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Than God said, “I give you every seed-bearing plant on the face of the whole earth and 

every tree that has fruit with seed in it. They will be yours for food. And to all the beasts 

of the earth and all the birds of the air and all the creatures that move on the ground – 

everything that has the breath of life in it – I give every green plant for food.”  

And it was so. 
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(Genesis 1:29-31) 
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Abstract 
 

Eutrophication caused by phosphorus leads to water quality problems in aquatic 

systems. The water quality of Florida’s water bodies has declined over the past decades. 

Since wide areas of Florida are used for agriculture industry, phosphorus runoff from 

this land use has been identified as a major threat for surface water eutrophication. 

However, edge-of-field phosphorus losses can be modified by ditch benthic sediments 

and aquatic vegetation during stream flow. The objective of this research was to analyze 

the phosphorus concentrations in drainage ditch water, sediment and plants along path 

of stream flow and to develop Best Management Practices for drainage ditches to re-

duce phosphorus losses.  

The study site was a commercial cattle ranch located northwest of Lake  

Okeechobee. To improve agriculture productivity the ranch has an artificial drainage 

network which allows control of the natural water table. Runoff from the pastures  

accumulates in these drainage ditches and transports the water to the adjacent water 

bodies. The ditches were embedded within improved pastures with a long-term history 

of phosphorus fertilizer application and semi native pastures with no history of previous 

phosphorus application. All ditches originated in improved pastures and flowed into 

semi native pastures. To assess the differences in phosphorus concentrations of ditch 

water, sediment and vegetation between these two land uses water, sediment and vege-

tation samples were collected on ditches along path of stream flow. Water samples were 

analyzed for: dissolved orthophosphate and total phosphorus; sediment samples for: 

total phosphorus, double acid extractable phosphorus, water soluble phosphorus and 

adsorption parameters; plant samples for total phosphorus.  

Phosphorus concentrations varied as a function of land use and location of the 

drainage ditch on the ranch. Improved pasture ditches had higher dissolved orthophos-

phate concentrations (0.340 mg L-1) than did the semi native pasture ditches  

(0.242 mg L-1) (p<0.05). Total phosphorus concentrations of ditch sediments were also 

significantly higher in improved pasture ditches (322.14 mg kg-1) than in semi native 

pasture ditches (148.82 mg kg-1).  
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The selected plant species (Pontederia cordata) showed a significantly higher 

total phosphorus concentration in an improved pasture ditch (0.30 %) than in a semi 

native one (0.21 %).  

The higher dissolved orthophosphate concentrations in improved pasture ditches 

can be attributed to the past inorganic phosphorus application. The strong correlation of 

sediment total phosphorus and organic matter (r = 0.91 p<0.001) suggests that the phos-

phorus enriched plant tissue of improved pasture ditch vegetation may lead to higher 

sediment phosphorus concentrations due to build up and decomposition of aquatic vege-

tation in the winter months. Inhibiting organic matter accumulation in ditches could 

potentially decrease phosphorus concentrations in the water column.  

Overall my research showed that drainage ditch phosphorus parameters are 

strongly influenced by the adjacent land use. It seems that the most effective way to 

control phosphorus in theses ditches is to harvest the aquatic vegetation several times a 

year or at least before the drying season. 

Possible management practices were discussed in order to use drainage ditches 

for phosphorus control. These practices include the control of the water table to reduce 

phosphorus loss from the soil surface layer, the restoration of drained wetlands and the 

harvesting of water hyacinth.  
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1. Introduction 

 

1.1. Phosphorus in the environment 
 

Phosphorus (P) is an essential nutrient for all life forms. It is the eleventh most 

abundant mineral in the earth’s crust. Phosphorus is needed for plant growth and is  

required for many metabolic reactions in plants and animals. It is a major constituent of 

macromolecules and exists particularly in nucleic acids (DNA and RNA) and as Cal-

cium-Phosphate in the human bone structure. An average adult excretes 1.0 – 1.8 g of P 

per day (Delmez et al., 1992). For example 240 mL milk contain 247 mg of phosphorus 

(USDA food composition table, 2005).  

Phosphorus is often the limiting nutrient in freshwater aquatic systems which means 

that plant or algal growth will increase if P is added, but will not increase if other  

nutrients such as N are added without adding P. Natural aquatic systems have total 

phosphorus (TP) concentrations ranging from 0.001 to 0.01 mg L-1. Its natural scarcity 

can be explained by its attraction to organic matter and soil particles. Phosphorus is 

quickly removed from the aquatic system by algae, larger aquatic plants and adsorp-

tion/precipitation reactions with organic and mineral particles. In comparison to carbon 

(C) and nitrogen (N) the phosphorus cycle lacks the exchange to the atmosphere.  

Phosphorus does not appear in gaseous forms. 

The increase of the fertility status of natural waters is called eutrophication.  

Eutrophication can be a natural process in lakes, occurring as they age through  

geological time. Also, estuaries tend to be naturally somewhat eutrophic because land 

derived nutrients are concentrated where runoff enters the marine environment in a con-

fined channel. The natural eutrophication occurs over a course of centuries. Human  

activities sometimes accelerate eutrophication to a time frame of decades and can in-

crease nutrient concentrations to levels that would never be achieved through natural 

processes alone. The increase in available nutrients promotes plant and algae growth, 

favoring certain species over others and forcing a change in species composition. In 

aquatic environments, enhanced growth of floating aquatic vegetation or  
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phytoplankton (algal bloom) disrupts normal functioning of the ecosystem, causing a 

variety of problems such as higher water turbidity in lakes and rivers, an increased 

growth of undesirable algae and aquatic weeds, followed by oxygen shortages as the 

biomass decomposes which leads to anoxic conditions and fish kill (Kleinman et al., 

2001). Water can hold only a limited supply of dissolved oxygen (DO) and it comes 

only from two sources: the diffusion from the atmosphere and as a byproduct of photo-

synthesis. The excessive growth of aquatic vegetation leads to depletion of DO because 

of nighttime respiration by living algae and plants and because of the bacterial decom-

position of dead algae and plant material., Excessive plant growth can increase the pH 

of the water because the plants and algae remove dissolved carbon dioxide from the 

water during photosynthesis, thus altering the carbonic acid-carbonate balance  

(Kleinman et al., 2001). Eutrophic conditions decrease the resource value of rivers, 

lakes, and estuaries such that recreation, fishing, hunting, and esthetic enjoyment are 

hindered. Health-related problems can occur where eutrophic conditions interfere with 

drinking water treatment (Bartram et al., 1999). 

 

1.2. Phosphorus in soils and sediments 
 

Phosphorus in soils and sediments originates from the weathering of residual 

minerals and from phosphorus additions in the form of fertilizer, plant residues, agricul-

tural wastes and biosolids. Phosphorus tends to accumulate in soils and sediments in 

organic and inorganic forms, but these are not discrete entities with indistinct forms 

occurring. In most agriculture soils inorganic P constitutes 50 to 75 % of total P. Inor-

ganic P is usually associated with Al, Fe, Ca and Mg (aluminum, iron, calcium and 

magnesium) compounds of varying solubility and availability to plants. The type to 

which mineral P is bound depends highly on the soil pH. In acidic soils most of the  

inorganic P fraction is bound to Al and Fe whereas in alkaline, calcareous soils inor-

ganic P is associated with Ca (Gale et al., 1994). Organic P consists of undecomposed 

residues, microbes, and organic matter in the soil.  

In most soils, the P content of surface horizons is greater than that of the subsoil 

because of higher adsorption rates of added P, greater biological activity, cycling of P 
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from roots to aboveground plant biomass, and organic material accumulation in surface 

layers. An approach, developed in the Netherlands by Breeuwsma and Silva (1992) to 

assess P leaching potential of soils is to determine soil P saturation (degree of P satura-

tion (DPS) = available P/maximum P fixation). This approach is based on the fact that 

as P saturation or the amount of fixed P increases, more P is released from soil to sur-

face runoff or leaching water. This method is used to limit the loss of P in surface and 

ground waters. A critical P saturation of 25 % has been established for Dutch soils as 

the threshold value above which the potential for P movement in surface and ground 

waters becomes unacceptable. The long term application of P on soils can decrease the 

adsorption capacity of soils. Soils have a finite capacity to retain P through adsorption 

and precipitation reactions (Rhue et al., 1998). 

 

1.3. Phosphorus transport  
 

Phosphorus can enter the surface water from point and non-point sources. Point 

source inputs of P have been greatly reduced over the past decades with detergent ref-

ormation and improved wastewater treatment therefore non-point source pollutions 

from urban and agriculture land have been identified as the major source of P in many 

eutrophic waters. Non-point sources include both natural and human sources. Natural 

sources for P inputs can be the weathering of phosphate rich rocks which contribute 

through erosion and leaching to higher P concentrations and sediments in lakes and res-

ervoirs which release P during seasonal overturn. Anthropogenic non-point source  

pollutions include the runoff from land areas being mined for P deposits and the runoff 

from urban and agricultural areas (Figure 1) (Reddy et al., 1998). The loss of P in agri-

cultural runoff increases the risk of surface water eutrophication and is effected by a 

number of factors including hydrology, soil type, soil P content and amount and place-

ment of P added as fertilizer or manure (Carpenter et al., 1998). Phosphorus in livestock 

manures is more slowly available in comparison to the inorganic P in fertilizers, but is 

generally considered to become totally available in the long term (Sharpley et al., 1997). 

Phosphorus inputs to the aquatic environment can ether occur in dissolved or 

particulate forms (Fig. 1). The geology, land use, land cover, hydrology and the nature 
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of the drainage network determines the fractions of P delivered to the water body  

(Sharpley et al., 1998). Dissolved P refers to the fraction in the water passing through a 

0.45 µm filter and constitutes dissolved inorganic and organic forms of P. Particulate P 

is associated with organic and mineral particles which are transported into the aquatic 

environment by erosion and surface runoff (overland flow). Overland flow occurs as a 

result of limited infiltration rate by poor soil structure or soil compaction and by satu-

rated soil conditions (Sims et al., 2004). The major proportion (60 to 90 %) of P trans-

ported from cultivated land constitutes particulate P. Particulate P consists of inorganic 

and organic forms but comprises mostly organic forms associated with detrital P from 

dead and decomposing cells and bacteria. The other fraction constitutes phosphate 

sorbed onto clay suspended in the water and suspended precipitates of P with such 

cations as Ca, Al, and Fe (Sharpley et al., 1998). The algal availability of particulate P 

can vary from 10 to 90 % depending on the nature of the eroding soil (Sharpley, 1993).  

The runoff from grassland and forest land, like the cattle ranches in Florida, car-

ries little sediment and is therefore dominated by dissolved P rather than particulate P. 

This dissolved form comes from the release of P from soil and plant material and occurs 

when rainfall or irrigation water interacts with a thin layer of surface soil (2 to 5 cm) 

and plant material before leaving the field as surface runoff (Fig. 1) (Sharpley, 1985). 

The greatest potential for increased eutrophication of surface water results from dis-

solved phosphorus because it is immediately available for biological uptake (Pote et al., 

2000). Dissolved P is closely identified with orthophosphate varying in relative concen-

trations as a function of soil pH. It is primary present as PO4
3- or secondary as  

(H2PO4
-, HPO4

-2). At pH 4.0 to 5.5 H2PO4
- predominates while at pH > 8.0 HPO4

-2 is 

the major orthophosphate species present (Sims et al., 2004) 

Together dissolved P and algal available particulate P constitutes algal available 

P or P available for uptake by aquatic biota (Fig. 1) (Sharpley, 1993). 
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Figure 1: The inputs, outputs, and processes during transport of P to surface waters in agricultural 
ecosystems (Sharpley, 1998). 

