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ASSESSMENT OF WATER QUALITY IN CANALS OF
EASTERN BROWARD COUNTY, FLORIDA, 1969-74

By Bradley G. Waller and Wesley L. Miller

ABSTRACT

An intensive water—quality monitoring program was started in
1969 to determine the effects of man—induced contaminants on the
water quality in the primary canal system of eastern Broward
County, Florida. This report covers the first 6 years of the pro-
gram, providing a data base for comparison with future water-
quality conditions.

Most data indicate that beyond the small seasonal fluctuation
in ecenatituent level, the greatest adverse effect on the quality
of water is caused by sewage effluent. The areas affected by
sewage have increased concentrations of macrenutrients, trace
metals, and pesticides. Major ion concentrations were affected
only by season and local litholegy.

During the 6-year study, a gradual decreasge in macronutrient
concentration and an increase in dissolved oxygen have occurred.
This improvement in water qualiry 1s attributed to decreased sewage
discharge into canals and better treatment of sewage effluents.

INTRODUCTION

Broward County is on the southeastern coast of Florida
(fig. 1). The population increased from 28,000 in 1940 ro about
1 million in 1975. Aleong with expanding population and urbaniza-
tion came the problems of supplying services to the community. Two
of the major problems are related to water: (1) Provision of water
in sufficient quality and quantity throughout the county; and (2)
disposal of large quantities of manmade waste. In recent years che
effect of contaminants, related to urban and apgricultural develop-
ment activities and rapldly increasing population, on the water
quality in the Broward County canal system has been of growing
concern.

The primary canal system 1s managed by the South Florida Water
Management District (SFWMD). Although the canals are used primar-
1ly for flood control and flow augmentation, other recognized uses
include fish and wildlife propagation, vecreation, navigation, and
transport of urban and agricultural runoff and sewage. These
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canals also provide recharge to the Biscayne aquifer, the primary
source of municipal and agricultural water supplies. The current
need is for a sufficient supply of good quality surface water for
varied uses. Along the primary and secondary canals, two water—

management problems—-flooding of developed low-lying areas during
the wet season and saltwater intrusion caused by overdrainage and
droughts—have required the construction of controls and pumps.

Contamination of the canal system 15 a pressing, current water
problem. The problem is aggravated by the controlled flow in the
canal system, high infiltration rate into the permeable surficial
aquifer, and ever—increasing quantities of manmade waste from
domestic sewage and agricultural practices. Since the early 1950's
and throughout this study, land-use patterns have changed con-
siderably. Agricultural land has given way to urban development,
cansing problems related to conveyance of urban runoff and depo-
gition of sewage and industrial wastes. Many contaminants asgsoci-
ated with urbanization eventually enter the primary canal system,
though some are disposed of by deep—well injection and through
ocean outfalls.

Water quality in the ecanal system has been monitored by the
U.5. Geological Survey, in cooperation with Broward County and with
the SFWMD since 1969, as part of a coantinuing investigation to
determine the effect of man-induced contaminants on the chemical
and physzical properties of water resources.

Purpose and Scope

The purpose of this report is to present and interpret infor-
mation on water—quality conditionsz in the Broward County canal sys-—
tem from 1969-74 for use by agencies involved wirh water management
and other interested concerns or individwals.

This investigation included the periodic collection of surface
water and bottom sediment from a monitoring network consisting of
27 sites in five areas (table 1). Twenty—four sites are along se—
ven primary canalg (fig. 2), one site (42) i1s on a secondary canal
{Davie Road), and two sites (24 and 41) are on estuarine canals
{Hollywood and Dania-Cutoff). Surface-water samples were analyzed
for concentrations of major ions, macronutrients, physical charae-
teristics, trace metals, pesticides, and bacteria. Bottom sediment
samples were analyzed for pesticide concentrations. Results of
these analyses and discussion of methods of collectlon have been
published by Waller and others (1975).
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Table l.--Surface~water sampling sites, identification

numbers, and date record begaun

Beginning
Identification of
sitel/ Site name number racord
1 Hillsboro Canal near 02281500 2/69
Deerfield Beach.
4 Pompano Canal at 5-38 near 02281700 3/69
Pompano Beach.
5 Pompano Canal at State Road 261349080121700 2/69
7 at Margate.
7 Pompano Canal at Powmpano (02282000 2/69
Beach.
10 Cypress Creek Canal at §5-37A 02282100 2/69
neat Pompana.
11 Middle River Canal at §5-36 02282700 2/69
near Fort Lauderdale.
14 Plantation Canal at N.W. 260807080140200 2/69
65th Avenue, Plantation.
15 Plantation Camnal at 5-33 02283200 2/69
near Fort Lauderdale.
16 North Fork New River at 260743080103 100 2/69
Fort Lauderdale.
16E North Fork New Biver, 2607 17080044700 B/73
Broward PBoulevard at
Fort Lauderdale,
i7 New Biver at 5.W. 4th and 260702080085800 2/69
7th Avenues, Fort Lauderdale.
20 North New River Canal at 02284700 3/69
20-Mile Bend.
21 North New River near Fort 02285000 2/69
Lauderdale.
22 North New River at 5.W. 260514080110800 2/69

31st Avenue, Fort Lauderdale.

1/ Locations shown in figure 2.



Table l.—Surface-water sampling sites, identification

numbers, and date record began—Continued

Beginning
Identificarion of

Sitel/ Site name number record

23 South New River Canal at 02286100 2/69
5-13 near Davie.

24 Dania Cutoff Canal west of 260333080084300 2/69
Florida East Coast Railroad
Bridge at Dania.

30 CA-13 Feeder Canal at 10th 261034080093500 2/70
Avenue, Fort Lauderdale.

34 Hillsboro Canal at Rangeline 02281415 9/70
Road near Deerfleld Beach.

35 Hillsbore Canal below S5-39 02281301 9/70
near Deerfield Beach.

36 Middle River Canal at 5-36 261030080131400 §9/70
at Lauderhill,

37 Middle River Canal at C-42 260919080172300 9/70
near Lauderhill.

38 North New River Canal above 02284800 9/70
Holloway Lateral near
Fort Lauderdale.

e South New Biver Canal at S5-9 02285400 2/70
near Davie.

40 South New River (Canal above 02285900 4770
5-13A near Davie.

41 Hollywood Canal at Dania. 02286150 9/70

42 Davie Road Canal ar Pembroke 260031080145300 9/70
Pines.

43 Snake Creek Canal at N.W. 02286200 9/70

67th Avenue near Hialeah,

1/ Locations shown in figure 2.



Previoua Investigations

Collins and Howard (1928), Black and Brown (1951), and Parker
and others (1955) present data on major jon concentrations and
physical parameters of surface water in RBroward County canals prior
to the massive inctrease in development. A report on the chemical
quality of ground and surface water of Broward County by Grantham
and Sherwood (1968) included data on notrlents and trace metals
a6 well as on major loms. Russo (1974) deseribed the effects of
high BOD (biochemical oxygen demand) and nutrient concentrations in
Plantation Road Canal. Water-quality conditions in Broward County
vanals since 1971 have been summarized yearly by Bearden (1972;
1974a; 1974b; 1975). Ground-water quality in varilous segments of
Broward County has been discussed by Schroeder and others (1958),
Tarver (1964), McCoy and Hardee (1970), and Rearden (1972 and
1974a). Water resources of the county were described by Sheruwood
and others (1973).
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Of ficer, and members of his staff for thelr cooperation and assis-
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was expedited by historical data provided by the Broward County
Health Department. FEdward German of the U.$. Geological Survey,
Orlando, added much to this rveport in the techmical review of the
manuscript.

GENERAL HYDROLOGY

The water in the primary canals of Broward County is derived
chiefly from five sources: (1) Rainfall; (2) releases from the
conservatlion areas to the west by controlled surface-water release
and seepage through the levees; (3) pround-water inflow; (4) inflow
from secondary canals and runoff; and (5) in some canals, sewage
effluent.

During the investigatiom, yearly rainfall averaged 55.37
inches at the three lomg—term weather stations In the county {(fig.
3). Only during 1969 was the rainfall significantly greater than
the 30-year average (1940-70) of 58,30 inches. Years of near
average rainfall were 1970, 1972, and 1973. During 1971 and 1974,
rainfall was well below the long-term average. Approximately 75
percent of the rainfall in south Florida occurs during the wet
season, May through October; November through April ia considered
to be the dry season (fig. 4).
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Water levels Iin the primary canals of Broward Coumty are con—
trolled to prevent extremes. Salinity-control structures (fig. 5)
at the eastern rerminue of each canal maintain freshwater head to
prevent saltwater intrusion and provide discharge of excess water.
Controls, both fixed and mechanically adjustable, on numerous
secondary c¢anals throughout the county also regulate water levels.
Small drainage digstriets in the county can discharge excess water
to the primary canal system,

The primary and secondary canal systems in Broward County are
hydraulically connected to the ground-water systems. Fluctuationsg
in eanal levels greatly affect ground-water levels in adjacent
areas (Sherwood and others, 1973). During the dry seagon, canals
receive conslderable amounts of ground-water inflow when back-—
punping and controlled discharge occurs.,

During the investigation, improvements to the Broward County
canal system Included new secondary canals for supplemental drain-
age, extension of primary canals to improve hydraulic connection
and channel flow, and construction of a pump station at the head-
waters of the Plantation Road Canal to augment flow and improve
water quality.

