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Abstract 

Lake Okeechobee, Florida, USA, currently is threatened by phosphorus (P) loading from 
the adjacent watershed north of the lake. The primary land uses in the watershed are beef 
cattle ranching and dairy farming for which there is a high net P import. The upland soils 
are predominantly poorly-drained, sandy Spodosols. Although the soils have low P retention 
capacity, about 80% of the applied P has remained in the soil in either unstable or stable 
forms. Phosphorus transport from the soil is controlled by relief, local drainage, and depth 
to the spodic horizon. Phosphorus in off-site runoff is partially assimilated in wetland and 
stream sediments, which have substantial long-term P retention capacities. Over the last 15 
years, best management practices have been implemented to reduce P loads from agricul- 
ture. However, implementation has not been sufficient to meet P load reduction goals. 
Additional P control practices are needed to meet the target reduction goals. Several 
research and demonstration studies, have been conducted during the past decade to 
improve our understanding of the fate and transport of P. The results of the research were 
reviewed at a workshop held in West Palm Beach, Florida, USA, in June 1993, and are 
presented in this special issue of Ecological Engineering. 
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I. Introduct ion 

The role of  phosphorus  (P) as a controll ing factor  in eut rophicat ion of  aquatic 
systems has been  recognized for the last several decades,  as evidenced by the vast 
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amount of literature, and implementation of best management practices (BMPs) to 
control P loads. For example, the International Joint Commission's Great  Lakes 
Water Quality Board developed P management strategies for the Great  Lakes 
(PMTF, 1980). Similarly, efforts are now undem'ay to implement management 
strategies to reduce the P load to Lake Okeechobee, Florida. 

Lake Okeechobee,  a large, shallow sub-tropical lake, is the central component 
in the hydrologic system that drains from central Florida, USA, through the 
Everglades to Florida Bay. The lake has an outstanding sport fishery and is an 
important water supply and ecological resource. In recent years, the health of the 
lake has deteriorated due, in part, to nutrient loadings. Phosphorus was identified 
as a critical nutrient affecting the health of Lake Okeechobee (McCaffery et al.. 
1976; Federico et al., 1981; Havens et al., 1995). High P loads from its watershed 
have contributed to extensive algal blooms in the lake. The primary source of P has 
been non-point source agricultural runoff, particularly from beef cattle ranching 
and dairy farming, which are the primary land uses in the Okeechobee watershed 
(Flaig and Havens, 1995). Various federal and state programs implemented to 
reduce P loads have achieved some success. However, P load reduction targets 
have not been met (Gunsalus et al., 1992), and additional P control strategies may 
need to be developed to further reduce P loads to the lake. 

Effective P control strategies can only be implemented if we understand the fate 
and transport of P in the uplands, wetlands, and streams of the watershed. In 1985. 
an advisory committee of scientists, engineers, and agriculturalists reviewed the 
problem of eutrophication of Lake Okeechobee (FDER, 1986), and made several 
recommendations for research to improve our understanding of the fate of P. 
Following these recommendations, an interdisciplinary project was initiated to 
study the biogeochemistry of P in the Okeechobee watershed, involving the 
University of Florida, the South Florida Water Management District (SFWMD), 
and other agencies, to develop research and demonstration projects to quantify P 
behavior and to identify land use management practices that would substantially 
reduce P loads. Research to accomplish this involves various disciplines, including 
hydrology, soil and water science, agronomy, engineering, economics, and re- 
source-policy. 

To summarize the research accomplishments of these projects, a workshop was 
held in West Palm Beach. Florida, USA, in June 1993. This two-day workshop was 
attended by 40 scientists and water resource managers. The workshop was divided 
into four sessions: (i) phosphorus fate in uplands, wetlands, and streams. (ii) 
phosphorus transport through uplands, wetlands, and streams, (iii) management 
practices to control phosphorus loads to the lake, and (iv) discussion and critical 
evaluation of research results and recommendations. Papers presented in each 
session were critiqued by an internationally recognized scientist who has expertise 
in this subject matter. A total of 16 papers including (i) overview and recommenda- 
tions, (ii) three critique papers, and (iii) 12 technical papers related to experimen- 
tal results are presented in this issue. The purpose of this paper is to summarize 
the results presented by the various researchers, in the context of the critical 
research and management questions. 
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2. Lake Okeechobee watershed 

The Lake Okeechobee watershed covers an area of 12000 km'- (SFWMD, 1989) 
and extends from Orlando to the Everglades (Fig. 1). Except for Fisheating Creek, 
runoff drains to the lake through man-made canals and gated structures at the 
lake. The research reported in this series of papers includes all regions except the 
Everglades Agricultural Area. The soils and hydrology of that region are distinctly 
different from the other regions. Historically, the majority of the P load to the lake 
was derived from two regions, the lower Kissimmee River (LKR) and the Taylor 
Creek/Nubbin Slough (TCNS) basins. The LKR contributed 13% of the P load, 
the majority of which originated in its lower three basins. The TCNS basin 
contributed 22% of the P load, and only 4% of the inflow (Federico et al., 1981). 
However, implementation of BMPs during the last decade in the TCNS basin has 
decreased the P load by 17% (Gunsalus et al., 1992), and LKR now provides the 
greatest P load. 