 

1.4. Phosphorus in the aquatic environment 
 

Once phosphorus in dissolved or particulate form has entered the aquatic envi-

ronment complex reactions between the sediment and water column occur. Particulate P 

can accumulate on bottom sediments through sedimentation if water flow is slow and 

therefore suspended particles can settle or are trapped in vegetation buffers.  

Re-suspension of particulate P from the sediment can be caused by wind-induced water 

turbulences and high stream flow conditions. In a similar way benthic invertebrates liv-

ing on or in the sediment can disturb the sediment and re-suspend particles (Sims et al., 

2004). Sediment P is not readily available, but it can be a long-term source of P for 

aquatic biota. The exchange of phosphorus across the sediment water interface is regu-

lated by adsorption-desorption, precipitation-dissolution, microbial mineralization-

immobilization and plant uptake processes (Sims et al., 2004). 

Phosphorus from the water can be incorporated into the sediment by biotic and 

abiotic pathways. Abiotic pathways include adsorption and desorption reactions. The 

adsorption reaction is defined as the removal of P from a solution by concentrating it in, 

or on, a solid phase. The rate of adsorption and desorption depends on the sediment 
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chemistry, P concentration in the water and the reaction time between flowing water 

and sediment. Phosphorus can be adsorbed to mineral surfaces (clays, Fe and Al oxides, 

carbonates) by ion exchange and ligand exchange reactions. The most important sites 

for anion adsorption are surface coatings Fe3+ and Al oxides and oxyhydroxides. The 

PO4
3- is adsorbed to the metal center of the mineral surface by covalent bonds through 

ligand exchange with mineral surface hydroxyl groups (OH-). The reaction is strongly 

governed by the pH (Ruhe et al., 1998). If time of contact between a P solution and 

soil/sediment is properly taken into account, adsorption is a reversible process which 

shows little or no hysteresis between P adsorption and desorption (Mansell et al., 1977; 

Borrow, 1983). A permanent removal of adsorbed P can occur when phosphorus  

adsorbed to sediments or organic matter gets buried in deeper sediment layers (Ruhe et 

al., 1998).  

The sorption properties of soils and sediments can be characterized by  

measuring adsorption isotherms in which soils/sediments are allowed to react with 

known amounts of P in solution. The isotherm is constructed by plotting the amount of 

P removed from solution against the P concentration remaining in solution. The  

Langmuir (Langmuir, 1918) adsorption isotherm equation allows the estimation of an 

adsorption maximum for soils and sediments. From adsorption isotherms the  

equilibrium phosphorus concentration (EPC) in the solution can be calculated. The 

equilibrium P concentration (EPC) is defined as the dissolved P concentration in  

equilibrium with sediment at which no adsorption and desorption occurs. It is an  

important property associated with a sediment-solution mixture (Sharpley et al., 1987). 

The EPC can aid in the prediction of whether soils and sediments will gain or lose P 

when in contact with runoff water in streams and lakes. Soils with high EPC values will 

have a greater tendency to release dissolved P (Wolf et al., 1985). Phosphorus adsorp-

tion isotherms depend upon sediment type, calcium concentration, and pH levels (Rhue, 

1999). 

If the water sediment mixture becomes supersaturated removal of phosphorus 

from the solution is governed by precipitation reactions rather than adsorption.  

Adsorption and precipitation represents different mechanisms of P retention. Precipita-

tion is the formation of a solid phase from two or more (mostly ionic) components from 
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a solution by their mutual combination. P can precipitate with aluminium (AlP), iron 

(FeP), and calcium (CaP) (Ruhe et al., 1998). Precipitated P can be dissoluted by 

chemical processes which solubilize P from soil clays, oxides or organic matter. Disso-

lution is affected by sediment P chemistry and reaction time between flowing water and 

sediments (Sims et al., 2004). 

Mineralization refers to microbial activities in the sediment occurring when air 

gets access to soil and nutrients bound to organic substances are released. Microbes can 

mineralize organic phosphorus which leads to an increase of dissolved phosphorus 

(HPO4
-2, H2PO4

-) in the sediment/water mixture. Microbes mineralize by hydrolysis 

phosphate-ester bonds in the sediment. Mineralization processes can result in large 

quantities of inorganic and organic P in soluble and stabilized forms. As the inorganic P 

pool which is available to the biota decreases the recycling rate between the inorganic 

and organic pool increases therefore mineralization of organic P results in a release of 

phosphorus. Mineralization rates are masked by the organic P pool from which only a 

small but critical quantity of organic P is rapidly recycled among the soil, plants and 

microbes (Wetzel, 1998). The immobilization of P occurs through aquatic plants and 

microbes. Algae, microbes and aquatic plants while growing can uptake P from the dis-

solved and the sediment pool. After dieing a portion of P contained in the detrital tissue 

(organic phosphorus) is recycled within the aquatic system through mineralization and 

released back into the water column. The remaining detrital tissue accumulates as or-

ganic matter and eventually gets compacted to form new soil or sediment  

(Pant et al., 2001).  

 

1.5. Flatwood watersheds 
 

Florida has a flatwood landscape and the predominantly soil types are Alfisols 

(Fig. 2) and Spodosols (Fig. 3). Alfisols origin from translocation of clay from the upper 

to the lower horizons which results in an appreciable lower clay content in the upper 

horizons (Soil Survey Staff, 1996). McDowell et al. (2003) found that the adsorption 

maximum for P in acidic soils increases with clay content. 
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Spodosols (Fig. 3) have a sandy (A) surface horizon and a spodic (Bh) horizon. 

The spodic (Bh) horizon consists of organic matter in combination with aluminum 

and/or iron accumulations (Soil Survey Staff, 1996). The flatwood hydrology is strongly  

influenced by the flat topography, sandy soils, fluctuating high water tables and sea-

sonal precipitation (Campbell et al., 1998).  

 

 
A  
 A 
  
 E 
E  
 Bh
 
 
 
 
B 

                       

Figure 2: Alfisol (Photo courtesy of Dr. David Weindorf) Figure 3: Spodosols (University 
of Nebraska) 

 

The Spodosols of Florida receiving significant loadings of animal manure are 

especially prone to subsurface leaching of P. Spodosols account for more than 64 % of 

the soils in Okeechobee County of Florida (Herdendorf, 1982).The sandy A and E  

horizons of Spodosols have poor sorption capacities while the Bh (spodic) horizon has 

much greater affinities for P retention (Mansell et al., 1991). The Spodosols are charac-

terized by a high water table located between the Bh and the A horizons during the 

summer rainy season, which drops to 125 cm during drier months (Soil Survey Staff, 

1996). Rainfall that infiltrates the soil during high water table conditions may move 

laterally, transporting P to surface drainage ditches (Mansell et al., 1991). Flatwood 

watersheds have a shallow water table. To improve agricultural productivity agricultural 
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land has artificial drainage ditches that intercept shallow groundwater flow (Campbell et 

al., 1995). This results in a lowering of the natural water table, particularly during wet 

periods, such as the raining season. The runoff from these watersheds is typically a  

mixture of overland flow and shallow lateral subsurface flow. Nutrients entering the 

drainage network potentially contribute to pollution and eutrophication to the adjacent 

water bodies (Campbell et al., 1998). However surface drains may also act as temporary 

or permanent sinks of P pollutions since organic sediments that have been accumulated 

in them may provide sorption sites for P and emergent and submerged vegetation found 

in many shallow drains can take up nutrients from the drainage water and ditch sedi-

ment (Tanner et al., 2002). Sukias et al. (2003) found that vegetated drainage ditches in 

agricultural land can act as important sinks for attenuating P entering them via leaching 

and runoff of nutrients from soil and animal excreta after prolonged dry periods,  

immediately after fertilizer applications or from intermittent point source inputs. At-

tenuation of up to 0.59 g P m-2 was recorded in a system draining a high productivity 

lowland dairy farm in New Zealand. 

 

1.6. Rationale and Significance 

 
Lake Okeechobee is a major aquatic resource and serves as floodwater control, 

irrigation, regional water supply, recreation and water supply to Everglades National 

Park (Aumen, 1995). It comprises a surface area of 1,800 km² and the mean depth  

varies from 3 to 5 m making it the third largest lake located entirely within the United 

States. The drainage basin of the lake covers about 22,500 km² and consists mainly of 

agriculture, beef cattle ranching and dairy farming which makes up about 50 % of the 

land use in the watershed (Flaig et al., 1995). The P concentration in Lake Okeechobee 

has doubled from 1975 to 1985 to approximately 100 ppb and this had led to high ac-

cumulations of phosphorus in the lakes sediment. Phosphorus inputs to Lake  

Okeechobee have not changed noticeably in the last decade because external loads have 

remained high, and the lake sediments contain thousands of tons of phosphorus that 

buffer changes in water column total phosphorus. The response of the lake to load  

reductions, when they occur, is expected to take 20 to 30 years due to this internal  

 11 



recycling. Total phosphorus loading now averages 528 metric tons per year which is 

almost four times higher than a recently established Total Maximum Daily Load 

(TMDL) of 140 metric tons per year considered necessary to achieve the target 40 parts 

per billion (ppb) in lake phosphorus concentration. The total phosphorus in the water 

column averages now approximately 120 ppb (South Florida Water Management Dis-

trict, 2005). 

Artificial storm water treatment wetlands have been constructed adjacent to 

Lake Apopka and the Everglades to remove phosphorus loads from non point source 

pollutions. The project is called “Everglades’s Nutrient Removal Project” and com-

prises a constructed freshwater wetland of 1,545 ha. It is capable of removing up to 80 

% of the inflowing P (Moustafa et al., 1998). However, it is recognized that for sustain-

able phosphorus management on farm/ranch phosphorus control has to be established. 

Therefore an effort is being made to develop P control Best Management Practices 

(BMP’s) which are defined as those on farm activities designed to reduce nutrient or 

sediment losses in drainage waters to an environmentally acceptable level, while simul-

taneously maintaining an economically viable farming operation for the grower. These 

BMP’s primarily focused on fertilizer, animal manure, grazing and crop management on 

the farm and ranch scale (Bottcher et al., 1998). Few studies were conducted on internal 

farm/ranch drainage ditches and their role in phosphorus management. The aim of my 

study was to gain information on the potential use of internal drainage ditches for  

phosphorus management in subtropical Florida.  
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1.7. Objectives 
 

The overall objective of my study was to determine the impact of improved (fertilized 

and limed) and semi native cattle pastures (no fertilization or liming) on P  

concentrations in drainage ditch water, soil and vegetation. For this purpose water, soil 

and plant samples on Buck Island Ranch were collected along path of water flow. From 

the data obtained potential uses of drainage ditches in phosphorus management should 

be derived. 

 

The specific objectives were to:  

• Determine the phosphorus concentration in water, sediment and plants along 

path of water flow 

• Evaluate the P sorption characteristics of ditch sediments 

• Combine experimental data with data from long term phosphorus studies on the 

Ranch 

• Develop a simplified Black Box approach for P runoff from Buck Island Ranch 

• Develop Best Management Practices for drainage ditches derived from my   

findings 
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2. Materials and Methods 

2.1. Site description 
 

The study was conducted in October 2004 on Buck Island Ranch, a 4,170 ha cat-

tle ranch at the MacArthur Agro-Ecology Research Center (MAERC) which is a divi-

sion of Archbold Biological Station. Buck Island Ranch is located northwest of Lake 

Okeechobee in the Lake Istokpoga-Indian Prairie Basin (27°09’ N 8°11’ W) (Fig. 5). 