CANAL-WATER QUALITY CHARACTERISTICS

The Broward County primary canals are managed primarily to
regulate water level and flow rather than to maintain optimum
water—quality conditions. The flow regime and water quality within
these ranals change seasonally with rainfall.

Chemical, physical, and biological stratification occurs when
there is lictle or no flow in the canals, and stages are maintained
by the water-control structures. The canals assume characteristics
of long, shallow lakes during the dry season. During periods of
rainfall, the coastal water-control structures are opened to re—
lease excess water to the ocean to prevent flooding. The resulting
flow in the canals initiates three hydrologic changes, which in
turn, affect water—quality characteristies. First, the lowering of
water levels induces inflow of ground water whiech is chemieally
different from surface water in the canals. Second, the secondary
canals are flushed of contaminants accumulated during the dry
season, inereasing the load in the primary canals. Third, strati-
fication, existing under no flow conditions, is displaced by the
flow and there 1z mixing of the canal water.

Environmental factors that influenced chemical and biologieal
properties of the primary canals during data collection aré: (1)
Surface-water inflow from the water conservation areas (fig. 1});
(2} land-use patterns and the urban and agricultural runoff associ-
ated with them; (3) discharge of domestic and Iindustrial waate into
the canals; (4) inflow of saltwater from rhe ocean; and (5) mor—
phometry of each canal,

10
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The effects of environmental factors on water quality were
evaluated by analyzing the chemical and physical data for groups of
sites in similar envircoments. Seasonal variations In water qual-
ity were evaluated by sepregating the data by wet and dry season
collection. The sites and their groupings based on adjacent land
use are (see fig. 2 for site locatlons):

1. Canal sites adjacent to the conservation areas—
sites 4, 20, 35, 37 39, and 43 (conservation area).

2. Canal sites affected by agricultural drainage——
sites 34, 36, 38, and 40 {agricultural}.

3. Urban canals mot directly affected by sewage——
sites 1, 7, 10, 21, 23, and 30 (urban).

4. Urban canal sites directly affected by domestic
sewage dizcharge—
sites 5, 11, 14, 15, and 42 (sewage-affected),.

5. FEstuarine canalsz-—
sites 16, 16E, 17, 22, 24, and 41 (estuarine).

To determine relations between water-quality parameters, cor-
relation coefficients were calculated for all parameters and are
cited where significant, These coefficients indicate which parame-
ters are related and the degree of the relations. The nearer to
1.00 the correlation coefficient, the stonger the direct relatiem
of two parameters. Negative correlation coefficients approaching
—-1.00 Indicate an increasingly strong inverse relation between
paramefers. Statistlcal analyses were calculated for all sites by
2-year periods, canal systems, and the foregolng site groupings.

Major Ions

Surfare waters comnonly contain numercus ions in solution.
The major dissclved cations (positively charged ions) include cal-
ciun, magnesium, sodium, and potassium; the major anions (nega-
tively charged ions) are sulfate, chloride, flueride, and those
lons, generally assumed to be carbonate and bicarbonate (Hem,
1970), contributing to alkalinity. Silicom in the water is usually
nonfonic and is reported as an equivalent concentratlon of the
oxlde silica (5103). The alkaline earth metals, such as stron-
tium, and the nommetals, bromine and iodine, are included in many
analyses and contribute slightly to the dissolved-solid concentra—
tiom.

12



From 1969-74, canal-water samples were collected quarterly at
all sires in Broward County and analyzed for major ions, dissolved
golids, and hardness (Waller and others, 1975). Results of the
analyses indicate that in the freshwater reaches of the canals,
concentrations of calcium, magnesium, sodium, chloride, bicarbon-
ate, and hardness are closely correlated. The correlations are
consistent by canal system and by individual sites. Correlation
coefficients of dissolved solids (residue at 180°C and the sum of
constituents) and the major lons range from 0.25 to 0.B89.

The dominant leons in the canal water of Broward County are
caleium and bicarbonate, the prineipal products of the solution of
limestone (table 2). Sodium and chloride are also found as codomi-
nant ions in many of the canals. There ate two primary sources of
sodiuwn and ¢hloride—one 1s from saltwater and the other is from
the northern Everglades which has ground water typically greater im
sodium and chloride (Parker and others, 1955). In terms of ionic
character, most Broward County canal water can be claszified as
mixed having a codominance of calcium bicarbonate and sodium
chloride.

When the data are arranged by individual eanal or land-use
claggifications, average, maximum, and minimum constituent concen—
trationg (tables 3 and 4) can be compared with average values for
the entire county. Constituents vary depending on the surreunding
land—use and canal loecation as water entering the canals from var—
lous sources affects the ion concentrations.

Hillshoro Canal flows through an area in which the ground
water 1s more highly mineralized than in other parts of Broward
County. During low-flow conditions, highly mineralized (greater
than 500 mg/L [milligrams per liter] of dissolved solids) ground
water is discharped Into the canal with only =2light dilution by
surface water. This results in average concentrations of major
ions which are above the overall county averape (table 3, fig. 6).
The same pattern 1s true of rche other canals, zuch as Pompano and
North New River that discharge from the conservatlon areas {table
4, fig. 7).

In developed areas of Broward County, the canal system becomes
more complex, and greater mixing of water sources occurs. Inflow
from secondary canals, Increased urban runoff from impervious
areas, and ground-warter inflow reduce the fon concentrations as in
the Middle River Canal (Waller and others, 1975, p. 20-23). 1In
some canals such as Plantation Road Canal, secondary-treated sewage
is discharged, and further mixing of water sources occurs.

The analyses from estuarine sites on the canals reflect mixz-
ing of freshwater and saltwater caused by tides, seawater intru-
glon, freshwater flow, and rainfall. During the investigation,
variations in mixing caused large ranges in the waters' constituent
concentrations (table 5). A complete listing of water analyses
from estuarine sampling sites in Broward County is presented hy
Waller and orhers (1975).
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Table 2.—Basic statistics for major lon, dissolwved-sclid, and hardness concentrations
in surface water for all freshwater sites

[Concentraticns in willigrams per liter]

Constituent Number of samples  Average Standard deviation Minimum Maxzimum Range

Caleium. 272 79 15.4 33.0 110 17
Magnesium. 272 9.8 5.9 1.9 37 35
Sodium. 272 50 24.5 6.8 170 163
Fotassium. 272 3.3 2.3 «5 22 21
Chloride. 272 76 4.6 17 230 213
Sulfate. 272 24 15.8 0 98 53
Bicarbonate. 287 260 60.6 70 380 KRl
DMssolved solids 262 427 04.7 154 B4 8 594
{residue at 180°C).

Dissolved solids 272 383 B8 120 740 620
{sum of constituents).

Hatdness. 272 240 44.5 52 350 298

Noncarbonate hardness. 272 26 19.2 0 120 120

Silica. 282 8.1 3.2 +9 25 24
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Table 3.--Average, maximum, and minimum concentrations for selected major ioms, dissolved solids,

[Concentrations in milligrams per liter]

and hardness in Ifreshwater reaches

A1l sitesl/ Hillsboro?/ Pompano-Cyprassl/
Constituent Minimum Maximum Average Minimum Maximum Average Minimum Maximum Average

Calcium. 33 110 79 45 110 Ba 33 100 81
HMagnesium. 1.9 37 9.8 8.2 37 13 2.1 30 5.8
Sodiwn. 6.8 170 30 39 150 B0 15 170 50
Poatassium. ) 22 3.3 2.7 7.4 4. 1.2 12 3.4
Chloride. 17 230 76 48 230 120 24 150 72
Sulfate. a0 58 24 17 93 34 5.6 62 3
Bicarbonate. 70 380 260 200 340 290 110 310 260
Dissolved solids 154 B48 427 392 B48 546 263 al18 419
fresidue at 1B0°C).
Dissolved sallds 120 740 83 156 740 496 257 569 378
(sum of constituents).
Hardness. 32 350 240 200 350 270 130 280 240
Noncarbonate hardness. 0 120 25 KX} 5.0 77 0 90 a2
Sillea. .8 25 8.1 4,4 25 10 1.8 13 6.1

1/ Includes analyses from Snake Creek and Davie Road Canals.