2.1. Soils and geology 

The watershed forms a shallow trough that drains south from Orlando to Lake 
Okeechobee. The underlying geology is unconsolidated marine sediments, primar- 
ily sand and gravel with clay lenses (Parker, 1955). A series of artesian aquifers 
occur at depths greater than 40 m. The watershed north of the lake occurs 
between elevations 4 to 23 m. The soils in the Lake Okeechobee watershed consist 
of Spodosols, Entisols, and Histosols (USDA, 1990). The Histosols occur in many 
small deposits in wetlands. The majority of the soils in the northern watershed are 
Spodosols, with 8-20 cm thick surface horizons underlain by spodic horizons at 
depths of 0.5 m to greater than 2 m (USDA, 1990). On more poorly drained sites, 
the spodic horizon occurs closer to the surface. These soils have greater than 90% 
sand and are characterized by high infiltration rates and poor internal drainage 
due to low permeability of the spodic horizon. However, the spodic horizon is 
spatially discontinuous. Many Spodosols are naturally deficient in P and micronu- 
trients (Hodges et al., 1967). These soils have a limited capacity to chemically 
retain P in surface horizons, but there is substantial retention capacity in Fe- and 
Al-rich spodic horizons (Yuan, 1965). 

2.2. Hydrologic. 

The Lake Okeechobee watershed receives an average 120 cm rainfall per year 
with a summer wet season and winter dry season. The landscape has a low gradient 
and is poorly drained with many marshes and sloughs (McCaffery et al., 1976). 
Large areas of the pre-settlement landscape were inundated 1-2 months each 
year. Water now moves through a network of manmade ditches and control 
structures. The primary canal and levee system was constructed during the 1950s 
and 1960s to reduce flooding. This construction was followed by extensive ditching 



130 E. G. Flaig K.R. Reddy / Etological  Engtneering 5 t 19t)5~ 1.  / - l 4 .  

h 

Lower Kissimmee River 

Florida, USA 

\ 

Fish 

I 
f J t t  
m s ,  
l Wetlands 
I Dai y 

Other 

Everglades Agricultural Area 

Fig. 1. Major drainage regions and land uses of the Lake Okeechobee watershed; LKR; lower 
Kissimmee River Valley, TCNS; Taylor Creek/Nubbin Slough, IPHP; Indian Pairie/Harney Pond, 
FEC; Fisheating Creek, EAA; Everglades Agricultural Area. Improved pastures, dairies, and wetlands 
are the dominant land uses in the Lake Okeechobee Watershed. Runoff from improved pastures and 
dairies produce the majority of phosphorus loads to Lake Okeechobee. 
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of isolated wetlands and construction of drained fields for vegetable crops 
(Gatewood and Bedient, 1975). 

Field runoff and P transport are controlled by water table fluctuations 
(Gatewood and Bedient, 1975). The water table is commonly within 1 m of the 
ground surface during the wet season and may recede to 2 m depth during the dry 
season (Knisel et al., 1985). With highly permeable surface soils, there is little 
surface runoff until the soil pore space is filled with water and the water table 
reaches the surface (Heatwole et al., 1987). In this landscape, there may be little 
surface runoff and a slow downward, or lateral, movement of water and solutes 
following water table recession. It has been estimated that about 40% of water 
discharged from the TCNS basin is produced from groundwater movement (Knisel 
et al., 1985), suggesting that subsurface P transport may be an important pathway 
of P loading to the lake. However, when the soil becomes saturated, pasture 
inundation causes the surface movement of manure particles and associated P. 
Surface runoff from poorly drained sites, or those adjacent to streams and 
wetlands, contribute to high off-site P loads. 

In areas with adequate hydraulic gradient, the soil profile is better drained and 
there may be extensive lateral sub-surface transport. Lateral transport through the 
soil should promote P retention due to greater soil contact. However, where 
improved pastures have been extensively drained, there appears to be greater 
runoff and nutrient loads to the lake (Gatewood and Bedient, 1975). Sites with 
deep spodic horizons may provide greater infiltration and retention of P (Allen, 
1988). However, it is not clear whether the soil type or underlying subsoil materials 
are responsible for the high potential P retention. 

2.3. Land  use 

The land uses in the watershed are predominantly beef cattle, dairy, and citrus. 
Ranching has been the dominant land use in the watershed for 200 years (Blake, 
1980). Since 1930, ranching has intensified from native grass pastures to pastures 
with high quality grasses and legumes, with improved drainage and fertilization 
(Gatewood and Cornwell, 1976). During the 1950s and 1960s, agriculture increased 
in the basin as other areas of south Florida were urbanized. Currently, approxi- 
mately 190000 ha of improved pasture and 135000 ha of unimproved pasture 
support about 180 000 beef cattle in the watershed (Flaig and Havens, 1995). The 
dairy industry first moved to Okeechobee County during the 1950s, and by the 
mid-1980s, there were 49 milking barns and 50000 milk cows in the LKR and 
TCNS regions. The primary feed for dairy cows, including high-phosphorus con- 
taining materials, is imported into the watershed. Animal waste management was 
almost non-existent until implementation of BMPs in the 1970s. 

Wetlands are an important component of the watershed, historically occupying 
25% of the area, with large areas of isolated and connected wetlands (McCaffery 
et al., 1976). With the development of improved pasture, many isolated wetlands 
are now connected by shallow ditches and have been converted to pasture 
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(Gatewood and Cornwell, 1975). Currently, wetlands represent about 15% of the 
land area (Flaig and Havens, 1995). 

3. Research issues 

Past research and monitoring conducted in the Okeechobee watershed revealed 
high P concentrations in surface runoff from dairies, improved beef pastures, and 
unknown sources (McCaffery et al., 1976; Flaig and Ritter, 1989). Phosphorus 
concentrations generally decreased with distance downstream from the source 
areas to a degree greater than could be accounted for by dilution, indicating that 
the uplands, wetlands, and streams assimilate P. However, these data did not 
provide insight into the mechanisms regulating the fate and transport of P in the 
watershed. To develop an effective management strategy and appropriate regula- 
tions, we needed to develop quantitative information to address the following five 
key issues (FDER, 1986). 

First, early research indicated improved pastures and dairies were the primary 
sources of P loads (McCaffery, 1976). However, little work had been done to 
determine the P imports to the northern watershed and determine the distribution 
of those imports. It was important to quantify the relationships between land use, 
landscape characteristics, and runoff P loads to identify probable source areas, and 
the environmental factors that affected P loading. 