Elevations on the ranch range from 8 to 12 m above sea level. Mean annual temperature 

is 22°C with maximum summer temperatures of 33°C. Mean annual  

rainfall in this area is about 1300 mm, of which 75 % is received during wet season 

months (May through October). Soils are predominantly Entisols, Spodosols (Fig. 3), 

and Alfisols (Fig. 2) consisting of poorly drained sands with pH ranging between 3.9 

and 6.5. 

The rangeland is suitable for grazing by livestock and provides native grasses, 

forbs and shrubs. In order to improve forage quality of grassland for cattle enterprises, 

several grass species have been introduced into this area. The pastures on Buck Island 

Ranch are grazed throughout the year. The commercial focus is on cow-calf production. 

At the time of this study there were approximately 2800 cows and 125 bulls at Buck 

Island Ranch. In the dry season from November through April/May the cattle are main-

tained mainly on winter pastures offering a mixture of introduced bahiagrass (Paspalum 

notatum) and native grasses (Andropogon virginicus, Andropogon glomeratus,  

Paspalum leave, Axonopus affinis). These pastures are referred as semi-native pastures 

(SN) and are neither fertilized nor limed. In the winter season supplemental molasses is 

offered to provide additional nutrition for cattle. In the wet season from May through 

October the cattle graze predominantly on summer pastures that consist mainly of  

bahiagrass and are fertilized with approximately 50 kg N ha-1 yr-1 and limed with differ-

ent lime products in amounts ranging from 1.1 to 3.4 t ha-1 every 3-5 years. These pas-

tures are referred to as improved pastures (IMP). Most of the improved pastures on 

Buck Island Ranch were fertilized with NPK-fertilizer at a rate of about  
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20 kg P2O5 ha-1 yr-1 for at least 20-30 years until 1987. After 1987 regular phosphorus 

fertilizer use was discontinued, except for occasional application after sod harvesting on 

some of the pastures, which began in 1997. 

To improve agricultural productivity the ranch has an artificial drainage net-

work. Subsurface and field runoff accumulates in ditches. The subsurface drainage is 

slow due to the poorly drained status of the soils and relatively impermeable subsurface 

soil horizon. The ditches drain into Harney Pond Canal, a major drainage canal linking 

Lake Istokpoga to Lake Okeechobee, and one of five major tributaries in the Lake 

Okeechobee watershed (Fig. 5). The water discharge from the Ranch depends on the 

water table of the elevated Harney Pond canal which is managed by the South Florida 

Water Management District; therefore both runoff of water to the canal and backflow of 

water from the canal can occur. The drainage network on Buck Island Ranch is de-

signed to lower the water table about 5 cm a day. The highest runoff to the canal occurs 

in the wet season and can peak a maximum flow of 0.51 m³ s-1 (all data recorded by 

MacArthur Agro Ecology Research Center).  

Ditches on the ranch support a diverse and productive foodweb and are a critical 

resource for important wildlife species. The ditches are characterized by a diverse array 

of vegetation, vary in size but still maintain similar characteristics. Shallow ditches are 

mostly dominated by emergent herbaceous macrophytes (Pontederia cordata, Juncus 

effuses) whereas deeper ditches are covered with floating vegetation as water hyacinth 

(Eichhornia crassipes), water lettuce (Pistia stratiotes) and duckweed (Lemnaceae) 

(Fig. 4).  

 
Figure 4: Picture showing a ditch covered with water hyacinth on Buck Island Ranch
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Figure 5: Location of MacArthur Agro Ecology Research Center (Buck Island Ranch) in Florida
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2.2. Experimental ditches 
 

To assess the effect of different land-use (IMP/SN) on phosphorus  

concentrations in drainage ditches twelve experimental ditches were established on 

Buck Island Ranch (Fig. 6). Based on the two different land uses six ditches were in 

improved pastures and six in semi-native pastures. Drainage ditches in this study were 

selected on the basis of similarities in size and length and the flow through different 

pasture types. The fence line was regarded as the border of the two pasture types. The 

total length of all ditches comprises about 22,400 meters. To show the differences in 

phosphorus concentrations four drainage ditch streams were chosen to perform an 

analysis of variance (ANOVA). The other ditches were used as references for additional 

information and for correlation and regression analysis.  

 

Table 1: Properties of experimental ditches 

Ditch 
segment 

 
 

Ditch Length (m) 
Mean 

width (m) 
Mean 

depth (m)

Total water 
surface 

(m²) 

Ditch cross-
section 

(m²) 

I1 859 8 0.30 6,872 1.9 
SN1 

I 
1,476 7 0.44 10,332 2.5 

I2 1,534 4 0.43 6,136 1.4 
SN2 

II 
1,342 4 0.35 5,368 1.1 

I3 2,045 5 0.26 10,225 1.0 
SN3 

III 
2,060 7 0.59 14,420 3.3 

I5 1,785 5 0.25 8,925 1.0 
SN6 

IV 
1,749 5 0.42 8,745 1.7 

I4  781 3 0.19 2,343 0.5 
SN4  2,322 8 0.74 18,576 4.7 
SN5  2,760 7 0.93 19,320 5.2 
I6  3,735 9 0.71 33,615 5.1 

 

Using ArcView GIS 3.2 each ditch segment was divided into four equal sections. In 

each section one sampling point was established, avoiding sampling any small wetlands 
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occurring along the ditch path. This created 48 sampling points. The location in the field 

of each sampling point was determined using a GPS-handheld device (GPSMAP 76, 

GARMIN Corporation, Taipei, Taiwan) based on the World Geodetic System 1984 

(WGS 84) reference system with an accuracy between 2 and 10 m. 

To obtain more data on drained wetland soils and to compare them to ditch sedi-

ments seven wetland soils were additionally collected in November 2004. Four of them 

were drained by the experimental ditches. Sampling points were established as 

described for the experimental ditches. 

The ditch width and depth were measured using a tape measure and a measure 

stick respectively. The water volume was calculated assuming that the ditches corre-

spond to a trapezium and applying the following formula: 

 

A (m²) = Width (m) * Depth (m) * 0.8 [1] 

 18 



#S
#S#S#S#S#S

#S

#S

#S

#S

#S

#S
#S#S#S#S

#S #S
#S

#S #S

#S

#S

#S

#S
#S

#S
#S #S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

#S

"!4

"!3

"!2 "!1"!4 "!3 "!2
"!1

"!1 "!2
"!3

"!4 "!1

"!2

"!3

"!4

"!1 "!2 "!3 "!4 "!1

"!2

"!3

"!4

"!1

"!2

"!3

"!4

"!1

"!2

"!3

"!4

"!1

"!2

"!3

"!4

"!1

"!2

"!3

"!4

"!1

"!2

"!3

"!4
"!1"!2"!3"!4

I 1

SN 1

SN 2

I 3

I 4

SN 3

SN 5

SN 4

I 6

I 5

SN 6

I 2

pasture type
improved
semi native

wetlands
drainage ditches
experimental ditches

# sampling points

Harney Pond Canal

Harney Pond C
anal

500 0 500 1000 1500

Meters

 

  
 

 
19 

19 
Figure 6: Drainage ditch sampling points on Buck Island Ranch 



2.3. Data sampling  
 

2.3.1. Water sampling 

Water samples were taken in the middle of the ditch about 10 cm below surface. 

For quality assurance two equipment blanks were taken using deionized (DI) water. The 

water samples for dissolved orthophosphate (DP) were filtered through a 0.45 µm filter 

paper and stored in 200 ml plastic bottles thus DP was defined as the fraction passing 

through a 0.45 µm filter (Pote et al., 2000).  

Samples for TP were poured in 200 ml plastic bottles and acidified with about  

1 mL of 20 % sulphuric acid to maintain a pH between 1.5 and 2. This was done to in-

hibit microbial activity prior to sample analysis. All water samples were stored at 4 °C 

in the dark. Ditch water was intermittently analyzed in situ for pH, temperature, conduc-

tivity and dissolved oxygen (YSI 55 Multimeter).  

 

2.3.2. Sediment sampling 

Sediment samples were collected in the middle of the ditch using an auger and 

taking about the top 15 cm of the sediment layer. Two samples were pooled together 

resulting in one sample. Field moist samples were sealed in polyethylene bags and 

placed in a dark refrigerator at 4 °C.  

 

2.3.3. Vegetation sampling 

Pontederia cordata (Fig. 7) was used as a reference plant 

to assess vegetation P content in the drainage ditches. This 

plant was chosen because it was the major species that 

occurred in nearly all drainage ditches sampled. The 

selected plant species was collected in each sampling sec-

tion at the nearest point of the sample location by using a 

serrated knife and cutting the stem right at the water  

surface. Three fresh green leaves where pooled together in 

a paper bag.  

Figure 7: Pontederia cordata 
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2.4. Sample analysis 
 

2.4.1. Water analysis 

TP was determined on unfiltered water samples using the acid ammonium  

persulfate digestion method. The samples were digested with 0.9M H2SO4 and 0.28M 

ammonium persulfate reagent [(NH4)2S2O8] in an autoclave for 30 minutes at 121 °C 

(Pote et al., 2000). 

DP was analyzed within 48 h directly on filtered water samples. Phosphorus 

concentrations for all samples were determined colorimetrically on a Biotek microplate 

spectrophotometer (D’Angelo et al., 2001).  
 

2.4.2. Sediment analysis  

All sediment samples were sieved through a 4 mm sieve to remove roots and big 

organic materials, sub samples were taken and dried at 105°C for 48 hours to determine 

the soil moisture. To determine soil organic matter (OM) 5 g of oven-dry soil was ashed 

in a muffle furnace for 16 hours at 400°C. OM is expressed as percentage of mass lost 

on ignition from the original soil dry mass. 

Total phosphorus in sediments was determined using the procedure for acid ex-

tracts of dry ashed soil samples: 5 g of soil was ashed at 400 °C for 16 hours and the ash 

extracted using aqua regia extractant (1:3 mixture of concentrated HCl/HNO3) (Allen et 

al., 1974). Samples were thoroughly mixed with aqua regia in glass vials and then fil-

tered gravimetrically through a 0.45 µm filter (Whatman No. 42), and analyzed  

colorimetrically using the method of Murphy and Riley (1962) on a on a Biotek mi-

croplate spectrophotometer (USEPA, 1983). 

Double acid extractable P (DAP) was measured by Mehlich 1 extraction using a 

1:4 (5 g wet soil: 20 ml extracting solution) ratio of soil to Mehlich 1 extracting solution 

(0.05 M HCL + 0.0125 M H2SO4). The samples were allowed to react for 5 minutes on 

a reciprocating shaker at 180 rotations per minute (rpm) and then filtered gravimetri-

cally through a 0.45 µm (Whatman No. 42) filter and analyzed colorimetrically using 

the method of Murphey and Riley (Mehlich, 1953; Sims, 2000). 
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Water soluble phosphorus (WSP) was determined for all sediment samples using 

0.01 M calcium chloride (CaCl2) as the extractant; 10 mL of 0.01 M CaCl2 was added to 

1 g of oven dry sieved soil in a 50 ml centrifuge tube. The samples were shaken on a 

mechanical shaker at 180 rpm for 1 hour. The samples were then transferred to a sy-

ringe and pushed through a 0.45 µm (Whatman No. 42) filter paper and analyzed for DP 

in solution by the method of Murphy and Riley using a on a Biotek microplate spectro-

photometer. 