2/ Sites 34, 35, and 1.
3/ Sites 4, 5, 7, and 10.
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Table 3.—Average, maximum, and minimum concentrations for selected ma jor ions, dissolved solids,
and hardness In freshwater reaches——Continued

[Concentrations in milligrams per liter]

Middle Rivers/

Plantation Road5/

Horth New Riverh/

South New River?/]

47/ samples 31 samples 47 samples 38 samples
Mini- Maxi- Aver- HMini- Maxi- Aver- M™Mini- Maxi- Aver- Hini- HMHaxi- Aver-

Constituent mum mum age mum mum age mum mum age mum MU, age
Caleium. 35 110 77 40 87 67 55 96 77 74 35 87
Magnes{ium. 1.9 24 6.7 2 7.5 4 7.5 28 15 4] 16 11
Sod{ium. 6.7 94 35 23 a3 43 a0 B4 59 24 71 44
Potassium. «5 22 2.8 1.3 2.1 5.5 1.3 5.9 2.4 0.% 2.7 1.8
Chloride. 17 13¢ &0 32 1040 Bl 60 i70 g1 38 100 67
Sulfate. 2.5 6l 2.7 12 56 31 0 B0 14 0 20 7.6
Bicarbonate. 70 310 230 76 330 200 200 380 300 230 350 300
Dissolved solids 154 581 364 244 517 azga 370 607 454 358 514 418
(residue at 180°C).
Dissoclved solids 120 496 326 240 479 330 326 600 411 307 471 378
{sum of constituents).
Hardness. s 280 220 52 250 180 210 330 2h0 230 oo 260
Noncarbonate hardness. 2 120 34 0 73 23 Y 81 i7 0 40 13
Silica.
4/ Sites 37, 36, 11, and 30.
5/ Sites 14, 15, 16, 16E, and 17.
5/ Sites 20, 38, 21, and 22.
7/ Sites 39, 40, 23, and 24.
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Table 4.--Average, maximum, and minimum concentrations for selected major lomns, dissolved sclids,

and hardness in freshwater land-use areasl./

[Concentrations in milligrams per liter]

All sites Conservation area Azricultural
272 samples 12 samples 48 samples
Mini- Maxi- Aver— Mini- Maxi- hver- Mini- Maxi- Aver—
Constituent Mum mum age mum mum age mum mum age
Calcdium. 33 110 79 a3 100 80 61 110 85
Magnesium. 1.9 37 0.8 2.3 3 15 2.9 22 11
Sodium. 6.8 170 50 11 150 ) 19 110 54
Potassium. 0.5 22 3.3 0.9 6.9 2.9 0.9 22 3.1
Chloride. 17 230 76 17 230 99 30 160 BO
Sulfate. o 93 24 a 95 20 Q 55 20
Bicarbonatae. 70 B0 260 110 380 290 200 40 280
Dssolved solids 154 848 427 294 848 481 329 ol 449
{residue at 180°C),
Dissolved sclids 120 740 383 251 740 4316 301 &00 407
{(sum of constituents).
Hardness. 52 350 240 130 as50 260 210 310 260
Noncarbonate hardness. 0 120 26 0 92 21 0 63 22
S5ilica. 0.% 25 B.1 2.4 253 9.% 4.4 16 8

1/ See page 12 for site mumbers.
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Table 4.-—Average, maximum, and minimum concentrations for selected major ions, dissolved solids,
and hardness in freshwater land-use areasl/—-Continued

[Concentrations in milligrams per liter]

Urban (82 samples} Sewage—affected (70 samples}

Constituent Minimum Ma ximum Average Minimum Maximum Average
Calcium, 35 100 Bl - 40 110 75
Hagnesium. 1.9 20 7.7 2 30 ]
Scdium. 6.7 110 41 15 170 43
Potassium. «3 7.4 2.9 1.1 13 hod
Chleoride. 17 160 a4 24 130 &3
Sulfate. ] 50 22 12 59 kN
Blecarbonate. - 70 330 250 76 330 220
Dissolved solids 154 | 610 394 244 581 398
{residue at 180°C}.
Dissclved solids 120 528 352 240 569 350
{8um of constituents).
Hardness. 98 290 240 52 310 210
Honcarbonate hardness. 0 120 28 0 90 32
5ilica. 1 11 6.4 3.8 18 8.1

1/ See page 12 for site numbers.



Table 5.--8tatistics for selected major lons, dizsolved solids

and hardness in estuarine sampling siteg

[Concentrations in millipramz per liter]

Number
of Mini-

Constituent gampleg  mum Maximum Average Range
Calelum. 67 60 550 180 490
Magnes1um. 67 2.5 1,200 300 1,200
Sodium. 67 20 10,000 2,700 10,000
Potassium. 67 1.4 440 100 440
Chloride. 67 28 18,000 4,800 18,000
Sulfate. 67 1.6 8,700 1,300 8,700
Bicarbonate. 70 150 300 240 150
Dissolved solids 19 281 34,000 4,290 33,700
{regidue at 180°C).

Disgolved solids 67 230 32,500 3,710 32,300
{sum of constituents).

Hardness. 67 160 5,900 1,700 5,700
Noncarbonate hardness. 67 9 5,800 1,500 5,800
Siliea. 70 'S 9.9 5.4 0.4
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Dissolved Solids

The amount of dissolved material is a commonly determined
water—quality parameter and 1=z used to evaluate water—quality con-
ditions and compare waters with one another. Analysis iz made by
welghing the dry resldue after evaporation of the volatlile mareri-
als at 180°. Dissolved solids can also be calculated by summing
the concentrations of the major ions in a sample.

Specific conductance in distilled water is nearly zero. The
greater the concentration of ions in the water, the greater its
conductance. Thus, specific conductance can be used as an index of
water quallity and to estimate dissolved solide present.

In the freshwater reaches of Broward County canals, the aver-
age concentration of diszolved solids iz 427 mg/L, and the range is
almost 700 mpg/L (table 2). In water from Hillsboro Canal, conser-
vation land-use areas, and agricultural land-use areas, concentra-—
tiong of dissolved solids and hardnees are greater than the overall
county average (figs. 6 and 7). This iz a result of agricultural
runoff and ground-water inflow containing high concentrations of
dissclved solids to the Hillsboro Canal and the conservation areas.
Average specific conductance In the consetvation and agricultural
areas were 774 and 715 uwmhos/cm (micromhos per centimeter ac 25°C),
respectively; while in the utrban and sewage land-use areas, the
average value was 627 umhos/em. Because of the influence of sea-
water, estuarine sites have very high dissolved-solld concentra-
tions (table 5). Dissolved solids and specifie conductance dis-
played no recognizable pattern of change between 1969 and 1974,

Macronutrients

Carbon, nitrogen, and phosphorus compounds are considered
macronutriente because they are major components in eells of all
organlsms. They are in both reactive inorganic forms and in the
organic form, chiefly in plant and animal cells and detritus.

These compounds are required for growth, maintemance, reproduction,
and regeneration of all organisms.

In Broward County canals, the primary sources of macronutrient
compounds are plant detritus, plant2, nutrient laden runoff, and in
Bome areas, sewage., Water from the conservation areas character-
istically has high concentrations of organle carbon and organic
nittogen, mostly from plant and detrital material (Wallet and
Earle, 1975). Maeronutrients from sewage and runoff cause locally
high concentrations in some canals. Examination of the percentage
composition of nitrogen and phosphorus species can indicate 1im
balances in an aquatiec system caused by excessive loading of these
constituents.
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Nutrient concentrations in the Broward County canal system
vary greatly (rable 6). This variation 18 due primarily Lo =zewage
inputs at some of the sites. The effects of sewage discharge are
discussed in detail in the followlng section.

Carbon.,

Water samples were collected and analyzed to determine or-
ganie and inorganic carbon concentrations in Broward County canals.
Organic carbon 1s contributed to the canals by plant and animal
celle and detrital seston., Water, having been in contact with the
peat and muck solls in the Evergladee, characteristically has high
organle carbon concentrations. Inorganic carbon, primarily bi-
carbonate ions, enters the water mainly by solution of calcite
(Cac03) in the soil and rock.

Inorganic carbon 1s dominant within the Broward County canal
system. It comprises about 70 percent of the total carhon with a
slight variacion in average concentrations between the primary ca-
nals (fig. 8). The Hillsboro and South New River Canale have the
greatest average concentrations for inmorganic and organie carbon,
while the Hollywood-Dania Cuteff Canal (estuarine canal including
gites 41 and 24) has the lowest.

Average concentrations of organic and inorganic carbon gen-—
erally decrease from the conservation area to agricultural areas
and decrease further in urban areas (fig. 9). Organic carbon con-
centrations are slightly greater in sewage—affected urban areas
than in other urban areas, probably due to increased plant (phyto—
plankton) growth. The general decrease from west (conservation
areas) to east (urban areas) is the result of decreasing organic
goil cover in the eastern parts of Broward County.

Nitrogen

During the investigation, organic nitrogen was the dominant
specie of total nitrogen in all Broward County primary canals, ex-
cept for the Plantation Road Canal (fig. 10 and table 6). Organie
nitrogen is primarily protein matter derived from plant detritus,
phytoplankton, and other plankters. Excluding Plantation Road
Canal analyses, total nitrogen with organiec nitrogen correlacion
coefficient values ranged from 0.82 to 0.96 in the primary canals.