A second issue was the fate of P applied to the soil (Allen et al., 1982). In the 
sandy soils of the watershed, uncertainties have existed regarding how much P was 
stored in the soil at various sites and the potential for leaching from the soil 
profile. On highly loaded sites, it was important to quantify the P retention 
capacity (FDER, 1986). We needed to determine what soil properties, manage- 
ment practices, and environmental conditions controlled P retention in soil and 
availability of P for crop uptake. For example, could soil amendments or water 
table management increase P retention? 

A third issue was identification of P flow paths associated with surface or 
subsurface flow (FDER, 1986). Transport processes and the flow paths of P from 
manure deposited in pastures to surface water, were poorly understood phenom- 
ena, and development of effective BMPs required a better understanding of the 
relative importance of surface flow versus subsurface flow. Determining P mobility 
relative to water table fluctuations and soil profile characteristics affected drainage 
management. 

A fourth issue was concerned with the fate of P in streams and wetlands, 
especially P assimilation by these systems, and the relative stability of retained P 
(FDER, 1986; SFWMD, 1989). At some sites, stream sediments and wetland soils 
may be saturated with P and become future source areas. It was not clear how 
environmental and management factors affected P retention in wetlands. Particu- 
larly important was how P retention would change with reduced P loading. 

The fifth issue concerned the effectiveness of BMPs. Implementation of BMPs 
has reduced P loads, however, they have not been effective in reducing P to meet 
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target loads (Gunsalus et al., 1992). There may be a limit to the effectiveness of 
individual BMPs and a time period over which the BMPs will remain effective. For 
intensive sites such as dairies, it may be necessary to modify existing BMPs for 
greater P load reduction. Additional techniques such as chemical and biological 
treatment of dairy waste water should be considered. Finally, a systematic method- 
ology for cross comparison of alternative strategies for P load reduction, including 
field-scale, process-level, or basin-scale P reduction practices, should be developed 
(FDER, 1986). 

4. Phosphorus imports to the watershed 

Phosphorus imports as dairy cow feed and pasture fertilizer were the primary 
sources of P in the watershed. Based on a detailed P budget constructed for the 
period 1985-1989, an annual net import of 1,500 tons P in fertilizers accounted for 
51% of the P imports, while dairies accounted for 49% of the total P imports 
(Boggess et al., 1995). Overall, about 10% of all P imported to the watershed, 
including atmospheric inputs, was exported to the lake. Net imports explained 90% 
of the variability in P loading, and land use type explained 70% of the variability in 
P loading among the 19 tributary basins in the north Lake Okeechobee watershed 
(Boggess et al., 1995). Phosphorus assimilation in the watershed was correlated 
with wetland area and the degree of field drainage, but there was no significant 
correlation between other landscape features and P loading. Net P imports may be 
reduced by decreased P supplements in dairy feed without compromising herd 
health or milk production (Morse, 1989). Rechcigl and Bottcher (1995) found that 
fertilizer P application could be reduced by 50% without affecting forage grass 
yields or quality. Additional research has shown that forage grass can obtain P 
from the subsoil, and future published fertilization recommendations will indicate 
that no P additions are required for previously fertilized pastures (Pate, F., 
University of Florida, Ona, Florida, pers. comm.). 

5. Biogeochemistry of phosphorus in uplands, wetlands, and streams 

5.1. Fate of phosphorus in uplands 

The soils in the watershed are primarily Spodosols and have accumulated P due 
to continuous manure loading. For surface soils, the mean P storage was 1680, 165, 
and 34 kg P ha-1 for the areas with high animal densities (HIA), pastures, and 
non-impacted areas, respectively (Graetz and Nair, t995). These values varied 
among dairies depending on stocking density and age of the operation. The P 
content of the soil profile accounted for nearly 80% of P applied to the soil 
through animal manure. Between 20 and 50% of the P stored in the HIA was 
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considered potentially labile (Graetz and Nair. 1995; Wang et al., 1995). The 
potentially labile P may be leached from the soil over a long period of time, 
perhaps decades. Although these soils have a low native P retention capacity, P is 
stored in relatively stable forms, particularly in the spodic horizon. 

In the surface soil, P associated with calcium (Ca) and magnesium (Mg) 
accounted for 70, 34, and 9% of P in HIA, pastures, and non-impacted areas, 
respectively. Phosphorus in surface HIA soils was retained primarily in non-crystal- 
line forms (Wang et al., 1995). Lack of crystalline Ca-P was due to inhibition by 
other ions, and humic acids, or insufficient time for mineral formation (Harris et 
al., 1994). Phosphorus and Ca concentrations greatly exceeded values of apatite 
solubility, indicating the presence of metastable compounds. In native surface soils, 
49% of the total P was associated with iron (Fe) and aluminum (AI) (Wang et al., 
1995). Phosphorus storage in subsoils was related to soil type, with greater P 
retention in soils with shallow and well-developed spodic horizons. In the spodic 
horizon on the manure-impacted sites, 65% of total P was associated with Fe and 
AI, and was relatively immobile. In spodic horizons on non-impacted sites, moder- 
ately labile organic P was the dominant fraction and only 35% P was in the Al- and 
Fe-bound fraction (Graetz and Nair, 1995). 

Groundwater P concentration, a indicator of labile P, was correlated to land use 
intensity and site drainage. In shallow wells ( < 1 m), P concentrations ranged from 
3 to 50 mg l -t,  with the highest values observed under dairy pastures, while 
concentrations in 3 m- and 6 m-deep wells were less than 1 mg 1-t, and often less 
than 0.1 mg 1-t (Campbell et al., 1995). However, on one highly loaded, deep sand 
with a poorly developed spodic horizon, P concentrations in deep wells were 
greater than 10 mg P l -t,  indicating extensive downward movement. Generally, 
there was high spatial variability in the groundwater P concentrations reflecting 
the high degree of variability in spodic horizon permeability. 