 

2.4.3. Plant analysis 

The plant samples were oven-dried at 60°C for 72 h and finely ground using a 

piston ball mill to prepare it for P analysis. Total plant P was determined using the same 

procedure as for total P sediment analysis: about 0.5 g of plant tissue was ashed at  

450 °C for 4 h and the ash extracted using aqua regia extractant (ashed plant and 10 mL 

HCl/HNO3; 1:20). The extractant was diluted 1:200 with DI water and analyzed using 

the malachite green method (D’Angelo et al., 2001). For quality assurance peach leafs 

with known phosphorus concentrations were analyzed using the same procedure. 

 

2.4.4. Phosphorus sorption methodology 

Sorption parameters were determined under aerobic conditions by adding 10 ml 

solution with various phosphorus concentrations of 0, 0.01, 0.1, 5, 10, 25, 50,  

100 mg L-1 to 1 g of oven dry sieved soil samples to maintain a soil to solution ratio of 

1:10. The phosphorus solutions were prepared by adding different amounts of KH2PO4 

to a 0.01 M CaCl2 solution. Samples were shaken in 50 ml equilibration tubes on a me-

chanical shaker for 24 hours at room temperature. The sediments were then allowed to 

settle for 1 h; then transferred to a syringe and pushed through a 0.45 µm  

(Whatman No. 42) filter paper (Graetz et al., 2000). The samples were analyzed for DP 

in solution by the method of Murphy and Riley using a on a Biotek microplate spectro-

photometer. 

The P-sorption index (PSI) from the single-point isotherm at the initial solution 

P concentration of 1000 mg L-1 was determined in the same way. 
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2.4.5. Phosphorus sorption calculations 

The difference between P added in the initial solution and P remaining in the  

final solution was considered to have been sorbed P (S’) and was calculated from the 

equation: 

 

S’ = (Co-C24) (V/m) [2] 

 

Where Co is the concentration P added (mg L-1); V, total volume (L); C24, solu-

tion P concentration after 24-hr equilibration (mg L-1); and m, mass of dry sediment 

(kg).  

 

The native sorbed P (So) was estimated using the least square fit of the plot of S’ 

against C24 at low P concentrations, where the two parameters were found to have a 

linear relationship: 

 

S’ = So + kC24 [3] 

 

The constant S0 (y-intercept) (Fig. 8) was considered as the initial sediment P 

present in the adsorbed phase. The values for S0 were added to S’ to obtain the corrected 

P sorption (S) as proposed by (Graetz et al., 2000) 

 

S = S’ + So [4] 

 

The initial slope of a graph of P sorbed (mg kg-1) against P remaining in solution 

(mg L-1) was used to estimate equilibrium P concentration (EPC; mg L-1) as the solution 

P concentration at which no net adsorption or desorption (0 mg kg-1) occurred. The 

equilibrium P concentration (EPC) (Fig. 8) of the sediment, defined as the solution P 

concentration at which S’ = 0, was calculated from the equation: 

 

EPC = So/k [5] 
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Figure 8: Schematic showing phosphorus sorption iostherm for soils and sediments (Reddy et al, 
1999) 

 
Illustration of procedure used to adjust the total amount of P adsorbed by the soil. 

K = phosphorus adsorption coefficient (L kg-1) 

EPC = equilibrium P concentration at which point adsorption equals desorption 

            (mg P L-1) 

Smax = phosphorus sorption maximum (mg P kg-1) 

So = the initial P present in soil (mg P kg-1) 

 

The sorption parameters for 9 ditch sediments were calculated using linear and  

Langmuir isotherms as follows: 

The Langmuir model can be used to estimate the maximum P sorption potential of sedi-

ments (Smax) (Fig. 9). 
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The linearized Langmuir adsorption equation is: 

 

maxmax
1

S
C

kSS
C

+=  [6] 

 

S = S’+So, the total amount of P retained ( mg kg-1) 

 S’=P retained by the solid phase (mg kg-1) 

 So =P originally sorbed on the solid phase (previously adsorbed P) (mg kg-1) 

C24=concentration of P after 24 h equilibration, (mg L-1) 

Smax=P sorption maximum (mg kg-1)  

k=a constant related to the bonding energy, (L mg-1) 

(Graetz et al., 2000) 

 

Smax can be calculated as the inverse of the slope of the plot C24/S vs. S (Fig. 9)  

(Harter and Smith, 1981).  
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Figure 9: Calculation of Langmuir Smax for the sampling point I3.4 
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2.5. Laboratory methods  
 

2.5.1. Microscale determination of phosphorus using Malachite Green 

Depending on the expected P concentration in the samples the malachite green 

(MG) or ascorbic acid method (AA) were used. For P concentrations <1 mg L-1 MG 

was used. Both methods rely on complex formation with phosphomolybdate under 

acidic conditions but MG has about a 3.3 times higher sensitivity than the AA method. 

For the sample analysis replicated 200 µL samples were pipetted in a 96-well  

microplate, 40 µL of reagent 1 (14.2 mmol L-1 ammonium molybdate tetrahydrate in 3.1 

M H2SO4) was added and allowed to react on a orbital titer plate shaker for 10 minutes; 

then 40 µL of reagent 2 was added and shaken for another 20 minutes. Reagent 2 was 

prepared by dissolving 3.5 g L-1 aqueous polyvinyl alcohol (PVA) regent in 800 mL 

deionized water at 80 °C. After cooling to room temperature, malachite green carbinol 

hydrochloride was added at 0.35 g L-1 and brought to volume in a 1000 mL flask. This 

complexation develops a greenish color which is proportional to the phosphorus con-

centration in the sample and can be determined colorimetrically using a microplate 

reader spectrophotometer at an absorbance of 630 nm (D’Angelo, 2001). 

 

2.5.2. Ascorbic acid method 

The ascorbic acid method (AA) (Murphy and Riley, 1962) was used for samples 

where P concentrations ranged from 1 mg L-1 to 10 mg L-1. The procedure involves the 

determination of total reactive phosphorus in a sample by reacting the orthophosphate in 

the sample with ascorbic acid and ammonium molybdate. The acidification of the sam-

ple converts all the other forms of phosphorus to orthophosphate. In this acid medium 

ammonium molybdate and antimony-potassium-tartrate react with dilute solutions of 

orthophosphate-phosphorus to form an antimony-phosphor-molybdate complex. This 

complex is reduced to an intensely blue-colored complex by ascorbic acid. The color is 

proportional to the phosphorus concentration and can be determined colorimetrically on 

a microplate reader spectrophotometer at an absorbance of 880 nm. Reagents for the 

ascorbic acid assay were prepared as described by Koroleff (1983). 9 N H2SO4 was 

mixed by solving 250 mL conc. H2SO4 in 750 mL of deionized water.  
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Ammonium heptamolydbate solution was prepared by solving 9.5 g of  

[(NH4)6Mo7O24 * 4H2O] in 100 mL deionized water. In order to obtain the potassium 

antimony tartrate solution 3.25 g [K(SbO)C6H4O6] were dissolved in 100 mL deionized 

water. Afterwards a mixed reagent (for acidified samples) was prepared. While stirring, 

45 mL heptamolybdate solution was added to 120 mL 9 N H2SO4. 5 mL antimony tar-

trate solution and the solution was brought to volume with 70 mL of deionized water. 

Ascorbic acid solution was mixed by dissolving 7 g ascorbic acid [C6H8O6] in 100 mL 

of deionized water. 

For the analysis replicated 200 µL samples were pipetted in a 96-well  

microplate, 30 µL of the mixed reagent was added and allowed to react for 2 minutes on 

a orbital titer plate shaker then 30 µL of ascorbic acid was added and allowed to mix for 

another 2 minutes on the orbital titer plate shaker. Afterwards samples were allowed to 

develop color for 90 minutes; shaken for one minute to homogenize the color and were 

then analyzed on a microplate reader spectrophotometer at an absorbance of 880 nm 

(Murphy and Riley, 1962) 

 

2.6. Additional ranch data 
South Florida Water Management District (SFWMD) monitors water quality 

which drains from private landowners into public canals. MAERC collects monthly 

water samples at the end reaches of ditches which drain into the canal (Fig. 10). These 

samples are analyzed for dissolved phosphorus (DP) and total phosphorus (TP). There-

fore phosphorus data from the past four years was available. Rainfall data and ground-

water records were also available for the past four years. The mean phosphorus runoff 

concentration was calculated from the end ditches of four improved and four  

semi-native pasture ditches.  
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Figure 10: Monthly phosphorus sampling points on Buck Island Ranch 
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2.7. Statistical methods 

 
Analysis of variance (ANOVA), linear regression, and correlation were  

performed using SAS (JMP) (SAS Institute, 2001). Before correlation analysis, data 

were checked for normality using the Shapiro-Wilk W Test (SAS Institute, 2001) and, 

because of the relatively few data points (n = 55), most data was not normally  

distributed, thus in order to improve normality the data set was log transformed. Four 

replicated ditch streams were chosen to perform an analysis of variance. The statistical 

model included the pasture type and ditch. The interaction of pasture type x ditch was 

also analyzed. For all correlations (r) the Spearman’s rank test was performed. For tests 

with small sample size the nonparametric Kruskal-Wallis test was used (SAS Institute, 

2001). The Tukey-Kramer multiple comparison tests at α = 0.05 was used for determine 

significantly differences between treatment means. 
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3. Results and Discussion 
 

3.1. Phosphorus parameters in the water column 
 

Due to the land use and landscape characteristics on Buck Island Ranch all 

ditches originate in improved pastures (IMP) and flow into semi native (SN) pastures. 

The ANOVA was performed on four ditches focusing on the pasture type (IMP/SN), 

ditch (I, II, III, IV) (Table 1) and the interaction of pasture type x ditch. 

 

Table 2: ANOVA p-values for pasture type (IMP/SN), ditch (I, II, III, IV), and interaction for pas-
ture type versus ditch (n = 32). 

Source DP Total-P 

Pasture type 0.010 0.161 

Ditch <0.0001 0.013 

Pasture type x Ditch 0.200 0.535 

 

Table 3: Water phosphorus concentrations mean ± SE for pasture type (n = 32).  

Phosphorus parameter Improved pastures Semi-native pastures 

 mg L-1

DP 0.340a* ± 0.061 0.242b ± 0.047 

Total P 0.501a ± 0.090 0.421a ± 0.076 

DP/TP** 0.68a 0.58a

*Mean concentrations followed by the same letter superscript within a row are not different by Tukey test    

(α = 0.05) (p<0.05) 

** Ratio of dissolved phosphorus to total phosphorus 
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Table 4: Phosphorus concentrations mean ± SE of the four replicated ditches 

Ditch DP (mg L-1) TP (mg L-1) 

I 0.143a* ± 0.028 0.262a ± 0.045 

II 0.154a ± 0.019 0.352a ± 0.087 

III 0.385b ± 0.075 0.489a ± 0.093 

IV 0.483b ± 0.088 0.741b ± 0.154 
*Mean concentrations followed by the same letter superscript within a column are not different by Tukey 

test (α = 0.05) 

 

3.1.1. Dissolved orthophosphate 

The water dissolved orthophosphate (DP) concentrations differed significantly 

(p<0.05) between pasture types and were about 1.4 times higher in ditches embedded in 

IMP pastures. The mean DP concentration in IMP and SN pasture ditches was  

0.340 mg L-1 and 0.242 mg L-1 respectively. Phosphorus concentrations from a runoff 

study of these two pasture types on Buck Island Ranch showed that P loads in the water 

column from IMP pastures were 5-7 times higher than loads from SN pastures 

(McArthur Research Center, 2004).  