In the Plantation Road Canal, which am previously noted
recelves large amounts of secondary-treated sewage effluent, the
dominant nitrogen specle was ammonium. This highly reactive spe—
cies of nitrogen is indicative of contaminated water when concen-
trations execeed 0.50 mg/L (U.S. Environmental Protection Agency,
1977). Ammonium concentrations in Plantation Road Canal had a
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Table 6.~—Basic statistices for macronutrient concentrationsz

in surface water for all sites

[Concentrations in milligrams per liter]

Congtituent

Number
of

samples Average

Standard
deviation Minimum Maximum Ranpge

Ammonium (NHg).
Nitrite (NOj).
Nitrate (NO3).

Organic
nicrogen.

Total
nitrogen.

Orchophosphate.

Total
phosphorus.

Organic carbon.

Inorganic
carbon.

Total carbon.

476

484

487

472

470

473

484

389
389

389

1.2

»3

- 20

1.4

2.8

.59

.63

20

51

71

3.2 0,0 30 30
10 «0 1.6 1.6
V47 .0 7.9 7.9

1.6 0 20 20

4,1 .21 44, 43.8
1.5 0 12.1 12,1
1.6 .0 12,4 12.4

12.7 2.0 a5 83

12.8 5.0 BO 75

19 15 150 135
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correlation eoefficient with total nitrogen of 0,93 and were sufiil-
cilently high to bias the 6-year countywlde average ammonia concen—
tration (1,16 mg/L) when included with data from the other primary
canals (fig. 10).

The conservation and agricultural areas are similar in aver-
age nitrogen specie composition and concentration (fig. 11)., The
urban areas have slightly lower average concentrations. The sites
affected by sewage effluent have greater concentrations of ammonium
(3.8 mg/L}, nitrate (0.32 mg/L), nitrite (0.09 mg/L), and organic
nitrogen (2.2 mg/L) than other site groupings. The estuarine sires
show a greater average ammonium concentration than expected, as a
result of sewapge effluent entering these waterways from the sewape-
affected freshwater canals and direct effluent discharge.

Phoaphorus

Average concentrations of phosphorus compounds differ in the
primary canals. These differences are probably related to land-use
patterns with their characteristic runoff; however, the morphometry
of the canals and biclogical reactions in rhe canals also can af~«
feet concentratioms. Ground water in Broward County is generally
daficient in orthephosphate, and thus, is a minimal source of phos—
phorus in the canals. The greatest average concentrations of phos—
phate (fig. 12) are in the Plantation Road Canal (2.5 mg/L) because
of sewage discharge; the lowest average values were In the South
New River Canal (0.013 umg/L).

Phosphorus concentrations show definite land-use influences
when compared by site~grouping categories (fig. 13). As the water
flows from conservation areas through agricultural areas to urban
areas, phosphorus concentrations generally show an inerease similar
to that of nitrogen species (fig. 11). The low phosphorus comcen-
trations (0.04 mg/L) 1n water coming from the conservation areas
are caused by assimilation of phosphorus in the large littoral zone
of the marshes (Waller and Earle, 1975). Orthophosphate from fer—
tilizers and sewage enter the canals in the agricultural and urban
areas. GSewage—affected sites (fig. 2) have the greatest average
phosphorus concentrations (2,30 mg/L). The estuarine sites also
have high phosphorus concentrations due to discharge from fresh—
water sewage—affected canals and direct sewage input.

Oxygen—Related Parameters

Many faectors——physical, chemical, and biological--affect the
oxygen concentration in a body of water. Generally, various com
binations of factors control the oxygen level rather than any one
factor. The primary oxygen source In the canals is from plants,
both submersed and planktoniec, which are limired chiefly by light
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penetration. Light penetration is largely controlled by color,
turbidity, and floatlng aquatic plants. Water temperature (which
affects oxygen solubility) and flow (which displaces phvtoplankton
populations and disturbs stable chemical equilibria) also influence
oXygen concentrations in the canals.

Turbidity, Color, and Temperature

Sourh Flerida waters are typically highly colored because of
the lignin, tanins, and humic acids leached from the organic sails.
The Broward County canals have an average color between 50 and 60
platinum—cobalt standard (Pt—Co) units with two exceptions (fig.
14}. Highly colored water, greater than 80 units, is in the Hills-
boro Canal, while the Hollywood-Dania Cutoff Canal has the lowest
average color (30 units) due to seawater dilutlon. The basic sta—
tistics for oxygen-related parameters in the Broward County canals
are shown in table 7.

Two correlations between color and other variables were ob—
served., In urban areas, color, with a correlation coefficient of
0.93, was directly related to total nitrogen, probably as a result
of inflow from the conservation area. The estuarine sites showed
an inverse relation between color and specific conductance, as
indicated by a correlation coefficient of -0.79, as results of the
intrusion of seawater low in color.

Average turbidity levels vary slightly between canals, except
in the Plantation Road Canal (fig. 1l4). The high turbidicy levels
in this tcanal are probably caused by sewage effluent which is typ-
ically very turhid.

Water temperature varled seasonally with the greatest tempera-
tures recorded in August and September and the lowest in January.
During the é6-year study for all canals, tempetature ranged from
17.0°C to 34.0°C and averaged 25,6°C,

Dissolved Oxygen

The average dissolved-oxygen (DO) concentration in the Broward
County canal system was 4.8 mg/L (table 7), indicating a high level
of oxygen in the system during daylight hours. The greater range
of DO readings were caused by plankton blooms which occur periodi-
cally in some canals. The lower range of DO readings were caused
by ground-water inflow and high oxygen demand from sewage effluent.
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Table 7.—Basic statistlcs of oxygen—related parameter values
in surface water for all sites

[Concentrations in milligrams per liter]

Number
of Aver— Standard Minl- Maxi-

Consatituent samples age deviation mim mum  Range
Digsolved oxypen, 387 4,8 3.1 0.10 18 17.9
Blochemical oxygen demand. 434 2.3 1.8 0 9 9
Color (Pt—Co units). 396 55 24 2 160 158
Turbidity 475 14.7 32 1 600 599
(Jackson Turbidity Units).
Temperature (°C). 452 25.6 3.2 17 34 17
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Concentrations of DO azveraged 4.0 mg/L or greater in all but
the Hillsboro and Plantation Road Canals {fig. 15 and table 7).
The Hillsboroe Canal has low DO coneentrations because of highly
colored water, steep sides (lack of a litroral zone), and ground-
water Inflow. The Plantation Road Canal DO concentrations are low
because of the high average BOD levels (fig. 16), an extensive
floating plant community inhibiting light penetration and photo-
synthesis, and high turbidity.

Average concentrations of DD increase from the conservation
area (4.1 mg/L) through the agricultural area (4.9 mg/L) to the
urban area (5.9 mg/L) (fig. 16). The average DO concentration in
the sewage—affected and estuarine areas was less than the concen-
trafion in the remainder of the urban areas. All site groupings
had an average DO level greater than 4.0 mg/L for the é6-year
period. These average concentrations take into account only DO
readings frem 1 foot helow the surface which were taken during
daylight when plant phorosynthesis is at a high rate.

Average DO concentrations In the wet and dry season differ.
During the web season, the average DO levels are lower in every
canal (fig., 17). The lower values are caused by: (1) Increazed
flow which displaces phytoplankton and breaks up stratification;
(2) ground-water inflow; (3) increased surface runoff that carries
oxygen—demanding materials; and (4) pgreater water temperatures
regulting Iin accelerated oxygen-consuming processes and lower
oxygen—-carrying capacity.

Biochemical Oxygen Demand

Biochemieal oxygen demand 1s a measure of the amount of oxygen
consumed in a given volume of water during a specific time period.
In this study, a 5-day BOD (BODg) is used to indicate the rela-
tive amounts of oxygen—consuming material in a water sample. These
oxygen—consuming materials are highly reactive, reduced compounds,
bacteria, plankton, and detrital material. Relatively high BOD
levels (greater than 3.0 mg/L) indicate oxygen—demanding materials
in canals. In the area of investigation, these levels would most
likely result from sewage effluent or contaminant laden runoff,
Sites that exhibit high BOD may be undergolng deoxygenation, which
in turn, leads to noxious odors, lack of diversity in aquatic
organisms, and limitatlon of uses of the water for the community.

Blochemical oxygen demand levels are uniformly low throughout
the Broward County canal system, except at sites directly affected
by sewage effluent (fip. 16). These data indicate that most canals
are not excessively loaded with oxygen—demanding wmaterials, and
adequate digsolved oxygen can be maintained. Sewage-affected sites
are being so heavily loaded with oxygen—demanding materials that
dissolved oxygen may be insufficient for aquatic 1life. The average
BOD exceeds the average DO concentratlon at the Plantation Road
Canal {(fig. 15).
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Deterpents, 011 and Grease

Detergent concentrations in the Broward County canals show
little variation between Individual c¢anal systems or land-use areas
{table B). However, the areas heavily influenced by sewage efflu-
ents and the estuarine areas show a slightly greater average de-
tergent concentration than other areas. Estuarine eites have the
Ereatest averapge concentrations durlng the 6-year study.