The P buffering capacity of the soils was affected by manure loading. HIA soils 
had high equilibrium phosphorus concentrations (EPCs), with values in the range 
of 5.3 to 10.6 mg 1- t, compared to 1.3 mg 1- t for native surface soils (Graetz and 
Nair, 1995). The P retention capacity of the surface soil in HIAs was essentially 
saturated (Graetz and Nair, 1995). Spodic horizon EPC values ranged from 0.1 mg 
l- t  in native soil to 5 mg 1-t in HIA soils. Soils with high EPC values potentially 
could release P when surface runoff P concentration is less than the EPC value. 
The retention capacity of the spodic horizon was related to land use and soil type. 
The P sorption maximum was 500 mg P kg-t  on dairies and 240 mg P kg-t on beef 
pasture for a Myakka soil with a shallow spodic horizon, compared to 170 mg P 
kg - t  on a Pomello (deep sand) dairy site. Extractable AI and carbon content 
explained 73% of the variability in P sorption maxima. 

Phosphorus retention on highly loaded soils could be increased by using calcium 
carbonate and gypsum as soil amendments (Anderson et al., 1995). Calcium 
carbonate was effective on soils with pH 7-7.5. However, most P was released with 
decreasing pH. Application rates of 24 t gypsum ha-1 produced a 50% reduction 
in labile P. Gypsum appeared to suppress bacterial biomass and mineralization of 
manure, particularly under anaerobic conditions. 
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5.2. Fate of phosphorus in wetlands and streams 

A large portion of P discharged into wetlands and streams was stored in soils 
and sediments. On one heavily loaded wetland (23 years of dairy waste water 
loading), P associated with Ca and Mg accounted for 50% of total soil P, while P 
held in a residual form accounted for 43-51% of total P (Reddy et al. 1995a). 
Apatite and vivianite P minerals were detected in sediment from this site (Wang et 
al. 1995). In a wetland subjected to less P loading (8 years of dairy waste water 
loading), P associated with Ca and Mg accounted for 13% of the total P. At other 
wetland sites, Ca-bound P was negligible. Organic P accounted for 6 to 56% of the 
total P. Labile P accounted for < 3% of total P in sediments and wetland soils. 
Phosphorus associated with Fe and AI oxyhydroxides was the dominant form of P 
and accounted for 20-71% of total P in streams and 17-43% of the total P in 
wetland soils. 

Precipitation of P appeared to be a minor process in native streams and 
wetlands, because Ca concentration and pH of the water column were not 
sufficiently high to cause precipitation to occur. The water column pH rarely 
exceeds 8.0, which is necessary to cause significant precipitation (Diaz et al., 1994). 
However, this could be an important local process where algae proliferate at low 
flow, or immediately downstream from dairies where pH and calcium concentra- 
tions may be elevated. 

Reddy et al. (1995a) found that P retention in above-ground, wetland vegetation 
is short-term, and dependent on macrophyte species, P loading, and wetland 
hydrology. Phosphorus uptake in aquatic vegetation was in the range of 3 to 43 kg 
ha-  t, with approximately the same amount of storage in the below-ground biomass. 
Phosphorus stored in below-ground biomass represented long-term deep storage of 
residual P. About 80% of the P stored in above-ground biomass was released into 
the water column upon biomass decomposition (Reddy et al., 1995a). 

The P buffering capacity was influenced by P loading, EPCw values ranged from 
0.10 mg 1 -~ for stream sediment to 0.61 mg 1 - t  for wetland soils loaded with dairy 
waste water (Reddy et al., 1995c). As the stream P concentrations decrease 
following improved upland management, it is likely that the EPC values and P 
assimilation will decrease (Diaz et al., 1994). Phosphorus retention increased 
linearly with P loading up to a concentration of 6 mg P l- t ,  with 56 to 88% of 
added P retained by stream sediments, and 23 to 87% of added P retained by 
wetland soils. When highly loaded wetland soils and stream sediments were in 
contact with low-P rainwater, 2 to 9% of applied P was released from non-im- 
pacted sites, compared to 14 to 28% of applied P released from highly loaded sites. 
The P settling rate ranged from 11 to 15 m yr- t in this concentration range. Under 
ambient conditions, greater than 80% of the sorption sites in sediment were 
available for additional P retention in wetlands and streams having low to moder- 
ate loading of dairy effluent. The maximum P retention capacity was estimated to 
be approximately 70 g m - 2  for wetlands, and 50 g m - 2  for streams (Reddy et al., 
1995b). The P retention capacity and buffer intensity were correlated to amor- 
phous Al compounds ( r  2 = 0.91) in stream sediments, and levels of amorphous Fe 
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and AI explained 53% of the variation in wetland soils. Total organic carbon 
content was also an important factor. 

6. Phosphorus transport 

6. l. Phosphon~s transport in uplands 

Phosphorus may be transported via surface and subsurface flow. Surface runoff 
includes overland flow at the edge of the field, which may have had some 
interaction with surface soil horizons due to high permeability. Campbell et al. 
(1995) found that surface runoff from poorly drained sites is likely to transport a 
large mass of P due to little interaction of applied P with the soil. In these sandy 
soils with high infiltration rates, occurrence of surface runoff was determined by 
available soil water storage which is controlled by surface relief and drainage, and 
depth to the spodic horizon. Where the spodic horizon is shallow, there is a 
greater potential for P transport through surface runoff (Campbell et al., 1995). 

