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High phosphorus (P) loads within agricultural runoff have been implicated in 

eutrophication of lakes and wetlands, such as the Everglades, throughout Florida. A key 

technology that holds considerable promise for controlling these loads in a cost-effective manner 

is the use of treatment wetlands. Water hyacinth (Eichornia crassipes) has been studied 

extensively and shown to be highly effective at removing P from agricultural runoff; however, 

the vegetation must periodically be harvested to maintain favorable plant growth. Widespread 

implementation of Eichornia crassipes treatment systems has been limited because specialized 

equipment is required for harvesting, and the value of the harvested plant biomass (e.g., as 

compost, or a feed ingredient) usually doesn’t cover the costs of harvesting and processing. This 

study implemented a novel approach for dealing with the harvested Eichornia crassipes biomass. 

Rather than periodically harvesting the biomass, the study investigates the utility of simply tilling 

the biomass directly into the soil when the standing crop becomes too dense. This could be a cost 

effective method of management that utilizes conventional farm machinery. Soils are the 

ultimate storage reservoir for P within treatment wetlands; this tilling approach may accelerate 

the rate of transferring organic matter and its associated P into permanent storage. In this study, 
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through observation of water quality and soil properties, the effect tilling of Eichornia crassipes 

biomass has on treatment efficiency and soil P dynamics was investigated. A series of 24 

mesocosms were closely monitored for a period of one year to evaluate changes in water 

chemistry and P pools within the soil. The mesocosms were periodically tilled and soil cores 

taken to evaluate the P storage pools in each mesocosm as a function of time. Phosphorus 

fractions within soil cores were identified using a phosphorus fractionation method. Over the one 

year period of the study, the vegetated treatments were able to reduce total phosphorus (TP) by 

an average of 64% with a maximum reduction of 72.5%. The vegetated treatments averaged an 

average mass reduction rate of 12.4 mg P m
-2

 day
-1

 with a maximum rate of 14.3 mg P m
-2

 day
-1

. 

The vegetated treatments provided significantly larger reductions in P than the unvegetated 

treatments, but within the vegetated treatments there were no significant differences. During the 

duration of the study soil organic matter increased in the treatments receiving biomass tilling by 

1.8 and 1.2%, respectively, for the surface and subsurface soil treatments. There was a small 

increase in P stored in non-labile forms of P within the soil from 86.5% to 87.9%. The largest 

increase in a P fraction within the soils during the study was a 5.7% increase in residual organic 

P. The results of this study suggest that tilling water hyacinth biomass may be an effective 

management strategy for Eichornia crassipes treatment systems. 
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CHAPTER 1 

INTRODUCTION 

Nonpoint phosphorus inputs to downstream systems are a major cause of eutrophication 

within many watersheds. Use of treatment wetlands for reduction of phosphorus loads from 

agricultural runoff is often considered as a low cost alternative. A potential restraint on using 

wetlands as a treatment system is the efficiency and long-term sustainability of the system to 

store phosphorus. The efficiency of a system to store phosphorus permanently is determined by 

the proportion of phosphorus stored in non-labile forms, such as residual organic phosphorus in 

the soil. A thorough understanding of the most efficient pathways and processes to move 

phosphorus from the water column to permanent storage in the soil is essential. One novel 

approach to maximizing this function is a proposed management strategy which buries floating 

macrophytes in the soil through periodic mechanical tilling (DeBusk, 2005). This process may 

encourage the accumulation of organic matter and its associated phosphorus in long-term 

storage.  

Floating macrophytes such as water hyacinth (Eichornia crassipes) have been used to 

effectively treat wastewater in treatment systems. Water hyacinth have been found to reduce 

phosphorus levels in treatment systems by as much as 93% (Reddy and DeBusk, 1985). 