011 and prease determinations (table 8) show that average
concentrations have little, if any, correlation to either canal or
land use. The tendency of these materials to float on the canal
gurface allows them to miprate throughout the canal system as water
levels and flow conditions vary. Consequently, urban areas, nor—
mally expected to have the greatest concentrations of oll and
grease, may not. Varilations in local water conditions at the time
of sampling can cause large differences in oll and grease observed
at any particular site. Greatest average councentrations were iIn
the agricultural areas, probably due to herbicide application where
oil is used as a carrier.

Trace Elements

The trace elements determined occur in many natural compounds,
both organic and inorganic. Some are required in small amounts for
the metabolic processes of aquatic organisms. Concentrations of
these elements are generally low because of physical, chemical, and
biological processes. The physiochemical interactions involve sol~
ubility, exchange reactlons, adsorption—desorption phenomena, and
oxidation-reduction equilibria (Rubin, 1974). The nature of the
aqueous metal, either organic, inorganie, or complexed, will de-
termine its chemiecal behavior.

Individual trace-element concentrations were variable at and
between sites (Waller and others, 1975). No seasonal or temporal
variations could be ldentified from statistical analyses, probably
because of complex reactions involved in controlling the concentra-
tions of these elements in surface water. Most of these elements
are held in the biota and bottom sediments of the canals.

The average concentration of trace elements over the last 6
vears (tablea 9 and 10), however, vary only slightly in most ca-
nals, except for the Plantation Road and Hollywood-Dania Canals.
These canals exhibit greater average concentrations of most trace
elements, because the former 15 affected by sewage effluent and
highway runoff and the latter by sewapge effluent, seawater, and
boat traffic from the Intracoastal Waterway.

39



Table B.-—Average concentrations of detergents, and oill and grease

by canal and site grouping

[Concentrations in milligrams per liter]

Deterpgent (methylene

Site grouping

blue active substance)

011 and grease

Canals
Hillsboro. 0.05 8.9
Pompano-Cypress. .05 7.8
Middle ERiver. .04 15
Plantation Road. 05 12
Norcth New River. .08 12
South New River. .03 29
Land Use
Conservation area. 04 B.6
Agricultural. + 04 25
Urban. 05 13
Sewage—affected. .12 10
Estuarine sites. W24 12
Six-year average:
All gites. «10 13
Freghwater sites. 06 14
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Tabhle 9.—Basie gtatisties for total recoverable trace—element
concentrations In surface water for all sites

[Concentrations in micrograms per liter)

Number Maximum

of Standard and

Constituent samples Averape deviation Minimum range
Aluminum. 101 127 211 0 1,400
Arsenic. 114 10 13.7 0 200
Boron. 180 494 627 0 3,800
Chromium. m 1.8 5.3 0 40
Copper. 119 7 9 0 50
Iron. 330 224 683 0 12,000
Lead. 333 B.1 10.6 0 80
Manganese. 335 15 14.9 0 140
Zine. 333 14y 931 0 17,000

1/ Value of 17,000 not included in average.
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Table 10.—Average concentrations of total recoverable trace elements for each canal

[Coacentraticns in micrograms per liter}

Aluminum Arsenic Boron Chromium Copper Iron Lead Manganesge

Canal Zine
Hillsboro. 91 14 396 1.1 5.4 128 8.3 16 34
Pompano=~Cypress. i 8.7 341 ) 4.9 328 9.0 12 28
Middle River. 95 8.8 401 .75 5.4 150 5.8 9.3 46
Plantation Roed. 157 9.7 616 2.7 . 9.6 232 14.0 9.4 lrag
North New River. 45 14 332 1.8 5.3 217 7.5 - 16 41
South Mew River. 71 9.1 257 1.7 5.3 289 8.0 15 36
Hollywood-Dania. 390 6.9 1,370 5.9 27.5 123 7.8 23 45
Six~year average. 127 10 494 1.8 7.0 224 8.1 15 41

1/ ¥alue of 17,000

not included in average.



Sites affected directly by sewage effluent and seawater have
greater average concentrations of trace elemente than other areas
(table 11). The estuarine sites are greater in all average trace~
element concentratlons, except for arsenie and from, than other
gite proupings. Sewage-affected sites have relatively high average
concentrations of aluminum, boren, ehromium, copper, lead, and
zinc.

No average concentrations at any slte exceeded established
eriteria (U.S. Environmental Protection Agency, 1977) levels deter—
mined toxic to man (table 12). Average iron concentrations for
some canals and site groupings exceeded criteria but are not con—
sidered toxic, only unesthetie. Throughout the county, iron con—
centrationg are commonly high because of ferrifarous lithology.

Pesticides

Pesticides (herbicides and Iinsecticldes) are used extensively
in the agricultural and urban areas of Broward County. These ma—
terials are introduced to the canals 1n runoff and by direect appli-
cation. Spraying of insecticides for control of mosquitos and
other insects occurs throughout the year, as does application of
herbicides for control of borh terrestrial and aquatic weeda. The
cumulative effects of pesticides in the canale have not been deter—
mined, although the deleterious effect of some, such as DDT, are
recognized.

Between 1970-74, a total of 5,593 pesticide analyses were made
on water eamples from the Broward County canals. Pesticides in
concentrations greater than 0.009 pg/L (micrograms per liter) were
detected in 554 samples (9.9 percent). Table 13 liste the number
of samples analyzed for each pesticide, samples in which pesticides
were detected, and the maximum, median, and average concentrations
for samples where detection occurred. Comparison of the greatest
concentrations detected to the average and median values for sam—
ples containing pesticide residuee, indicates that the high concen—
trations may reflect pesticide applications near the gampling site
immediately prior to sampling. None of the water samples contained
pesticide concentrations which exceeded recommended limits for
public water supply (U.S. Enviroumental Protection Agency, 1977).

During the § years of sampling, 2,698 analyses were made for
pesticides in the canal bottom sediments. Pestlcides were detected
in 1,028 of the sediment analyses {38 percent). The increased
detection rate of pesticides in bottom sediments, compared to
surface waters, indicates that pesticides tend to accumulate in
bottom sediments, whereas pesticides in surface waters tend to be
ephemeral. The maximum, median, and average concentrations for
samples with detectable pesticides {table 14) in the bottom sedi-
ments are conslstently greater than those in the surface water.
The cumulative effects of pesticides in the bottom sediments may
create long-range alterations in canal envirpmment if bottom dwel-
ling organisms are affected and biloaccumulation occurs because of
pesticides entering the aquatic food chain.
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Table 1l.—Average concentrations of total recoverable trace elements for each site grouping

[Concentrations in micrograms per liter]

__Site prouping Aluminum Arsenic Beron Chromium  Copper Iton Lead Hanganese Zine
Conservetion areas. 87 13 359 1.2 & 237 B.6 14 33
dgricultural. 72 11 317 .68 5.7 190 7.3 16 49
Urban. 96 8.7 331 1.1 4.2 304 8.2 12 32
Sewage affected. 133 11 682 1.9 7.4 172 8.5 14 1/52
Estuarine. 236 8 763 3.7 16 190 2.6 19 41
Six-year average. 127 10 494 1.8 7.1 224 8.1 15 1}&1

1/ Value of 17,000 not

included in average.



Table 12,—U.5. Environmental Protection Agency (1977) permissible
criteris for trace elemente in surface water

[Concentrations in micrograms per liter]

Trace Maximgm concentration

Element {not to exceed) Purpose Objection
Aluminum. 1,500 Fisgh propagation. Toxic.
Arsenic. 100 Public supply. Do.
Boron. Ejl,DOU Irrigation. Plant death,
Chromi um. 50 Public supply. Toxic.
Copper. 1,000 do. Do.
Iron, 300 do. Taste, stain and odor.
Lead. 50 do. Toxic.
Manganece. 30 do. Tagte, stain.
Zince, 5,000 do. Taste.