On landscapes with slopes greater than 0.3%, there is considerably less poten- 
tial for surface runoff than on flat sites; there is greater internal drainage on 
sloped sites and P usually is leached into the soil. Phosphorus transport through 
the soil profile was found to be limited by sorption in the spodic horizon. Mansell 
et al. (1995) found 56% of applied P was retained in the soil column. Where 
residual soil P content is high, P retention was inhibited, resulting in greater P 
movement. Phosphorus retention was greater during unsaturated flow, a condition 
common in the field. Mansell et al. (1995) estimated that it would take 12 years to 
leach the immediately labile P from the pasture soil profile by rainfall. 

Rechcigl and Bottcher (1995) reported areal P losses in surface runoff were in 
the range of 0.8 to 2.3 kg P ha-~ yr- t  for fertilized pastures. Surface runoff P 
loads ranged from 0.7 kg P ha- t  yr- t  for low-intensity pastures to 27 kg P ha- 
yr- t  for high-intensity dairy pastures (Campbell et al., 1995). The average areal P 
export rate target for the watershed is approximately 0.5 kg P ha-  ~ yr- ~ (Flaig and 
Havens, 1995). 

Campbell et al. (1995) found rapid movement o f  a groundwater tracer in a 
highly-drained site, and at other locations where groundwater gradients were 
greater than 0.3%. Average groundwater tracer movement ranged from 0.08 to 0.5 
cm h -~ among sites typical of the region. Off-site areal P export rates in 
groundwater ranged from 0 to 25 kg ha-x yr-l ,  with the highest values occurring 
for intensive pastures on deep sands (Campbell et al., 1995). 

Runoff discharge and P loads were estimated using a simulation model (Camp- 
bell et al., 1995). Simulated runoff was very sensitive to evapotranspiration esti- 
mates and soil porosity. Phosphorus transport was sensitive to manure loads and P 
retention capacity in the soil profile, and plant uptake was a critical factor 
affecting the fate of labile P. Off-site seepage of groundwater was most affected by 
soil permeability, location of field ditches, and depth of the water table. Campbell 
et al. (1995) suggested that simulating P transport in these landscapes required a 
detailed description of P chemical processes. 
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Although much has been learned about P transport in the watershed, our 
understanding remains limited by the complexity of the system (Haan, 1995). 
Natural uncertainty is pervasive in all aspects of P modelling, including spatial and 
temporal variability of soil properties. 

6.9_. Phosphorus transport through wetlands and streams 

Phosphorus transport and retention in streams and wetlands is controlled by a 
combination of chemical sorption by sediment, biological uptake, and sediment 
accumulation (Reddy et al., 1995d). These processes are affected by hydraulic 
retention time (HRT) and soluble P concentration in the water column. Sedimen- 
tation in the Lake Okeechobee watershed is negligible due to lack of inorganic 
sediment. Phosphorus retention is proportional to P loading when HRT is greater 
than four days (Reddy et al., 1995c). Reddy et al. (1991) observed P retention in 
sediment in constructed channels receiving ambient creek water which had an 
average TP concentration of 1 mg 1-t. They found no effect of different sediment 
composition on P retention. Phosphorus retention was not affected by shading. 
The average overall P retention in the sediments was estimated to be 14% of the 
inflow P load (E.G. Flaig, unpublished results, South Florida Water Management 
District, West Palm Beach, Florida). This rate was consistent with P assimilation 
measured in wetlands, and P assimilation estimated based on P buffering capacity 
(Reddy et al., 1995d). 

7. Management and control of phosphorus loads 

The primary strategy for P load reduction to Lake Okeechobee has been the 
implementation of BMPs to reduce non-point source pollution from agricultural 
land. These practices, implemented over the past 20 years, were developed to 
control animal waste in cattle pastures and dairies (Little, 1988). They included 
on-site retention of storm-water runoff, fencing to establish filter strips for runoff 
and keep cattle from wetlands, waste water diversion away from wetlands to 
pastures or field crops, improved grazing practices, and improved fertilizer man- 
agement (Gunsalus et al., 1992). Results of several demonstration projects con- 
ducted between 1978 and 1986 showed that BMPs could reduce P loads to 
tributaries, and runoff detention in wetlands could reduce off-site P loads (Allen et 
al., 1982; Goldstein, 1986). Wherever BMPs eliminated direct loading of P to the 
waterways, total P concentrations in the surface water decreased immediately 
(Allen et al., 1982). However, increased cattle and milk cow populations counter- 
acted some of the improvements made by BMPs (Gunsalus et al., 1992). 

Additional dairy regulations, promulgated in 1987 in the Okeechobee water- 
shed, required dairy owners to construct extensive animal waste management 
systems that were designed to capture and recycle nutrients (Albers et al., 1992). 
Runoff from the milking barn and surrounding high-intensity pastures was routed 
through lagoons and storage ponds to sludge-spreading areas and spray-irrigation 
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fields for crop production (Albers, 1991; Wallace and Ellington, 1991). It was 
recognized that milk cow herds and waste water had to be highly controlled; 
reliance on pastures for P removal from animal waste and systems that required a 
high degree of manure handling, were unworkable. System designs were hampered 
by lack of information on P retention and transformations in the waste manage- 
ment system (Albers, 1991; Wallace and Ellington, 1991; Gilliam, 1995). 

Evaluating the fate of P on one dairy, Nordstedt et al. (1990) reported no 
appreciable P storage in the anaerobic lagoon, but there was significant P storage 
in the waste water storage pond, probably as a result of chemical precipitation 
resulting from the high pH in dairy effluent. As a result, little P was applied to the 
sprayfield. Although P concentrations in sprayfield drainage increased following 
construction of the waste management system, overall runoff P concentrations 
decreased from 1.0 to 0.40 mg P l- 2 in stream water as a result of reduced runoff 
from the HIA. 