However, the ANOVA model showed that the location of the ditch on the ranch 

plays the most important role. The ditches I and II had a significant lower mean DP 

concentration in comparison to the ditches III and IV (Table 4). The differences in P 

concentration among the ditches may result from different amounts of fertilizer applica-

tion, vegetation type, soil type and hydrology. The ditches I and IV showed a logarith-

mic decrease of DP concentration along path of water flow (Fig. 12, 15) but this  

decrease was not constant and included peaks of high DP concentrations in SN pasture 

ditch segments. Due to the few sampling points on each ditch it is difficult to explain 

conclusively the DP water parameters. The data suggests that IMP pasture ditch water 

gets diluted by “cleaner” SN pasture water which could explain the decrease in DP  

concentrations on ditch I and IV.  
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3.1.2. Total phosphorus 

Total P (TP) concentrations in the ditch water did not differ between pasture 

types but showed differences among ditches. Ditch IV had significantly higher  

TP concentrations in comparison to all other ditches (Table 4; Fig. 12-15). The mean TP 

concentration in the water was 0.461 mg L-1.  
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Figure 11: Relationship between dissolved orthophosphate (DP) and total phosphorus (TP) concen-
trations in the water 

 

Water TP was correlated to DP (R² = 0.73) (Fig. 11) but there was no difference 

in the percentage of DP on TP between pasture types. DP made up about 68 % of TP. A 

runoff experiment on IMP and SN pastures on Buck Island Ranch showed a significant 

difference in the ratio of DP/TP. IMP pasture runoff had a higher fraction of DP on TP 

(0.73) in comparison to SN pasture runoff (0.41) suggesting the strong influence of past 

inorganic phosphorus fertilization on DP concentrations in IMP pasture runoff  

(MacArthur Agro Ecology Research Center, 2004). It appears that due to the mixing of 

IMP and SN ditch water my experiment did not show these differences.  
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Figure 12: P concentrations of ditch segments I1 and SN1 (ditch I) Figure 13: P concentrations of ditch segments I2 and SN2 (ditch II) 
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Figure 14: P concentrations of ditch segments I3 and SN3 (ditch III) Figure 15: P concentrations of ditch segments I5 and SN6 (ditch IV) 
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3.2. Sediment parameters 
 

Table 5: ANOVA p-values for pasture type (IMP/SN), ditch (I, II, III, IV), and interactions for  
pasture type versus ditch 

Source TP DAP WSP OM PSI DPS 

Pasture type 0.027 0.138 0.088 0.094 0.805 0.220 

Ditch 0.046 0.037 0.002 0.005 0.001 0.029 

Pasture type x Ditch 0.040 0.196 0.174 0.185 0.089 0.876 
 

Table 6: Sediment phosphorus concentrations mean ± SE for pasture type (n = 32). 

Parameter Improved pastures Semi-native pastures 

TP (mg kg-1) 322.14a* ± 69.41 148.82b ± 26.31 

DAP (mg kg-1) 25.81a ± 6.35 12.43a ± 2.53 

WSP (mg kg-1) 6.56a ± 1.45 4.87a ± 1.67 

OM (%) 13.65a ± 3.37 8.57a ± 1.99 

PSI (mg kg-1) 1300a ± 276 1025a± 158 

DPS (%) 2.35a± 0.53 2.15a ± 0.66 
*Mean concentrations followed by the same letter superscript within a row are not different by Tukey test 

(α = 0.05)  
 

Table 7: Phosphorus concentrations mean ± SE of the four replicated ditches 

Ditch TP 

(mg kg-1) 

DAP 

(mg kg-1) 

WSP 

(mg kg-1) 

OM 

(%) 

PSI 

(mg kg-1) 

DPS 

(%) 

I 232.48a* 7.76a 6.81b 14.23b 821ac 1.55a

II 94.11a 16.31ab 1.29a 3.34a 533a 3.86a

III 306.48a 37.01b 3.04ab 9.38ab 1196bc 3.23a

IV 300.03a 17.06ab 10.84b 17.70b 2014b 0.72a

*Mean concentrations followed by the same letter superscript within a column are not different by Tukey 

test (α = 0.05) 
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3.2.1. Total phosphorus 

Total phosphorus (TP) concentrations in the ditch sediment were significantly 

different between pasture types. IMP pasture ditch sediments had about 2.3 times higher 

TP concentrations than SN pasture ditches. Gathumbi et al. (2005) found that improved 

pasture wetland soils on Buck Island ranch have significantly higher total phosphorus 

concentrations than semi-native pasture wetland soils and that soil phosphorus concen-

trations decreased with depth. Due to the high variability in TP concentrations the 

Tukey test did not show any differences between ditches (Fig. 16 – 19). The mean TP 

concentrations of ditch sediments in IMP pastures was 324 mg kg-1 and 142 mg kg-1 in 

SN pastures. Hill (2003) found mean TP concentration (0-8 cm) in upland soils of  

132 mg kg-1 and 376 mg kg-1 in wetland soils. 

Chen et al. (2001) found on 448 Florida soils a significantly difference in TP 

concentration between disturbed soils (anthropogenic pollutions) and undisturbed soils. 

In the Lake Okeechobee basin natural areas and lands used for pastures showed soil TP 

concentrations in the surface horizon from 30 to 150 mg kg-1. The TP concentrations in 

undisturbed Florida soils have a strong correlation to the clay, organic C total Fe and Al 

content (Graetz et al., 1995).  

The similarities in TP concentrations of wetland soils and ditch sediments sug-

gest that they both may act as sinks for phosphorus movement. Wetland and stream  

systems function as sinks for phosphorus under most conditions because they offer long 

flow paths between uplands and the receiving water bodies, so they should be efficient 

sinks for the P fractions that have the potential to leave the uplands (Reddy et al., 1996). 
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Figure 16: Total P concentrations of ditch sediments I1 and SN1 (ditch I) Figure 17: Total P concentrations of ditch sediments I2 and SN2 (ditch II) 
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Figure 18: Total P concentrations of ditch sediments I3 and SN3 (ditch III) Figure 19: Total P concentrations of ditch sediments I5 and SN6 (ditch IV) 
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3.2.2. Double-acid extractable phosphorus  

The Mehlich 1 soil test for phosphorus also known as the diluted double acid or 

North Carolina extractant is an extraction from the soil by a weak acid solution. A  

double acid extraction (DAP) value of 20 to 25 mg P kg-1 is generally considered to be 

optimum for plant growth, although this may vary slightly between soil types and  

cropping systems. DAP did not differ between pasture types but the mean DAP concen-

tration of ditch III was about five times higher in comparison to ditch I. For example a 

rating scale for DAP in Delaware soils is as follows: low (<13 mg P kg-1), medium  

(13-24 mg P kg-1), optimum (25-50 mg P kg-1), and excessive (>50 mg P kg-1). The 

mean DAP for IMP and SN ditch sediments was 19 mg kg-1. However, ditch segment I3 

had significantly higher DAP concentrations in comparison to all other ditch segments 

reaching a mean DAP concentration of 53.35 ± 14.89 mg kg-1 (n = 4). Nair et al. (2002) 

found DAP concentration of 14.9 mg kg-1 on Spodosol beef pastures in Florida and a 

grid sampling study conducted on pasture soils on Buck Island Ranch showed mean 

DAP concentrations of 10.48 mg kg-1 in IMP and 4.76 mg kg-1 in SN pastures soils 

(MacArthur Research Center, 2004). Studies on Buck Island Ranch showed that DAP 

concentrations in wetlands are significantly higher than in adjacent upland soils (Hill, 

2003; Sperry, 2004). In 105 wetland soils on Buck Island Ranch the mean DAP concen-

tration was 69 mg kg-1 in the detrital layer and 12 mg kg-1 in the mineral soil layer (0-

15) but DAP based on soil mass was twice as high in the mineral soil layer (0-15) in 

comparison to the detrital layer (Sperry, 2004).  

DAP made up about 11 % (n = 32) of TP in ditch sediments and showed a rela-

tionship to TP (r = 0.57 p<0.001) (Fig. 20). Pautler et al. (2000) found a correlation of 

DAP and TP of r = 0.57. 

 37 



y = 0.07x + 4.41
R2 = 0.52, n = 55

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800 1000 1200

Total P (mg kg-1)

D
A

P 
(m

g 
kg

-1
)

 

Figure 20: Relationship between total phosphorus and double acid phosphorus for ditch sediments 

 

3.2.3. Water soluble phosphorus 

Water soluble phosphorus (WSP) concentrations did not differ between pasture 

types but were different among ditches. The mean WSP concentration of ditch segment 

IV was about 8 times higher in comparison to ditch II (Table 7). The mean WSP in the 

sediment was 5.7 mg kg-1. WSP concentrations in wetlands on Buck Island Ranch in 

IMP and SN pastures showed a mean WSP concentration of 5 mg kg-1 in the mineral 

soil layer (0-15 cm) (Sperry, 2004). WSP was correlated to TP (r = 0.40 p<0.002) water 

DP (r = 0.41 p<0.002) and organic matter (r = 0.50 p<0.0001) and made up 3.53 %  

(n = 32) of TP in the sediments. Pautler et al. (2000) found also a correlation of WSP to 

DAP of r = 0.71 however my data did not show this correlation.  

 

3.2.4. Plant total phosphorus 

There was no significantly difference in plant TP concentrations between IMP 

and SN ditches. The mean plant TP was 3,084 µg P g-1 plant which corresponds to  

0.31 % (SE=0.013) TP content of dry plant tissue. 
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3.2.5. Organic matter 

Organic matter (OM) in ditch sediments did not differ between pasture types but 

was different among ditches. Ditch II had a significant lower mean OM in comparison 

to the other ditches (Table 7). OM averaged 11 % and was most correlated to TP  

concentration in the sediment (r = 0.91 p<0.0001) (Fig. 21), phosphorus sorption index 

(PSI) (r = 0.53 p<0.0001), WSP (r = 0.50 p<0.0001) and DAP (r = 0.30 p<0.03). 