1/ Not to exceed 750 for irrigation of citrus trees.
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Table 13,—Statistics of pesticides and polychlorinated biphenyls in surface water

[Concentrations in micrograms per liter]

Mumber of Mumber of Percent of
Common oame samples detections detections Maximum Median Average
Insecticides
Aldrin. 317 1 0.3 g.01 0.01 0.01
Chlordane. 168 1 B 1.0 1.0 1.0
DDD. 317 40 12.6 .06 .01 01
DDE. 317 16 5.0 .02 .01 0L
DDT. 317 25 7.8 1.0 .01 02
Dieldrin. 317 77 24.3 .11 .01 .02
Endrin. 317 1 | .01 «01 01
Heptachlor. 317 0 0 _— -~ —_
Lindane. 317 20 6.3 .09 01 .02
Toxaphene. 143 i} o —_ —_ -
Diazinon., 232 37 15.9 «25 02 04
Ethion. 238 4 1.7 .01 01 .01
Malathion. 240 2 «8 11 —_ « 06
Mathyl parathion. 239 3 1.3 02 .01 .01
Methyl trithion. 206 1 -5 T T T
Parathion. 236 10 4.2 22 .01 .08
Trithion. 232 2 .9 T T T
Herbiecides
2,4-D. 317 145 46 18 .05 <18
2,4,5=T. 117 14 4.4 47 .02 .05
Silvex. 317 145 46 B.0 .03 .12
Polychlorinated biphenyls. 172 10 5.8 1.6 .10 <43

T =<0.01
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Table 14.—5tatistics of pesticides and polychlorinated biphenyls in bottom sediments

{Concentrations in micrograms per liter]

Number of Number of Parcent of
Common name samples detections detections Maximum Median Average
Insecticides
Aldrian. 243 7 2.8 10 2.7 3.6
Chlordane. 179 119 66 5,000 17 114
DDD. 235 219 93 850 3 154
DDE. 229 213 93 1,400 3.8 11
DDT. 232 133 57 160 2.6 11.7
Dieldrin. 241 171 71 260 .9 6.2
Endrin. 236 2 .9 -9 .9 .9
Heptachlor. _ 231 0 Q —_ — -—
Lindane. 231 a 0 -_ —_ -
Tozxaphene. 44 2 4.5 60 52 52
Diazinon, 46 1 2.1 2.6 2.6 2.6
Ethion. 19 3 15.8 26 7.5 12.6
Malathion. 46 2 4.3 B 5.3 3.5
Methyl parathion. 44 1 2.3 1.8 1.8 -8
Methyl trithiom. 13 0 0 —_ _— _—
farathion. 5 1 2.9 1.1 1.1 1.1
Trithion. 17 3 17.6 15 14 12.1
Herbicides

2,4-D. &7 6 8.9 : 2 1.1 1.1
2,4,5~T. 66 0 0 — — —_
Silvex. 66 17 25.8 3z .9 6.6
Polychlorinated biphenyls. 173 128 T4 43,000 1715 181

1/ Value of 43,800 not included in calculation of average.



Herbicides

Weeds and other undesirable plant growths are controlled by
herbicides. Silvex, 2,4-D, and 2,4,5-T are the most commonly-used
herbicides in the area of investigation. Because these substances
are relatively soluble in water, they are rapidly assimilated by
living plant organiems. Consequently, concentrations are normally
zero or very low in the canal water. Occasionally obsetrved high
eoncentrations are indicative of herbicide applications immediately
prior to samplivg.

Herbicide concentration data in Broward County for canal
waters (Waller and others, 1975) were used to caleulate the fre-
quency or percent occurrence of 2,4-D, 2,4,5-T, and silvex in sam
ples eccllected at 25 sampling sites. This was accomplished by
dividing the number of times herbicides were detected at each site
by the total number of analyses. Tach analysis for a specific
herbicide was considered an individual sampling event for this
caleulation. Site locations and perecentage of surface water and
bottom sediment gamples containing herbicides are shown in figure
1B. The greatest frequency of herbicide occurrence tends to be
either in the heavily urbanlzed area or adjacent agricultural zone
where herbicides are used extensively.

Herbiclde contamination of Broward County canal waters was
determined, and a raring system was prepared using a formula with
percentape occurrence and numerical rank (table 15). The herbhicide
contamination rating is calculated as follows: the percentage
herbicide occurrence at each of the sampling sites is assigned a
numerical ramk. This rank 1s based on increasing percentage occur—
rence of herbieddes at the sites. Averaging the numerical rank
depignations for all sites on a particular canal produces the her-
bicide contaminarion rating for the canal. The rating is relative
to other canals in Broward County and applies only to this area,

Plantation Road Canal, previously known to be heavily con—
taminated by numerous toxic materials (Russo, 1974} with a rating
of 15.0 and the Hillsboro Canal with a rating of 17.0, have the
greatest incidence of herbicide contamination in the eanals sur—
veyed. Rated at 13.0 and 12.5, respectively, the North New River
and Pompano—Cypress Lanals are succcesslvely the next most contami-
nated eanals. The Davie Road and Snake Creek Canals have only one
sampling site each, and the data are considered 1nsufficient to
rate the entire canal.

Land use appears to have some influence on herbilcide contami-
nation in both gurface water and bottom sediment. The following
table lists the percentage of herbicilde oceurrence In samples from
surface water and bottom sediment for each site grouping:
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Table 15.~-Rating of herbicide contamination in surface water

Herbilcide Numerical Herbicide
percent rank contamination
Canal and site No. occurrence of percent ratingl/
Hillsboro
35 45,5 19
34 45.2 15 17.0
1 37.8 14
Fompano—Cyptess
4 12.0 4
5 46,7 20
7 38.9 15 12.5
10 35.5 11
Middle River
y7 21.2 5
6 33.3 10
11 6.1 12 8.2
30 22.7 6
North New River
20 13.9 3
k] 38.9 15 13.0
21 48,5 21
South New River
39 10.0 1
40 30.3 9
23 3.7 13 8.0
24 27.3 7
41 33.3 10
Plantation Road
14 42,1 16
15 28.9 a
16 42,2 17 15.0
17 45.5 19
Davie Road : _
42 d6.7 13 13.0
Snake Creek
43 12.8 2 2.0

1/ Average of mumerical rank.
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Percent of herbleide occurrence

Site grouping Surface water Bottom sedimenr
Conservation areas 20.4 15.4
Apricultural 36.3 19.8
Urban 35.1 12.7
Sewage affecred 40,8 22.5
Estuarine 39.4 17.7

The conservation areas show the lowest herbiclde contamination in
surface water, while the remaining site groupings have approxi-
mately the same degree of contamination. The bottom sediments are
most contaminated at the sewape—affected sites followed by the
astuarine, agricultural, econservation areas, and the urban site
Erouplngs.

Bottom sediments collected at the sampling sites and analyzed
for herbicides show that contamination exists in up to 44 percent
of the bottom sediment samples (fig. 18). The Pompano—(Cypress
Canal was the most heavily contaminated, based on herbicide com
tamination ratings (table 16). The South New River Canal, Middle
River Canal, and Plantation Road Canal rated successzively lower in
contamination. Although the Hillsboro Canal has the greatest
percentage of herbleide detections in surface water (table 15), 1t
has the lowest in bottom sediment detections. This may be caused
by the reactivity of the sediment in the canal, infiltration
through the canal bottom, flow displacing the bottom sediment into
the tidal areas, or flushing of the herbicides before they come in
egontact with the bottom material.

Insecticldes

Insecticldes used extensively in Broward County are primarily
chlorinated hydrocarbons and organophosphates. The most commonly
detected chlorinated-hydrocarbon insecticides include the DDT
family (DDT, DDE, and DDD), dieldrin, endrin, chlordane, and toxa-
phene; the organophosphates include parathion, malathiom, and
diazinon. These substances are relatively insoluble in water and
are bound to the organie fraction of bottom sedimente by ionie
attraction, covalent bonding, absorption, and entrapment. Seldom
are more than trace concentrations of these insecticides found in
the surface waters.

Analytical data for imsecticides present in surface water and
bortom sediments (Waller and others, 1975) indicate ralatively few
detections in surface waters (table 13) and a greater incidence in
the bottom sediments (table 14); the average and median concentra-
tions of all insecticides detected are low. The greatest tecorded
values are probably the result of water ssmples belng collected
shortly after insectlclde application. The percentage of samples:
which contained insecticides at each sampling site along the canals
(fig. 19}, indicates that greater amounts of rhese substances were
detected in canals in the heavily urbanized areas than elsewhere.
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Table lﬁ.——Rating of herbicide contamination in bottom sediments

Herbicide Numerical Herbicide
percent rank contamination
Canal and site No. gecurrence of percent ratinglf
Hillsboro
35 —_ -
34 - — 1.0
1 0 1
Pompano-Cypress
5 33.3 7
7 12.5 5 4.7
10 4,0 2
Middle River
37 33.3 7
36 11,1 4
11 6.7 3 3.8
30 0 1
North New Biver
20 0 1
38 —_ - 3.5
21 16,7 &
Soucth New River
39 0 1
40 44.4 a
23 16.7 6 4.0
41 0 1
Plantaction Road
14 33.3 7
15 16.7 6
16 0 1 3.8
17 0 1
Davie Road
42 - —_ -
Snake Creek
43 0 1 1.0

1/ Averige of numerieal rank.
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An insecticide contamination rating system identical to that
used for herbicides was prepared to determine relative contamina-
tion (table 17) of the canals. Plantation Road Canal with a rating
of 18.5 and Pompano—Cypress Canal with 13.8 had the greatest fre-
quency of insecticide occurrence in surface water. Davie Road
Canal with one sampling site was rated at 14.0.

In the Broward County canals, Insecticidesz in bottom sediments
were detected more frequently and in greater concentration than in
the surface waters (fig., 19). Rating for insecticide contamination
(table 18) indicates that sediments in the Plantation Road Canail
have the greatest contamination. The next two most contaminated
ranals are the Pompano-Cypress and Hilleboro Canals. The previ-
ously noted chemical reactivity and low solubility of insecticides
in water account for their tendency to accumulate in the bottom
sedimenra. The ascumulation of inseeticides In canal bottom sedi-
ments may serlously affect conditions in the canals by hioaccumula—
tion, even though insecticlde concentrations and oceurrence in the
waters remain relatively low. The effects of such accumulation are
not well defined, and recommended limits for insecticide concentra-
tiong in bottom sediments have not been estahlished,

Land use generally has an effect on insecticide contamination
in canal water. However, contamination of thea bottom sediments in
the canalg by insecticides 18 ubiquitous and does not follow any
patterns in terms of land use. The following table lists the per—
centage of oceurrence of insecticides in surface water and bottom
sediment for each site grouping.