An alternative practice, total milk herd confinement, produced an improvement 
to dairy runoff water quality. With total confinement, the milk herds were not 
released to pastures following each milking. Manure management was easier, more 
efficient, and provided better water availability for irrigation (Goldstein and 
Berman, 1995). Although the confinement system had greater management and 
equipment costs, improved animal nutrition, increased milk-cow reproductive 
efficiency, and reduced animal stress led to a 10% increase in milk production. 
Phosphorus concentrations in pasture runoff decreased 78%, and total off-site P 
concentrations in stream water decreased from 6.8 to 2.7 mg I-~ (Goldstein and 
Berman, 1995). 

After construction of the waste management systems, approximately 25% of the 
dairies have had substantial water quality problems associated with pasture and 
sprayfield drainage, and relic soil P in heavily loaded pastures (Gunsalus et al., 
1992). To resolve these problems, two alternatives practices were investigated for 
dairy waste water treatment; vegetative and chemical P removal. DeBusk et al. 
(1995) showed that P uptake by aquatic macrophytes could reduce P concentra- 
tions in diluted dairy lagoon effluent from 7.3 to 0.2 mg P l-~. Phosphorus uptake 
ranged from 16 to 78 mg P m -2 d-~ among selected terrestrial grasses. Aquatic 
macrophytes and pasture grasses for "wetfield '° cultivation are potential alterna- 
tives for P removal from runoff, but harvesting techniques have not been per- 
fected. Chemical treatment (lime precipitation) of dairy lagoon waste water was 
tested in a demonstration plant installed at one dairy and reduced P concentration 
from 15-35 mg I -t  to 0.10 mg 1-1 (Briley Wild and Assoc., 1989). 

8. Management recommendations 

Development and implementation of additional BMPs and P removal strategies 
for agricultural land may be necessary to meet the P loading goal for Lake 
Okeechobee. Off-site P loads can be reduced by reducing P inputs, decreasing P 
mobility or improving P recovery (Bottcher et al., 1995). In addition to BMPs, 
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methods should be developed to manage labile P in highly loaded soils (Sharpley, 
1995). The carrying capacity of the land for agriculture without detrimental 
impacts on the biological integrity should be determined. The following are key 
land management recommendations based on the results of the workshop: 
1. Develop balanced P budgets for all agricultural parcels; as part of the regula- 

tory program, identify means to reduce excess P imports, such as reduced P 
fertilization. 

2. Develop improved manure and grazing management; specific grazing practices 
should be evaluated to identify economically viable practices that reduce 
manure accumulation and potential P losses in runoff. 

3. Develop improved drainage practices to increase P retention in the soil; 
improve drainage to reduce overland flow and increase infiltration. However, 
over-drainage should be avoided where P is readily transported off-site. 

4. Utilize field crops with greater P uptake potential. 
5. Develop an "expert system" to assist in site-specific BMP selection. 
6. Utilize isolated wetlands in pastures for P assimilation. Wetlands have a 

significant capacity to retain P. However, the retention rate may decrease as P 
load and P concentration in runoff decrease. 

7. Map sites with high P transport potential. 
8. Remediate highly loaded soils and sediments; a large fraction of anthropogenic 

P is labile and mobile. 
A management strategy should be developed that combines different BMPs to 
achieve the P reduction goals. Individual BMPs have partial efficacy, reducing P 
loading by 10 to 60% for particular fields (Bottcher et al., 1995). The effectiveness 
of many BMPs varies with time; there is always a time lag between implementation 
and P load reduction, and effectiveness often decreases over time. Implementation 
of several BMPs may provide greater P load reduction. However, there is a high 
degree of uncertainty in forecasting BMP effectiveness due to site-specific factors 
such as soil type. In some cases, it may be necessary to consider an alternative land 
use, particularly for land parcels near the lake. The Lake Okeechobee Decision 
Support System provides a tool for comparing the potential P load reduction and 
costs of various field-scale and basin-scale P control practices between alternative 
management strategies (Negahban et al., 1995). 

Successful water quality improvement based on BMPs will require effective 
participation by the land owners for implementation and maintenance of BMPs 
(Bottcher et al., 1995). To achieve compliance with P loading targets, state and 
federal agencies should establish a regulatory environment, that is stable over the 
long term, in which the farmer can make intelligent financial decisions. Farmer 
education should be a key component of the implementation program. 

The programs discussed at this workshop were designed to reduce P loads to 
Lake Okeechobee and as such, improve the health of the lake ecosystem. Lake 
Okeechobee has progressed from a naturally eutrophic lake toward a hypereu- 
trophic condition (Havens et al., 1995). Total P loads increased significantly during 
the 1970s, and total P concentration in the lake water increased two-fold during 
the 1970s, from below 50 to near 100 /.tg 1 -~. There have been changes in the 
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biological community indicating nutrient enrichment (Aumen and Gray, 1995). 
Several state and federal programs were implemented to reduce nutrient inputs to 
the take (Gunsalus et al., 1992). Although P loads significantly decreased since 
1982 (Flaig and Havens, 1995), P loads to the take continue to exceed the P load 
target set to stop hypereutrophication. The lake P sedimentation coefficient has 
decreased during the last 20 years, but the present capacity is high (Havens, et al., 
1995). There was no significant trend in P concentration during the 1980s and early 
1990s, despite the decline in external P loads. Given the mass internal P storage 
and internal P loading, the recovery of Lake Okeechobee will be prolonged at best 
(Havens et al., 1995). 

Acknowledgements 

The authors wish to thank the participants of the Watershed Phosphorus 
Behavior Workshop for their time in preparing the manuscripts presented in this 
issue. We thank all of the researchers from the University of Florida, including 
numerous post-doctoral research associates, graduate students, and technicians for 
their commitment and efforts to complete the work associated with these projects. 
Helpful reviews were provided by Kenneth Campbell, Donald Graetz, and Nick 
Aumen. We acknowledge the South Florida Water Management District for 
partial funding of these projects, and Florida's Department of Environmental 
Protection which, through the Surface Water Management and Improvement 
Program, provided major funding for these projects. We also acknowledge the 
support of Anthony Federico, without whom many of these projects would not 
have been undertaken. Florida Agricultural Experimental Stations Journal Series 
No. R-04706. 

