistically signifi-
cant at an alphalevel of 0.05. Some modelsfor total
nitrogen and total phosphorus loads required transfor-
mation of the independent variable (discharge) to
enhance linearity, and a few models required log trans-
formation of the dependent variable (load) due to het-
eroscedastic residuals. Becauselong-term water-quality
data exist and continuous discharge is computed at site
S-26 along Miami Canal, a software program, ESTI-
MATOR, was used to estimate total nitrogen and total
phosphorus loads at that site.

Modelsthat have the greatest predictive power
are those with the highest adjusted R? and the lowest
root mean sguare error or standard error of the regres-
sion. Because of time constraints, data were collected
over aperiod of 2 consecutive water years (1996-97).
Data collected over longer time periods, such as5to 10
years, would enhance the predictive power of the mod-
els and would more accurately represent long-term
hydrologic conditions in southern Florida.
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