Phosphorus bound to organic matter (organic phosphorus) constitutes about  

50 % of the TP of the biosphere. Organic P compounds are associated with positively 

charged sites on organic matter, clay particles, or cations in soil solution (Zhou et al., 

1997). The fraction of organic P decreases with depth and is the highest in the detrital 

soil layer. About one third of the TP in sediments consists of organic P (Boström et al., 

1982). However, Hill (2003) found on wetland soils of Buck Island Ranch that organic 

P made up about 60 % of the total P fraction in the surface layers (Table 8). 
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Figure 21: Relationship between total phosphorus and organic matter for ditch sediments 
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Table 8: Mean P fractionation concentrations by depth and percentage P by fraction in upland and 
wetland soils on Buck Island Ranch (from Hill, 2003) 

 
Depth (cm) P Fractions Uplands Wetlands 

 mg/kg mg/kg 

Labile P 18 13 % 34 9 % 

Fe/Al P 13 10 % 36 10 % 

Ca/Mg P 2 1 % 6 2 % 

Organic P 80 61 % 207 55 % 

Residual 19 15 % 93 25 % 

 

 

 

8 

Σ P Fractions 132 100 % 376 100 % 

Labile P 3 12 % 13 8% 

Fe/Al P 3 12 % 16 9 % 

Ca/Mg P 0 1 % 2 1 % 

Organic P 16 60 % 102 60 % 

Residual 4 15 % 37 22 % 

 

 

 

26 

Σ P Fractions 27 100 % 170 100 % 

Labile P 2 9 % 3 4 % 

Fe/Al P 3 12 % 13 17 % 

Ca/Mg P 0 1 % 1 1 % 

Organic P 12 54 % 42 55 % 

Residual  5 24 % 18 24 % 

 

 

 

44 

Σ P Fractions 23 100 % 76 100 % 

 

 

 40 



3.2.6. Phosphorus sorption index  

There was no difference in the phosphorus sorption index (PSI) between pasture 

types but the PSI showed differences between ditches and had the lowest mean index in 

ditch II (Table 7). The P sorption index (PSI) at 1000 mg L-1 was best correlated to  

organic matter (r = 0.53 p<0.0001) (Fig. 23). Soil and sediment organic matter is asso-

ciated with aluminum and iron complexes which can precipitate phosphorus from the 

liquid phase (Zhou et al., 1997). Zhou et al. (2001) found on calcareous soils in Florida 

an abrupt change in slope in the P isotherm when solution P concentrations reached  

400 to 600 mg P L-1. This abrupt change in slope did not occur in soils low in carbonate 

and high in non-carbonate clay. The abrupt change in slope of the sorption isotherms 

suggest that P precipitation at the carbonate surface began do dominate the process as 

concentrations increased beyond that of the point of inflection therefore he used a P 

concentration of 400 mg P L-1 to determine the single point isotherm. My isotherm data 

showed as well that high P concentrations lead to P precipitation reactions rather than 

adsorption (Fig. 22), therefore it is not advisable to perform single point isotherms with 

such high P concentrations. My findings that organic matter is correlated to the sorption 

maximum of ditch sediments are only valid at high P concentrations where precipitation 

dominates over adsorption reaction. White and Thomas (1981) even stated that greater P 

losses can occur in acid organic or peaty soils, where the adsorption affinity and capac-

ity for P is low because of the predominantly negative charged surfaces and the com-

plexation of Al and Fe by organic matter, than in most mineral soils. Studies on several 

sandy Coastal Plains soils in Florida showed an independence of P adsorption of or-

ganic matter but that P was more readily desorbed from horizons (Bh) containing  

Al-organic matter complexes (Zhou et al., 1997). The sorption maximum in acidic soils 

depends on Al and Fe hydrous oxides and the phosphorus sorption maximum of soils 

increases with clay content (McDowell et al., 2003). 

The low PSI in ditch II may be attributed to the significantly lower OM content 

which influenced the sorption/precipitation potential of the sediments.  
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Figure 22: Phosphorus sorption isotherm showing the precipitation reaction for P concentrations 
above 100 mg L-1. 
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Figure 23: Relationship between organic matter and phosphorus sorption index at 1000 mg L-1 for 
ditch sediments 
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3.2.7. Sorption isotherms 

Sorption isotherms were performed on nine sediments located on the replicated 

ditch segments I1,SN1 and I3,SN3. From this isotherm data the equilibrium P concen-

tration (EPC) (Fig. 24) and the Langmuir sorption maximum was calculated (see phos-

phorus sorption, Fig. 9).  
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Figure 24: Linear P-sorption isotherm of ditch sampling point SN1.2 

 
Table 9: Isotherm parameters of selected sample points 

Sample ID 

EPC 

(mg L-1) 

Langmuir 

Smax (mg kg-1) 

PSI 

(100 mg kg-1) 

PSI 

(1000 mg kg-1) 

I1.1 6.42 23 27 231 
I1.4 3.81 227 126 567 
SN1.2 0.87 189 186 302 
SN1.4 0.21 769 604 2498 
I3.1 1.33 313 229 1018 
I3.4 0.005 769 766 1995 
SN3.1 0.15 250 227 596 
SN3.4 0.08 385 348 1026 
SN4.4 1.12 175 131 2025 
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For the nine ditch sediments a PSI using 100 mg L-1 was calculated (Table 9). 

Neither the PSI at 100 mg L-1 nor the Langmuir Smax differed between pasture types. 

The calculated Langmuir Smax had no significant correlation to the PSI at 1000 mg L-1 

but was highly correlated to the PSI at 100 mg L-1 (r = 0.95 p<0.001). Smax of ditch 

sediments ranged from 23 to 769 mg kg-1 with a mean of 344 mg kg-1 (n=9). Smax in 

Lake Okeechobee sediments ranged from 31 to 1240 mg kg-1 and had the highest Smax 

in the surface 0 – 5 cm (mud sediments). Sandy surface sediments of Lake Okeechobee 

had the lowest Smax (Olila et al., 1993).  

The EPC values decreased along path of water flow but I did not find a signifi-

cant difference in EPC between pasture types, the reason being that I3.4 had a very low 

EPC value (Fig. 25) and that the sample size was too small to compensate the high vari-

ability of sample values. Surprisingly the EPC values of ditch I showed the same  

decrease as the DP concentrations (compare Fig. 12 and 25). It appears that DP concen-

trations in ditch I decreased because SN ditch sediments had a lower tendency to release 

DP to the ditch water. The mean EPC for ditch sediments was 1.56 mg L-1 (SE=0.72). 

Stream sediments and wetland soils in the Lake Okeechobee Basin have EPC values 

ranging from 0.031 to 9.05 mg L-1 (Reddy et al., 1995). The EPC value  

(n = 9) was best correlated to the PSI of 100 mg L-1 (r = -0.83 p<0.005), Langmuir 

Smax (r = -0.72 p<0.03) and WSP (r = 0.93 p<0.0002). Young (2001) found a correla-

tion of EPC to WSP of r = 0.74 as well suggesting that higher WSP concentrations  

result in a loss of P from the sediment to the water column at low water P  

concentrations.  High EPC values of sediments indicate that they may act as P sources at 

very low solution P concentrations (Graetz and Nair, 1995).
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Figure 25: Equilibrium phosphorus concentration for selected sampling points on ditches I1/SN1 
and I3/SN3 

 

3.2.8. Degree of phosphorus saturation  

There was no difference in degree of P saturation values (DPS) between pasture 

types and ditches. The average DPS value was 2.25 %. Nair and Graetz (2002) showed 

that DPS and water soluble P of soils are significantly correlated for all soil horizons 

suggesting that the DPS value can be used as an indicator for P loss potential of soil. 

The highest DPS values on Buck Island Ranch were found in the detrital layer of IMP 

pasture wetland soils with 62 %. DPS values of wetland soils declined significantly with 

depth and averaged 9 % in the 0-15 cm mineral layer of IMP pasture wetlands (Sperry, 

2004). The reason for the low DPS values in my project is mainly the high single point 

sorption index (PSI), which is caused by P precipitation reactions. Therefore I cannot 

draw any conclusion concerning the DPS value.  
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3.3. Physical parameters 
 

Table 10: ANOVA p-values for pasture type (IMP/SN), ditch (I, II, III, IV) and interactions for 
pasture type versus ditch 

Source pH Cond. DO Cross-section 

Treatment 0.130 <0.001 0.962 0.109 

Ditch <0.001 <0.001 0.261 0.412 

Treatment x Ditch 0.340 0.036 0.539 0.233 

 

Table 11: Physical water parameters mean ± SE for pasture type (n = 32) 

Physical Parameters Improved pastures Semi-native pastures 

pH 5.81a ± 0.10 5.51a ± 0.12 

Cond. (mS cm³) 0.182a ± 0.016 0.107b ± 0.012 

DO (mg L-1) 2.97a ± 0.20 2.95a ± 0.21 

Cross-section (m²) 1.33a ± 0.21 2.15a ± 0.48 
*Mean concentrations followed by the same letter superscript within a row are not different by Tukey test    

(α = 0.05) 
 

Table 12: Physical water parameters mean ± SE of the four replicated ditches 

Ditch pH Cond. 

(mS cm³) 

DO 

(mg L-1) 

Ditch cross-section 

 (m²) 

I 5.50a 0.138ab 2.83a 2.2a

II 5.49a 0.135bc 3.08a 1.25a

III 6.14b 0.200c 3.33a 2.15a

IV 5.52a 0.108a 2.61a 1.35a

*Mean concentrations followed by the same letter superscript within a column are not different by Tukey 

test (α = 0.05) 
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3.3.1. Dissolved oxygen 

There was no significant difference in dissolved oxygen (DO) levels in the wa-

ter. The DO concentration ranged from 1.38 to 5.30 mg L-1 and averaged 2.96 mg L-1  

(n = 32). DO levels may have an influence on P release from sediments to the water 

column, low DO concentrations in the microcosm floodwater can result in mobilization 

of P from pore water to floodwater because Fe2+ can no longer be oxidized due the  

anoxic floodwater these results in the mobilization of phosphate from sediment to 

floodwater (Moore and Reddy, 1994). Most fish and aquatic organisms need DO  

concentrations above 3 mg L-1 (Community Clean Water Institute, 2005). 

 

3.3.2. Conductivity  

The Conductivity was significantly different between pasture types, however 

pasture ditch interaction revealed that the difference between pasture types is  

predominantly based on the low conductivity levels of ditch segment SN6  

(mean: 0.083 mS cm-3). SN6 differed significantly from all other ditch segments  

(Fig. 29). Dissolved orthophosphate concentrations in the water of SN6 were not  

significantly lower in comparison to the other ditches therefore it is not clear what  

factors contributed to such low conductivity levels in this ditch segment. Conductivity 

was best correlated to DP (r = 0.52 p<0.001), pH (r = 0.58 p<0.001), DPS  

(r = 0.48 p<0.001) and DAP (r = 0.39 p<0.006) (n = 48). The mean conductivity in IMP 

pasture ditches was 0.183 mS cm-3 and in SN pasture ditches was 0.107 mS cm-3. 

 

3.3.3. pH 

There was no difference in pH between pasture types but ditch III (Table 12) had 

the highest pH in comparison to the other ditches. The mean pH was 5.66. The pH was 

correlated to conductivity (r = 0.58 p<0.001), DAP (r = 0.43 p<0.002). 
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3.3.4. Ditch cross-section  

I assumed that phosphorus concentrations on the ditch would decrease along 

path of water flow because of a dilution effect with SN pasture runoff containing lower 

P concentrations. Therefore I calculated the cross-section of the ditch to account for the 

water volume but the ANOVA model did not show a difference between IMP and SN 

ditches, possibly because of the high variability of the data. 
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Figure 26: Conductivity I1 and SN1 (ditch I) Figure 27: Conductivity I2 and SN2 (ditch II) 
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Figure 28: Conductivity I3 and SN3 (ditch III)  Figure 29: Conductivity I5 and SN6 (ditch IV) 
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3.4. Summary of all ditch sampling points and correlations 
 

Table 13: Summary of all ditch sampling points (n = 48) giving the range, the mean and the standard error (SE) for  
the whole data set.  