References 

Albers, E.J., A.L. Goldstein and G.J. Ritter, 1992. Nonlx3int source pollution control programs for the 
northern Lake Okeechobee drainage basins. Proc. Tech. Session. 1991 Res. Conf. Nonpoint Source 
Pollution, Tacoma, WA, USA. 

Albers, J.E., 1991. Dairy BMP designs in the Lake Okeechobee basins. In: A.B. Bottcher (Ed.), Total P 
Loads Increased Significantly During the 1970s. Proc. of the Environmentally Sound Agriculture 
Conf. Orlando, Florida, April 1991. Office of Conferences. IFAS/University of Florida, Gainesville, 
Florida, USA. 

Allen, L.H., Jr., 1988. Dairy-siting criteria and other options for wastewater management on high 
water-table soils. Soil Crop Sci. Soc. Florida., 47: 108-127. 

Allen, L.H. Jr., J.M. Ruddell, G.J. Ritter, F.E. Davis and P. Yates, 1982. Land use effects on Taylor 
Creek water quality. In: Proc. Specialty Conference on Environmentally Sound Water and Soil 
Management, ASCE/Orlando, Florida, USA, July 1992, pp. 67-77. 

Anderson, D.L., O.H. Tuovinen, A. Faber and I. Ostrokowski, 1995. Use of soil amendments to reduce 
soluble phosphorus in dairy soils. Ecol. Eng., 5: 229-246. 

Aumen, N.G. and S. Gray, 1995. The history of human impacts, lake management, and limnological 
research on Lake Okeechobee, Florida. In: N.G. Aumen and R.G. Wetzel (Eds.), Ecological Studies 
of the Littoral and Pelagic Systems of Lake Okeechobee, Florida (USA). Arch. Hydrobiol. Beih 
Ergebn. Limnol., 45: 343-356. 



E.G. Flaig, K.R. Reddy / Ecological Engineering 5 (1995) 127-142 141 

Blake, D., 1980. Land into water - water into land. Florida State University Press. Tallahassee. Florida. 
Boggess, C.F.. E.G. Flaig and R.C. Fluck, 1995. Phosphorus budget-basin relationships for the Lake 

Okeechobee tributary basins. Ecol. Eng., 5: 143-162. 
Bottcher, A.B., T.K. Tremwel and K.L. Campbell, 1995. Best management practices for water quality 

improvement in the Lake Okeechobee Watershed. Ecol. Eng., 5: 341-356. 
Briley Wild & Assoc., 1989. Dry Lake Dairy phosphorus removal demonstration project. Final report. 

Prepared by Briley, Wild and Associates for South Florida Water Management District, West Palm 
Beach, Florida. 

Campbell, K.L., J.C. Capece and T.K. Tremwel, 1995. Surface/subsurface hydrology and phosphorus 
transport in the Kissimmee River Basin, Florida Ecol. Eng., 5: 301-330. 

DeBusk, T.A., J.E. Peterson and K.R. Reddy, 1995. Use of aquatic and terrestrial plants for removing 
phosphorus from dairy wastewaters. Ecol. Eng., 5: 371-390. 

Diaz, O.A., K.R. Reddy and P.A. Moore, 1994. Solubility of inorganic P in stream water as influenced 
by pH and Ca concentration. Water Res., 28: 1755-1763. 

FDER, 1986. Lake Okeechobee Technical Advisory Committee. Final Report. Florida Department of 
Environmental Regulation, Tallahassee, Florida. 

Federico, A., K.G. Dickson, C.R. Kranzer and F.E. Davis, 1981. Lake Okeechobee water quality studies 
and eutrophication assessment. Tech. Publ. 81-2. South Florida Water Management District, West 
Palm Beach, Florida. 

Flaig, E.G. and K.E. Havens, 1995. Historical trends in the Lake Okeechobee ecosystems. I. Land use 
and nutrient Ioadings. Arch. Hydrobiol. (Suppl.), 107: 1-24. 

Flaig, E.G. and G.J. Ritter, 1989. Water quality monitoring of agricultural discharge to Lake Okee- 
chobee. ASAE Pap. 89-2525. Am. Soc. Agricultural Eng. St. Joseph, MI. 

Gatewood, S.E. and P.B. Bedient, 1975. Drainage density in the Lake Okeechobee drainage area. 
Report, Division of State Planning, Florida Department of Administration. Tallahassee, Florida. 

Gatewood, S.E. and E.W. Cornwell, 1976. An analysis of cattle ranching in theKissimmee River basin. 
Eco-Impact, Inc. Gainesville, Florida. 

Gilliam, J.W., 1995. Phosphorus control strategies. Ecol. Eng., 5: 405-414. 
Goldstein, A.L., 1986. Upland detention-retention demonstration project. Tech. Publ. 86-2. South 

Florida Water Management District, West Palm Beach, Florida. 
Goldstein, A.L. and W. Berman, 1995. Phosphorus management on confinement dairies. Ecol. Eng., 5: 

357-370. 
Graetz, D.A. and V.D. Nair, 1995. Fate of phosphorus in Florida Spodosols contaminated with cattle 

manure. Ecol. Eng., 5: 163-181. 
Gunsalus, B., E.G. Flaig and G.J. Ritter, 1992. Effectiveness of agricultural best management practices 

implemented in the Taylor Creek/Nubbin Slough and lower Kissimmee River basins. Proc. Natl. 
Rural Clean Waters Program Syrup, 1992, pp. 161-172. 

Haan, C.T., 1995. Fate and transport of phosphorus in the Lake Okeechobee basin, Florida. Ecol. Eng., 
5: 331-339. 