Percent of insecticide oecurrence

S5ite grouping Surface water Bottom sediment
Congervation areas 2.3 26.4
Agricul tural 2.5 35.6
Urban 3.9 39.5
Sewape affected 12.1 37.6
Estuarine 7.4 37.8

The sewage-affected and estuarine sites show the greatest contami-
nation from ineecticides in surface water. The sites near the con—
gervation areas show the least contamination In both surface water
and bottom sediment.

Polychlorinated biphenyls (PCB), although not pesticides, are
clogely related to chlorinated-hydrocarbon pesticides and are
thought to react similarly in the environment. They have a wide
varilety of industrial uses, primarily in plastic products and as a
pesticide extender to increage toxicity. There ara no established
criteria for acceptable levele of PCE In water and bottom sedi-
ment, though recent concern has been raised over the Increasing
number of detections and their ublgquitous mature.
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Table 17.—Rating of insecticide contamination in surface water

‘Insecticide Numerical Insecticide
percent rank contamination
(Canal and site No. Qecurrence of percent ratingll
Hillsboro
as il 7
34 4.7 10 8.7
1 4.1 9
Pompano—~Cypress
7.4 13
5 8.6 16
7 5.8 11 13.8
10 7.8 15
Middle River
37 2.2 (]
k1)) 2.6 7
11 11.3 18 9.0
30 ' 1.9 5
North New River
20 - 0.6 4
21 3.6 8 8.0
22 6.2 12
South New River
39 0 1
40 0 1
23 0.1 2 3.4
24 4.7 10
41 0.2 3
Plantation Road
14 11.3 18
15 21.8 20
16 17.1 19 18.5
17 8.7 17
Davie Road
42 7.5 14 14.0
Snake Creek
1l 1.0

43 0

1/ Average of numerical rank.
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Table 18.--Rating of insecticide contamination in bottom sediments

Insecticide Mumerical Insecticide
percent rank contamination
Canal and site No. QCCULTence of percent ratingll
Hillsboro
as 33.7 9
34 44.3 24 13.7
1 33.3 L
Pompano—-Cypress
4 25.4 k|
5 40.9 19
7 41.4 20 15.8
10 43.1 21
Middle River
37 31.1 7
36 5.1 12
11 3.4 13 12.5
E10] 41,2 18
North New River
20 19.2 1
a8 34.5 1
21 35,0 11 9.8
22 40.6 17
South New River
39 28.4 4
40 2B.6 5
23 43.2 22 9.3
41 30.2 6
Plantation Road
14 35.7 14
15 40.4 16
16 46,6 25 17.5
17 36.6 15
Davie Road
42 35.6 14 14.0
Snake Creek
43 20.4 2 2.0

1/ Average of numerical rank.
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Folychlorvinated biphenyls were detected, primarily in the bot-
tom sediment, in every Broward County canal. They are inscluble in
water, and thus, rarely detected. During the Inveatigation, only
10 water samples contained PCB, and of theze, 5 were detected in
North New River Canal and 3 in South New River Canal. Detections
of PCB are more numerous Iin bottom sediments. The percentage
detection in bottom material for each canal system iz as follows:

Percent of detection of

Canal system PCB in bottom material
Hillsboro 52
Pompano—Cypress 83
Middle EKiver 69
Plantation Road 95
North New River a1
South New River 69
Davie ERoad 71
Snake Cresk 62

Sites at which detection occurred in more than 90 percent of the
samples taken were either urban (7, 10, 22, and 23), affected by
sewage discharge (11, 14, 16, and 17), or road runoff (20).

Concentrations of PCP in bottom sediment were variable. Most
detections (88 percent) were less than 11 pg/kg (micrograms per
kilogram), and 98 percent were less than 1,000 ng/kg. Four PCB
detections were greater than 1,000 pg/kg. They are Middle River
Canal at site 30 (1,500 ug/kg), Plantation Road Canal at site 14
(12,000 pg/kg), and North New River Canal at site 22 (1,100 and
43,800 pg/kg). The high concentrationm at site 22 was thought to be
an anomalous, contaminated sample. Subsequent sampling at site 22
showed that this high concentration (43,800 pg/kg) was an anomaly
and not characteristie of this area.

BACTERTOLOGICAL CHARACTERISTICS OF CANAL WATER

Most natural aquatic systems contain bacteria, some of which may
be pathogenic. The most common way that pathogenic bacteria may
enter the water is through discharge of domestic sewapge into the
waterway or from feedlot runoff. Certain nonpathogenic bacteria,
coliforms, and fecal streptococel are used as Indicators of patho-
gens. The numbers of these bacteria will indicate the degree of
the contamination, and their ratics may indicate the source,

The bacterial counts determined are good indicators of the
contamination level within the canals. Die-off rates or addi-
tional growth within the canal are not taken into consideration.
These cell counts are used only as indicators of fecal contamina-
tion.
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Coliform Bacteria

Coliform bacteria are the most commonly used indicators of
domestic sewage and agricultural runoff entering a body of water.
The coliform group of bacteria includes Escherichia coli, a variety
of intermediavy species from warmblooded animals. Coliform bac-—
teria include a variety of specles occurring naturally in esoils.

Becaugse of the possibility of pathogens asgociated with coli-
forms, criteria have been established by the U.5. Envirommental
Protection Agency (1977) for permissible coliform levels when water
18 used for supply purposes or body contact. Total coliform counts
should not exceed 20,000 cells/100 mL. When fecal coliforms exceed
200 cellg/100 mL, there is greater than 90 percent chance of
Salmonella contamination {Sykes and Skinner, 1971).

All but two gites (30 and 41) had at least one sample which
exceeded total coliform criteria for geometric mean (table 19).
Median cell counts are used as a better indication of the overall
contamination in these canals. The median counts at two sites (15
and 16) on the Plantation Road Canal system exceed the U.5. Envi=-
ronmental Protection Agency (1977) criteria for geometric mean,

Two other sites (14 and 42) have high median counts (13,000 and
11,000 cells/100 mL, respectively), although not exceeding eri-
teria. These gsites are all known to be directly affected by sewage
discharge (fig. 5). The remalning aites have relatively low median
total ecoliform levels, though they can fluctuate widely throughout
the year,

At seven sites (14, 15, 16, 24, 38, 42, and 43), fecal coli~
form contamination from ljivestock, fowl, and human waste axceeded
criteria in at least one sample. The median fecal coliform counts
do not exceed the criterlia for geometric mean. Greatest mean val-
ues were in the Plantation Road Canal system, lower reach of the
Scuth New River Canal, Hollywood Canal, and Davie Road Canal. The
fecal contamination at these sites, except for the South New River
Canal, can be traced to sewage effluent entering the canals. The
high fecal coliform counts in the South New River Canal are proba-
bly from livestock waste and waterfowl excrement.

Fecal Streptococel

To further distinguish between the sources of fecal coliforms,
the prevalence of fecal streptococcl bacteria iz determined. These
bacterla are in greater numbers within the intestines of warm
blooded animals than in human Iintestines. The ratios of FC/FS
(fecal coliform to fecal streptococcl bacterla) indicate the source
of fecal contamination. A ratio greater than 4.0 Indicates def-
inite contamination from human sources (Geldreich and Kenmer,
1969). A ratio less than 0.7 indicates that the coliform bacteria
are derived chiefly from wildlife, livestock, or poultry wastes,.
Ratioa ranging hetween 0.7 and 4.0 are caused by mixed sources of
fecal contamination.
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Table 19.—Range and median concentratioms of total and fecal roliform
and feecal streptococei bacteria for all sites

[Concentrations in colonies per 100 milliliters]

Total coliform Fecal coliform Feral streptoceoecl
Canal sitel/ Range Hedian Range Median Range Median

Hillsbore 35 180 - 42,000 1,700 5 - 490 53 69 - 1,500 230
34 160 - 77,000 3,800 15 - 449 7G 94 - 1,700 170

1 30 - 37,000 3,800 0 ~ 320 6B 0 - 1,000 330

Pompano 4 120 - 51,000 2,500 5 = 3680 50 B - 330 15
3 150 = 150,000 2,800 15 = 1,900 78 35 = 7,400 76

7 490 - 40,000 6,600 10 - 300 75 30 - 2,800 98

Cypress 10 ' 10 - 35,000 1,900 D - 470 22 0 - 1,800 84
Middie River 37 160 - 30,000 2,100 1~ 110 26 0 - 8,500 40
36 100 - 27,000 1,700 0 — 450 20 8 - 640 40