 IMP pasture ditches SN pasture ditches 
 Range Mean SE Range Mean SE 
Water                     
Dissolved P (mg L-1)          0.107 - 1.001 0.393 0.054 0.027 - 0.703 0.185 0.035
Total P (mg L-1)          0.234 - 1.658 0.529 0.070 0.027 - 0.974 0.319 0.060
Sediment           
DAP (mg kg-1)           2.57 - 86.09 26.71 5.43 2.48 - 40.45 11.83 1.71
Total P (mg kg-1)          33.35 - 889.54 275.27 50.15 30.29 - 384.03 128.72 20.63
WSP (mg kg-1)          0.00 - 21.81 6.00 1.05 0.00 - 24.69 4.11 1.14
PSI (mg kg-1)           138 - 3609 1338 197 156 - 3187 1316 155
OM (%)           1.83 - 45.93 11.17 2.36 0.91 - 28.88 7.80 1.44
pH            5.14 - 6.54 5.98 0.09 4.72 - 6.35 5.66 0.09
DO (mg L-1)           1.38 - 4.63 2.91 0.18 1.90 - 5.30 2.93 0.18
Cond. (mS cm-3)          0.126 - 0.363 0.190 0.011 0.052 - 0.215 0.105 0.008
Temperature (°C)          21.0 - 29.0 24.3 0.4 22.9 - 27.9 25,2 0.3
Plant           
Total P (µg g-1)          2118 - 4051 2884 115 1942 - 6042 2906 175
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Figure 30: Figure showing all significant (p<0.05) correlations (r) for drainage ditches by the Spearman’s rank test (n = 42). Asterisks indi-
cate significant differences between IMP and SN pasture ditches. 
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3.5. Drained wetlands  

Table 14: Comparison of wetland soils and ditch sediments 

Parameters Ditch sediments  

(n = 32) 

Wetland soils 

(n = 7) 

Total phosphorus sediment (mg kg-1) 235a* ± 40 471b ± 114 

DAP (mg kg-1) 19.06a ± 3.57 30.45a ± 10.59 

WSP (mg kg-1) 5.72a ± 1.1 7.30a ± 1.77 

OM (%) 11.48a ± 1.98 33.16b ± 7.75 

*Mean concentrations followed by the same letter superscript within a row are not different (p<0.05) 
 

The seven sampled wetland soils of my experiment did not show a difference  

between pasture types. The wetland soils had greater amounts of soil TP and OM  

(Table 14) in comparison to ditch sediments. Reddy et al. (1995) found on drained wet-

land and stream sediments in the Lake Okeechobee basin that they have a larger labile P 

pool and therefore may act as potential P sources when flooded. This results from a 

higher organic matter accumulation. Drainage can increase mineralization of the organic 

matter through increased aeration of the soil therefore drying out of ditched wetlands 

should be avoided (Bottcher, 1998).  

 

  Figure 31: Picture showing a drained wetland in Florida (Adam Peterson) 
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3.6. Natural background levels of phosphorus  
 

Table 15: Phosphorus concentrations mean ± SE of improved pasture ditch 6 and semi native  
pasture ditch 5 (Table 1). 

Phosphorus parameter I 6 SN 5 

Dissolved ortho-P (mg L-1) 0.483a* ± 0.083 0.035b ± 0.007 

Total P water (mg L-1) 0.483a* ± 0.083 0.035b ± 0.007 

TP sediment (mg g-1) 227.97a ± 88.31 52.33a ± 11.57 

OM (%) 6.05a ± 2.00 3.63a ± 0.77 

Conductivity 0.209a ± 0.009 0.102b ± 0.011 

pH 6.30a ± 0.117 6.06a ± 0.112 

TP plant tissue (µg g-1) 2965a ± 330 2081b ± 81 

TP plant tissue (%) 0.30a ± 0.03 0.21b ± 0.01 
*Mean concentrations followed by the same letter superscript within a row are not different (P<0.05, 

Kruskal-Wallis test) 
 

The ditch segment SN5 (length = 2,760 m) is located in a semi native pasture 

which has never been fertilized nor limed. The mean DP concentrations in this ditch 

were 0.035 mg L-1 (n = 4) (Fig. 32) and TP in the ditch sediment was 52.33 mg L-1  

(Fig. 34). In comparison the ditch segment I6 (length = 3,735) is solely located in an 

improved pasture. The mean DP concentrations in the water was 0.483 mg L-1 (n = 4)  

(Fig. 33) and TP in the sediment was 227.97 mg L-1 (Fig. 35). The water DP concentra-

tions did not decrease but stayed at a constant level across the whole ditch and TP in the 

water consisted solely of DP. The significant higher water volume and water depth of 

these two ditches suggests that while sampling less sediment was disturbed and so there 

was no particulate P in the water samples. An explanation for the decreasing TP concen-

trations in the ditch sediment of I6 (Fig. 35) is that the ranch management possibly 

cleaned the downstream section more often than the upstream section. Due to the small 
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sampling size and the lack of normality the nonparametric Kruskal-Wallis test was per-

formed to show the differences in P concentrations on these two ditches. The ditches 

showed a significant difference in DP concentrations (P<0.003) and an almost  

significant difference in sediment TP concentrations (P<0.08). There was no  

significantly difference in organic matter between the ditches (p<0.47) but surprisingly 

ditch I6 had a higher phosphorus concentration (30 %) in the plant tissue than  

SN5 (21 %) (P<0.02). The same result was found by Gathumbi et al. (2005) for wetland 

plant tissue on Buck Island Ranch. The plant tissue of wetlands embedded in improved 

pastures had a significantly higher phosphorus concentration. The higher dissolved  

orthophosphate concentrations in improved pasture ditches may result in higher plant 

phosphorus concentrations. The phosphorus enriched plant tissue of improved pasture 

ditches may potentially contribute to higher sediment phosphorus concentrations when 

dead plant material accumulates on the bottom of the ditch.  
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Figure 32: Water phosphorus concentrations of SN5 Figure 33: Water phosphorus concentrations of I6 
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Figure 34: Sediment TP concentrations of SN5 Figure 35: Sediment TP concentrations of I6
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3.7. Black Box approach 
 

Using the data from the government monitoring program I tried to estimate how 

many years of phosphorus runoff it will take for the TP concentration of improved  

pasture soils to reach the levels of a semi-native soils assuming that the P runoff con-

centration from these pastures is reflected by their soil TP concentrations [7]. All data 

for this calculation was taken from the final report of Best Management Practices 

(BMPs) for Beef Cattle Ranching in the Lake Okeechobee Basin  

(MacArthur Agro-ecology Research Center; 2004) 

 
Table 16: Phosphorus balance for Buck Island Ranch 

 

 

Average total P load by year 
IMP 

pastures 
SN 

pastures Total 

MAERC land use (ha) 1,985 2,185 4,170 

Average rainfall (cm year-1) 125.1 125.1  

Average runoff from pastures (cm) 20.5 20.5  

Average TP runoff concentration (mg L-1) 0.63 0.15  

Total phosphorus load leaving the ranch (kg ha-1) 1.71 0.25  

Total phosphorus load leaving the ranch (kg year-1) 3,394 546 3,941 

Phosphorus conc. pasture soil (top 15 cm) 
IMP 

pastures 
SN 

pastures 

Total P (mg kg-1) 167.06 119.23 

Total P (g m-2) upper 15 cm block 25.97 15.12 

Total P (kg ha-1) upper 15 cm block 260 151 

Difference IMP TP to SN TP (kg ha-1) 109 

Runoff from improved pastures to reach today’s  
semi native pasture soil P concentration (years) 64 
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=  [7] 

 

At current ranch management it would take about 64 years for improved  

pastures to reach the soil TP concentrations of the semi native pastures assuming a 

steady loss of P from the ranch over time. The actual time might be much longer  

because the annual rate of P loss from improved pasture may decline with declining soil 

P levels. McCollum (1991) estimated that without further P additions, 16 to 18 years of 

corn or soybean production would be needed to deplete Mehlich III soil test P in a 

Portsmouth fine sandy loam from 100 mg P kg-1 to the agronomic threshold level of 20 

mg P kg-1. Therefore it seems absolutely necessary to develop ranch management prac-

tices to remove P from the system. Since runoff from pastures accumulates in drainage 

ditches using them for phosphorus management seems to be more sustainable in com-

parison to the construction of huge artificial treatment wetlands.  
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3.8. Best Management Practices for drainage ditches 
 

3.8.1. Water management 

Water management can be crucial factor in controlling phosphorus losses from 

land. In the winter months drying out of phosphorus impacted sediments and wetland 

soils should be avoided by using flashboards to maintain a minimum water level.  

Draining and soil exposure can lead to large P flux to the overlying water column. 

Floodwater dissolved phosphorus concentrations were 10 times higher in soils drained 

for 6 weeks than in soils drained for 3 weeks (Olila et al., 1997). Sediment exposure 

enhances organic matter decomposition and mineralization which can release nutrients. 

The relative proportion of soil forms in wetlands are strongly influenced by water level 

drawdown, draining and aerobic decomposition of soil organic matter. Sediments con-

taining a large fraction of microbial biomass P can undergo rapid mineralization during 

water-level drawdown and drainage, this causes when re-flooding occurs a rapid release 

of mineralized inorganic P to the overlying water column. If drawdown is absolutely  

necessary addition of chemical amendments should be considered as an option to avoid 

rapid, initial P release during re-flooding (Olila et al., 1997). Alternatively flashboard 

can be kept at higher levels to retain much of the water and the first flush of P during 

reflooding. Experience on stormwater treatment wetlands in South Florida showed that 

a minimum depth of 15 cm should be always maintained and that maximum water stage 

should not exceed 137 cm for more than 10 days (South Florida Environmental Report, 

2005).  

The TP concentration in the water on Buck Island Ranch was correlated to the 

groundwater table (r = 0.66 p<0.001; n = 48) (Fig. 37) and rainfall (r = 0.47 p<0.001). 

The groundwater table and rainfall data showed a correlation of (r = 0.52 p<0.001). DP 

in the water has been measured since October 2003. DP was highly correlated to the 

groundwater table (r = 0.79 p<0.0005) and the ratio of DP/TP showed also a correlation 

to the groundwater table (r = 0.64 p<0.0001) (Fig. 36). In the summer months when the 

groundwater table was extremely shallow DP concentrations and the percentage of DP 

on TP were higher, this suggests that at high water tables DP is released from the P  

enriched detrital and the mineral soil layer. Water flowing across the soil surface can  
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dissolve and transport soluble P or detach and transport particulate P. Since the highest 

P concentrations in soils are found in the upper 0 to 5 cm, phosphorus can be dissolved 

from that soil layer to the water column. Nair et al. (1998) found that the top horizon of 

Spodosols (detrital layer) showed a zero adsorption maximum which suggest that this 

horizon when flooded will release P to the overlaying water. Very shallow (0.6 to 1 m) 

ground water contains much higher levels of P than deeper (2.5 to 6 m) groundwater. 

The surface runoff in sandy flatwood watersheds is a function of total available soil pro-

file storage. Infiltration rates exceed in most cases the rainfall rates and therefore sur-

face runoff does not occur until the soil is saturated, preventing further infiltration 

(Campbell et al., 1998). Enhancing infiltration of water into the soil through keeping the 

groundwater table low during the raining season could potentially reduce DP losses due 

to the sorption of P by deeper soil layers and the prevention of surface runoff. However, 

the groundwater levels are determined by the main drainage canals in the region, and 

with new efforts to retain more water in the watershed it is unlikely that groundwater 

levels could be lowered. Retaining more water in the ditches with riser boards would 

allow more water to infiltrate rather than runoff and could reduce P loading 
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Figure 36: Part of DP on TP for different groundwater tables (October 03 – December 04).
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Figure 37: Water total phosphorus concentration of additional ranch data (Fig. 10) from 2001-2004 in relation to the groundwater table.  