Harris, W.G., H.D. Wang and K.R. Reddy, 1994. Dairy manure influence on soil and sediment 
composition: implications for phosphorus retention. J. Environ. Qual., 23: 1071-1081. 

Havens, K.E., V.J. Bierman, Jr., E.G. Flaig, C. Hanlon, R.T. James, B.L. Jones and V. Smith, 1995. 
Historical trends in the Lake Okeechobee Ecosystem: VI. Synthesis. Arch. Hydrobiol. (Suppl.), 107: 
101-111. 

Heatwole, C.D., A.B. Bottcher and K.L. Campbell, 1987. Modified CREAMS hydrology model for 
Coastal Plain watersheds. Trans. ASAE, 30: 1014-1022. 

Hodges, J.R., G.K. Kirk, R.L. Shirley, F.M. Peacock, J.F. Easley, H.L. Breland and F.G. Martin, 1967. 
Phosphorus fertilization of pangola grass pastures, direct and residual effects. Research Report, 
Range Experiment Station, University of Florida, Ona, Florida. 

Knisel, W.G., P. Yates, J.M. Sheridan, T.K. Woody, III, L.H. Allen, Jr. and L.E. Asmussen, 1985. 
Hydrology and hydrogeology of Upper Taylor Creek watershed, Okeechobee County, Florida: data 
and analysis. ARS-25, USDA- Agricultural Research Service, Washington, D.C. 

Little, C.E., 1988. Rural clean water: the Okeechobee story. J. Soil Water Cons. 32: 386-390. 



142 E.G. Flaig. IC R. Reddy / Ecological Engineering 5 ~1995) 127-142 

Mansell, R.S.. S.A. Bloom and P. Nkedi-Kizza, 1995. Phosphorus transport in Spodosols impacted by 
dairy waste. Ecol. Eng.. 5: 281-299. 

McCaffery. P.M., W.M. Hinkley, R. MacGill and G.D. Cherr. 1976. Report of investigations in the 
Kissimmee-Lake Okeechobee Watershed. Fla. Depart. Environ. Reg. Tech. Series, Vol. 2, No. 2. 
Tallahassee. Florida. 

Morse, D.. 1989. Studies of modification of phosphorus concentration in diets, hydrolysis of phytate 
bound phosphorus, and excretion of phosphorus by dairy cows. Ph.D. Dissertation, University of 
Florida. Gainesville, Florida. 

Negahban, B., C. Fonyo, W. Boggess, J.W. Jones, K.L. Campbell, G. Kiker, E.G. Flaig and H. Lai, 
1995. LOADSS: A GIS-based decision support system for regional environmental planning. Ecol. 
Eng., 5: 391-404. 

Nordstedt, R.A., O.P Miller. V. Hoge, D. Downey and D.A. Graetz, 1990. Nutrient tracking through an 
Okeechobee dairy wastewater runoff control system. Lower Kissimmee River Valley Rural Clean 
Waters Project Report, University of Florida, Gainesville, Florida. 

Parker, G.G., 1955. Water resources in southeastern Florida with special reference to the geology and 
ground water of the Miami area. U.S.G.S. Water Supply Paper, Tallahassee, Florida. 

PMTF, 1980. Phosphorus management for the Great Lakes. Final Report. Phosphorus Management 
Task Force. Joint Commission, Great Lakes Science Advisory and Water Quality Boards, Windsor, 
Ontario. 

Rechcigl, J.E. and A.B. Bottcher, 1995. Fate of phosphorus on bahiagrass (Paspalurn notatum) 
pastures. Ecol. Eng., 5: 247-259. 

Reddy, K.R., L.J. Scinto, T.A. DeBusk, J.E. Peterson and E.G. Flaig, 1991. Phosphorus assimilation by 
stream sediments. Project report prepared by University of Florida for South Florida Water 
Management District, West Palm Beach, Florida. 

Reddy, K.R., O.A. Diaz, L.J. Scinto and M. Agami, 1995a. Phosphorus dynamics in selected wetlands 
and streams of the Lake Okeechobee basin. Ecol. Eng.. 5: 183-207. 

Reddy, K.R., E.G. Flaig and D.A. Graetz, 1995b. Phosphorus assimilation capacity in the Lake 
Okeechobee watershed. Environ. Manage. (in press). 

Reddy, K.R., E.G. Flaig, L.J. Scinto, O.Diaz and T.A. DeBusk, 1995c. Phosphorus assimilation in a 
stream system of the Lake Okeechobee basin. Water Resourc. Bull. (in review). 

Reddy, K.R., P. Gale and E.G. Flaig, 1995d. Phosphorus assimilation in stream systems. (in review). 
SFWMD, 1989. Interim Lake Okeechobee Surface Water Improvement and Management Plan. South 

Florida Water Management District, West Palm Beach, Florida. 
Sharpley, A.N., 1995. Soil phosphorus dynamics: agronomic and environmental issues. Ecol. Eng., 5: 

261-279. 
USDA, 1990. State soil geographic database for Florida. U.S. Department of Agriculture, Soil 

Conservation Service, Gainesville, Florida. 
Wallace, S.D. and D.L. Ellington, 1991. Nutrient balances for dairy best management practices. In: 

A.B. Bottcher (Ed.), Proc. of the Environmentally Sound Agriculture Conf. Orlando, Florida, April 
1991. Office of Conferences. IFAS/University of Florida, Gainesville, Florida. 

Wang, H.D., W.G. Harris, K.R. Reddy and E.G. Flaig, 1995. Stability of phosphorus forms in 
dairy-impacted soils under simulated leaching. Ecol. Eng. 5,: 209-227. 

Yuan, T.L., 1965. A survey of aluminum status in Florida soils. Soil Crop Sci. Soc. Fla. Proc., 25: 
143-152. 