11 140 - 40,000 3,700 0 - 160 0 4 = 450 70

Feeder 30 S50 - 19,000 1,700 0 - 210 75 24 - 490 46
Plantation Road 14 1,000 - 1,200,000 13,000 0 - 26,000 300 40 - 400 130
15 45 - 7,100,000 30,000 10 - 20,000 900 2% - 8,400 150

16 1,700 - 930,000 41,000 40 - 7,300 760 54 - 2,100 600

16E 3,100 - 170,000 5,600 50 = 720 310 36 ~ 1,000 300

17 310 - 28,000 2,300 0 - 450 120 10 - 240 96

North New River 20 120 - 36,000 3,900 0 -1,100 20 7 = 1,100 160
8 100 - 70,000 1,900 4 — 4,100 44 0 - 2300 42

21 30 - 24,000 2,400 10 - 1,100 25 4 - 260 42

22 170 - 26,000 3,200 0 - 1,000 70 4 - 370 130

1/ Site locations showm in figure 2.
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Table 19.—Range and median concentrations of total and feecal coliform
and fecal streptococei bacteria for all sites——Continued

[Concentrations in colonies per 100 milliliters)

Total coliform Fecal coliform Fecal streptococei

Canal Sitel/ Range Median Range Median Range Median
South New River s 110 - 20,000 1,300 0 - 1,000 36 10 - 3,300 66
40 1,000 - 42,000 5,600 12 - 1,500 210 52 = 1,700 500
23 260 - 53,000 4,000 32 - 900 150 0 - 7e0 160
Hollywood 41 140 - 16,000 2,100 10 - 1,900 160 0 - 1,200 60
Dania Cutoff 24 120 - z,000,000 1,800 0 - 5,500 60 B - 150 25
Davie Road 42 400 - 390,000 11,000 0 - 2,700 260 16 - 1,000 100
Snake Creek 43 60 = 22,000 1,300 0 - 2,400 18 0 - 950 a0

1/ Site locations shown in figure 2.



There are no established water—-quality criteria for fecal
streptococci bacterial counts becavse they are used only as an
indicaror of the source of the contamination. Within the Broward
County canal system, the greatest median fecal streptococcl counts
(equal to or exceeding 100 cells/100 mL) were along the Hillsboro
and Plantatlon Road Canals, at two sites on the North New River (20
and 22) and South New River Canals (23 and 40), and at the Davie
Road Canal (table 19).

The FC/FS ratios calculated for each site {fig. 20) indicate
the variance in the sources of contamination and also the predom—
inance of the sources. BSites 14, 15, 16, and 16E along the Planta-
tion Road Canal and downstream estuarine area, two sites alonmg the
North New Biver Canal (38 and 22), the Hollywood Canal (41), and
Davie Road Canal (42) are contaminared with human waste. The
Hillsboro Canal (sites 35, 34, and 1), Cypress Canal (10), North
New River Canal at 5-34 {20), South New River Canal (39), and Snake
Creek Canal {43) average ratios indicate little or no human fecal
contamination, The remaining sitez have mixed sources of fecal
contamination.

CHANGES IN WATER QUALITY

Since the start of this monitoring program in 1968, numerous
changes have occurred within the area of investigation. In re-
cently developed sections of the county, secondary canals have been
added, runoff characteristics have chanpged, and most importantly
the quantity and chemical characteristics of sewage effluent have
varied. All these factors influenced the water quality in the
¢anals to a degree. Changes that have been made to improve the
quality Include advanced treatment of sewage and hookups to connect
many sewage plants to a wore efficient regional wastewater system.

Analysis of changes in the water quality caused by the above
mentioned improvements was done by evaluating statistics over
2-year timespans. This method is thought to best determine and
document any changes in the canals during the 6-year study.

A slight change was determined by comparing lon concentrations
in wet and dry seasons (fip. 21). There was a slight increase in
concentratlion of most ions during the dry season. This increase is
due to a greater percentage of ground-water inflow to the canals,
more evapotranspiration, and inereased discharge from the conser—
vation areas which have characteristically greater levels of dis-
solved salids.

Estuarine sitez showed a seasonal variation in major=ion con-
centrations (table 20). During the dry season, this increase is
attributed primarily te Jecreased surface-water discharge to the
OCEeAn.
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Table 2(C.--Seasonal variation in average concentrations of major lons, dissolved solids,
and hardness for estuarine sites

[Concentraticons in milligrams per liter]

Number Rumber
of Wet ssason of Dry season

Constituent gsamples Maximum Minimum Average samples Maximum Minimuwm  Average
Caleium. 27 20 &0 149 40 550 72 209
Magnesium. 27 200 2.5 185 40 1,200 2.6 38z
Sodium. 27 8,200 20 1,720 40 10,000 24 3,360
Potassium. 27 280 1.6 65 40 440 1.4 129
Biecarbonate. 30 280 150 240 41 00 130 234
Chloride. 27 14,000 28 3,060 40 18,000 37 5,950
Sulfate. 27 3,200 2.4 793 40 8,700 1.6 1,650
Dissolved solids 27 25,800 230 5,910 40 2,500 290 10, 600
{sum of constituents}.
Hardnesss. 27 4,500 160 1,110 40 5,%00 190 2,100

Nonsarbonate hardness. 27 4,300 10 921 40 5,800 9 1,300




Changes in macronutrient concentrations could not pe deter-
mined between the first two 2-year periods (1969-70 vz, 1971-72).
Comparison with the last 2-year grouping shows a definite reduction
of nmitrogen and phosphorus concentratipus (fig. 22). Carbon con-
centrations did not fluctuate greatly during the 6-year srudy. The
lower average levels of mnitrogen and phosphorus are attributed to
improvements in the treatment of sewage effluent and the deerease
of zewage inflow.

Seasonal changes ip macrounutrilent concentrations are slight,
but noticeable for wet and dry seasons (fig. 23). Lower councentra-
tiong during the wet season occur because of increased flow, more
chance for dilution, less chance of buildup in the canals, in-
creased plant growth, and greater possibility of uptake hy in-
creazed metabolic actlvity at greater temperatures.

Concentrations of trace elements, pestliclides, oil and preaze,
and detergents showaed no yearly or seasonal variations, although
their levels did fluctuate widely (Waller and others, 1975). These
compounds, which are toxie to man at given concentratienz, are
thought to be maintained at stable levels by blological uptake,
microblal action, and chemieal and physical reactlons with the
bottom sediment. These compounds are derived chiefly from urban
and agricultural practices and are not related directly to season.
Wide variations in concentrations occur when point sources of
contamination are affecting the water quality in the camals.

Bacterial contamination in the ecanals is a conecern because of
the health hazards posed by pathogens that are associated with
domestic sewage. Sources of this contamination are indicated by
the FC/FS ratio. Since the time when this ratio waz first ecalcula-
ted in 1972, there has been a noticeable decrease in the detection
of human waste in rhe canals (Waller and others, 1973). Two no-—
ticeable exceptions to this overall decrease are at sites 4 on the
Pompano Canal and 38 on the North New River Canal, which have shown
an increase in FC/FS ratios, thus indicating human waste contamina-
tion.

CONCLUSIONS

Major ion concentratioms vary between canals and seasonally,
but annual averages generally remained constant between 1969 and
1974. The ionie character of most Broward County canals is mixed
with a codominance of caleium bicarbonate and sodium chloride.

The primary sources of macronutrient compounds in Broward
County canals are plant detritus, plants, nutrient laden runoff,
and sewage effluent. Macromutrient concerntrations generally
decrease as water flows from the conservation areas to urban areas
not affected by sewage. Phosphorus cencentrations are an exception
to this and increase as the water flows through agricultural and
urban areas, probably as a result of fertilizer applications.
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Trace—element concentratlons fluctuate widely but do not show
any seasonal or temporal variatlona. Concentrations of these ele-
ments are generally low because of physical, chemical, and biologi-
cal processes which tend to remove them from the water. Sites
affected by sewape effluent and seawater have concentrations of
trace elements greater than rhe countywide average.

The conservation areas have the lowest herbicide contamination
in surface water, while the remaining site groupings have approxi-
mately the same degree of contamination. The bottom sediments are
most contaminated at the sewage-affected sites followed by the
estuarine, agricultural, conservation area, and urban site group-
ings. The Hillsboro Canal had the greatest percentage of detec—
tions of herbicides in surface water.

Insecticide concentrations and the frequency of detection in
surface water and bottom sediments were greatest in the Planration
Road, Pompano—-Cypress, and Hillshoro Canals. As a tesult of chem
ical reactiviey and low solubility, chlorinated-hydrocarbon and
organophosphate insecticides were detected more frequently and in
greater concentrations in bottom sediments than in surface water.

The primary factor degrading water quality in the Broward
County canal system 1 sewage effluent. In addition to parameters
previously diacussed, bacterial cell counts indicate that ecanals
affected by sewage are most likely to contain pathogenic bacteria.
The Plantation Road Canal generally exceeds total coliform criteria
for recreational use. Contaminants assoclated with sewage effluyent
have decreased since 1972 probably because of better sewage-treat-
ment faciliries and the implementation of canal-flow augmentation
procedures.
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