 60 



3.8.2. Harvesting water hyacinth and aquatic weeds 

During the growing season in Florida most of the ditches on the ranch are  

partially or fully covered with floating aquatic weeds like water hyacinth, duck weed 

and water lettuce. From time to time the ranch management cleans the ditches of aquatic 

weeds and sediments and places them on the slope of the ditch, where the fate of the 

phosphorus enriched sediments and plant tissue is uncertain (Fig. 38). During the winter 

season at low water tables the aquatic vegetation dies and accumulates as organic matter 

in the ditch sediment (Fig. 39). The base sediment of ditches consists of compacted 

biomass from old plants, overlaying by more recently deposited detritus and benthic 

growth. Studies in the Everglades Agriculture area showed aquatic weed coverage to be 

as much as 50 % of the drainage conveyance area on farms without weed control and 

even on farms practicing weed control the coverage averaged more than 20 %. In the 

Everglades Agriculture Area approximately 60 % of the exported particulate  

phosphorus load is associated with aquatic plants and their detritus production (Daroub 

et al., 2002). 

 

 

 

 

 

 

Figure 38: Ditch cleaning by using an excavator and placing the sediment and plant tissue on the 
slope of the ditch bank  
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Figure 39: Seasonal ditch cycling showing a ditch segment with high aquatic vegetation coverage in 
the growing season (left) which dies and undergoes decomposition during winter months 
(right).  

 

In tropical and subtropical habitats, mortality of water hyacinth occurs  

throughout the year, usually as much as new material is produced, so that the biomass 

remains more or less constant (Sculthorpe, 1967). Reddy et al. (1991) calculated that 

detrital production from water hyacinths could be as high as 15 grams per day per 

square meter of hyacinth mat present in a density of about 900 g m-2. This detritus pro-

duction led to an P deposition at the sediment-water interface of 19 kg ha-1 year-1 

(Reddy et al., 1991) The best growth rate and adsorption of phosphorus from the water 

by water hyacinth is achieved when the N:P ratio in the water is around 2.3 and 5 

(Reddy and Tucker, 1983). The N:P ratio of improved pasture ditch water from a runoff 

study lasting six years on Buck Island Ranch was 5.8 with an average TP concentration 

of 0.63 mg L-1 which suggests good conditions for water hyacinth growth. Phosphorus 

concentrations higher than 1.06 mg L-1 do not rise the growth rates of water hyacinth 

(Reddy et al., 1983).  

Several studies on water hyacinth showed that the plant has a high capacity to 

remove nutrients from the water body and the rapid growth allows the plant to be har-

vested several times a year. Gutierrez et al. (2001) found a duplication time for water 

hyacinth of 7.4 days during the summer months and water hyacinth in a dam reached a 

biomass production of 144 t ha-1 year-1 of dry matter. Water hyacinth growth decreases 

by up to 90 % in the winter months. The growth rate is affected by nutrients, climate, 
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space and compaction and maximum cover generally occurs when the surface area is 

smallest, and consequently, storage volume lowest. The subtropical climate in Florida 

with mild winters offers optimum growth conditions for this aquatic weed. The average 

biomass production for water hyacinth in Florida is 52 g dry weight m-² day-1 and this 

was observed during June and July, with a maximum value of 64 g m-² day-1 which 

leads to a productivity for water hyacinth ranging from 106 to 144 tons of dry weight 

per hectare per year (Reddy et al., 1984). The nutrient uptake of water hyacinth changes 

seasonally and is influenced by temperature (optimum at 25 – 28 °C) and photoperiod 

(optimum at long photoperiods; 14 h light) (Petrucio and Esteves, 1999). Water  

hyacinth showed phosphorus uptake rates ranging from 50 to 542 mg P m-² day-1 and 

reduced the TP concentration in a laboratory experiment at TP concentration ranging 

from 0.6 to 6 mg L-1 by up to 90 % and therefore had the best performance in nutrient 

uptake in comparison to other floating aquatic plants (Petrucio et al., 2000). Dairy  

manure wastewater treatment with water hyacinth at mean TP concentrations of 34 mg 

L-1 showed in a 31 day batch incubation period a reduction in TP of 98.5 % and per-

formed best in TP reduction in comparison to pennywort and water lettuce. Rodriguez-

Gallego et al. (2004) found on a subtropical lake in Uruguay that harvesting floating 

hydrophytes including the species water hyacinth (Euchhornia crassipes) removed the 

equivalent of 39-78 % of the phosphorus load associated with the water column. The 

average P content of water hyacinth biomass for the whole plant ranges from  

0.37 to 0.43 % of total dry weight (Rommens et al., 2003). The selected plant species in 

my experiment had a phosphorus content of 0.29 % of dry weight.  

Assuming a growing season in Florida of 180 days water hyacinth could produce 

10 kg dry weight m-2 year-1 Table (17). Reddy et al. (1984) found that the maximum 

biomass production was achieved at 2.3 kg dry weight m-2 of standing water hyacinth, 

therefore water hyacinth could be harvested four times a year which would remove 

about 0.04 kg P m-2 year-1. 
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Table 17: Water hyacinth phosphorus uptake parameters and biomass production 

 Literature  
g DW*m-2 

day-1

Growing 
season 
Florida 
(days) 

kg DW 
m-2 year-1

Maximum 
biomass stand 
(kg DW m-2) 

Harvests 
per year 

Biomass 
production 

Reddy et al., 1984 
Gutierrez et al., 

2001 55.1 180 10 2.3 4 
 
 
 
       

  
% of dry 
weight 

phosphorus removal 
(kg m-2 year-1)   

   Phosphorus 
uptake Rommens, 2003 0.40 0.04   

*DW = dry weight 

 

Ditch I6 had high DP concentrations and would be well accessible for water 

hyacinth harvesting. Harvesting water hyacinth four times a year at a vegetation  

coverage of 10 % would lead to a P export from the this ditch by 134 kg year-1. This 

corresponds to 4 % of the TP load leaving the ranch as improved pastures runoff per 

year.  

The advantages of harvesting the plant are that oxygen depletion from rotting 

vegetation is avoided and nutrients bound in vegetation are also removed from the water 

body. Since water hyacinth contains up to 95 % moisture (Rommens et al., 2003)  

transport costs for processing the plant offsite the ranch are pretty high therefore using 

water hyacinth directly on the ranch would potentially reduce transport costs. 
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3.8.3. Water hyacinth for cattle feed 

AMASEK Inc. (1988) produced cattle feed from water hyacinth harvested at a 

waste water treatment plant in Kissimmee, Florida. After harvesting, the plant was 

chopped to a particle size of 1.6 cm² and pumped to a horizontal screw press for partial 

water removal, afterwards the material was dried for 24 hours to reduce the moisture 

content to 0.1 % of dry matter. The dried water hyacinth was then stored in paper feed 

packs. The qualitative analysis of the oven composite dried product had nutrient  

contents of 12.26 % total protein, 42.88 % nitrogen, 0.37 % phosphorus, 1.62 %  

potassium and 34.14 % fibre. This is comparable to the nutritional values of molasses. 

AMASEC Inc. found that cattle can eat blended feed with a water hyacinth concentra-

tion of up to 20 % without any weight loss or side effects.  

Cattle on Buck Island Ranch receive mineral and molasses supplementation feed 

which leads to an average P import from molasses of 0.88 kg ha-1 year -1. Considering 

the possibility to blend molasses with water hyacinth could potentially decrease the P 

import to the ranch by supplementation feed.  
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4. Conclusion 
 

My study showed that different land uses have an effect on phosphorus  

concentrations in drainage ditch water and sediment. Improved pasture ditches con-

tained significantly higher phosphorus concentrations in the water and sediment than 

semi-native pasture ditches. The higher dissolved orthophosphate concentration in  

improved pasture ditch water reflects the history of past inorganic phosphorus  

fertilization. The phosphorus concentrations in ditch water and sediments on the ranch 

differed significantly. In almost all phosphorus parameters replicated ditches had differ-

ent concentrations. These different phosphorus concentrations may be attributed to dif-

ferent fertilization rates, vegetation coverage, soil types and hydrology of the pastures.  

The ditch sediments in my study showed similarities to wetland soils  

(Sperry, 2004; Hill, 2003) in sediment total phosphorus, double acid extractable phos-

phorus, water soluble phosphorus concentrations and Langmuir adsorption maximum. 

This suggests that ditch sediments may act in similar ways as wetland soils and can ei-

ther be sinks or sources of phosphorus to the overlaying water column. The Langmuir 

adsorption maximum ranged from 23 to 769 mg kg-1 and averaged 344 mg kg-1 suggest-

ing that some ditch sediments have the potential to remove phosphorus from the water 

column. However, some of the ditch sediments showed high equilibrium phosphorus 

concentrations ranging from 0.005 to 6.42 mg L-1 (mean 1.56 mg L-1). Since P concen-

trations in the ditch water are mostly not greater than the measured equilibrium phos-

phorus concentrations, some of the ditch sediments will potentially function as a source 

of P to the overlaying water column (Sallade et al., 1997).  

My project did not give a clear answer to the question of whether organic matter 

in ditch sediments contributes to higher phosphorus adsorption capacities but the  

association of organic matter with sediment total phosphorus and water soluble phos-

phorus suggests that organic matter accumulation can potentially contribute to phospho-

rus release to the overlying water. Organic matter did not differ between improved and 

semi native pasture ditches. A comparison of two ditches solely located in improved 

and semi native pastures showed a significant difference in plant phosphorus concentra-

tion, this suggests that the phosphorus enriched plant tissue of improved pasture ditches 
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may result in higher sediment total phosphorus concentrations after dying and  

decomposition occurs. 

The additional phosphorus data from the ranch suggests that high groundwater 

tables enhance the desorption and dissolution of phosphorus accumulated in the detrital 

and mineral soil layer, for this reason, avoiding high groundwater tables could  

potentially reduce phosphorus runoff. Drying out of drained wetland soils and ditch 

sediments also plays an important role in phosphorus management. Organic soils occur-

ring in wetlands can mineralize 20 to 80 kg P ha-1 year-1 therefore maintaining minimum 

water levels in the ditch and drained wetlands during the dry period can avoid organic 

matter accumulation and mineralization of organic phosphorus compounds  

(Bottcher, 1998). Retaining higher water levels in the ditches though riser board  

structures may help to retain more P within the ditches and route more water toward 

infiltration rather than to runoff. 

The simple black box approach showed that the high phosphorus runoff from 

improved pastures will continue for several more decades therefore the net export of P 

from the ranch or retention within the ranch has to be increased. Aquatic ditch  

vegetation offers an opportunity to increase phosphorus export. Floating aquatic plants 

especially of improved pasture ditches should be harvested several times a year or at 

least before ditches are drying out to reduce the accumulation of phosphorus enriched 

organic matter in the ditch sediment. For a sustainable management aquatic plants like 

water hyacinth may be used for cattle supplementation feed; this practice would  

increase the phosphorus net export by cattle from the ranch. The ranch management will 

have to determine the best locations for vegetation harvesting. The construction of  

treatment wetlands on the ranch does not seem be beneficial due to the fact that most of 

the agriculture soils have high soil phosphorus concentrations. These soils could lead to 

a large phosphorus flux when flooding occurs and it can take several years to empty this 

phosphorus pool (Pant et al., 2002). Therefore ditches could be used more effectively 

without any further investment costs accept for the harvesting machinery. More studies 

should be conducted on the potential use of agriculture drainage ditches in phosphorus 

management especially the influence of high groundwater tables on phosphorus release 

potential of pasture soils. 
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The determination of ditches impacted by high phosphorus concentrations and 

applying water management best practices and vegetation harvesting could provide an 

instrument for ranchers to reduce phosphorus runoff loads from their property.  
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