Phosphorus uptake rates for water hyacinth have been estimated to be as high as 243 mg m
-2

 day
-

1
 (Reddy and DeBusk, 1985). This high treatment efficiency can be attributed to the 

extraordinarily rapid growth rates of water hyacinth. Water hyacinth has been found to have 

maximum biomass yields of 64.4 g m
-2

 day
-1

 with an average long term yield of 27.1 g m
-2

 day
-1 

(Reddy and DeBusk, 1984). Other studies have found similar production rates of 29 g m
-2

 day
-1

 

(Wooten and Dodd, 1976). With this rapid biomass production, harvesting and disposal of these 

aquatic macrophytes can become problematic and costly. Several uses of excess biomass have 
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been proposed, such as the production of gaseous fuels, livestock feed, fiber, and composting; 

however, transportation of the biomass may at times become too costly for efficient disposal. 

Mechanically tilling excess biomass into the soil may present a solution to this problem by 

disposing excess biomass on site while maintaining high treatment efficiencies in the system. 

The purpose of this study was to investigate the feasibility and functioning of tilling 

excess biomass into the onsite soils as a viable management strategy for maintenance of floating 

macrophyte treatment systems. A mesocosm study was designed to specifically investigate how 

tilling practices influence treatment efficiency and soil phosphorus dynamics. This mesocosm 

study evaluated how organic matter accumulation rates were influenced, how soil phosphorus 

forms are changed as a function of time, and the stability of these soil phosphorus pools.  

Phosphorus Dynamics in Treatment Wetlands 

Wetlands provide an essential function on the landscape, serving as a buffer between 

uplands and surrounding aquatic systems. One of the key roles wetlands perform on the 

landscape is the ability to retain phosphorus within the wetland. This important function has 

implications on downstream water quality. As water moves across the landscape it transports 

phosphorus and other contaminants from uplands to aquatic systems. Wetlands retain these 

contaminants within the system, having significant impacts on phosphorus loading to 

downstream aquatic systems (Reddy et al., 2005). Nonpoint phosphorus inputs to downstream 

systems is a major cause of eutrophication within many watersheds; thus, an understanding and 

quantification of wetland phosphorus retention processes is key to utilizing wetlands for 

improved downstream ecosystem health (Richardson, 1999). From current understanding of 

wetland functions, the use of treatment wetlands to improve water quality has become a common 

practice. 
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Wetland Phosphorus Cycle 

Phosphorus entering a wetland phosphorus cycle can be present in several different 

forms, and within the wetland can undergo transformations depending on its chemical, physical, 

and biological environment. Phosphorus within this cycle is present in organic and inorganic 

forms. These organic and inorganic forms are further grouped into dissolved organic phosphorus 

(DOP), particulate organic phosphorus (POP), dissolved inorganic phosphorus (DIP), and 

particulate inorganic phosphorus (PIP). DOP is commonly in the form of organic colloids, POP 

includes detrital phosphorus from vegetation and microorganisms, DIP is most common as 

orthophosphates, and PIP occurs as crystalline and amorphous precipitates of phosphates and 

metal cations. DIP is bioavailable, while DOP, POP, and PIP must undergo transformations 

before they are bioavailable (Reddy et al., 2005). Figure 1-1 provides a graphical representation 

of the phosphorus cycle within a wetland, including many of the transformations. 

 A key characteristic to note in the wetland phosphorus cycle is the ability to retain 

phosphorus within the system. Phosphorus retention is the ability of a wetland to remove 

phosphorus from the water column and store it in forms not readily released back to the water 

column through physical, chemical and biological processes (Reddy et al., 2005, Richardson, 

1999).  

Physical phosphorus retention processes 

 One of the key physical phosphorus retention mechanisms is the process of phosphorus 

sorption on soils. Adsorption is the movement of soluble inorganic phosphorus from soil 

porewater to the soil surface. During adsorption, the phosphorus is accumulated on the surface of 

the soil particle. Desorption refers to the release of previously adsorbed phosphorus from the 

surface of the soil to the soil porewater (Reddy et al., 2005, Rhue and Harris, 1999). Phosphorus 
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adsorption is mediated by two processes, ion exchange and ligand exchange (Rhue and Harris, 

1999). 

The balance between adsorption and desorption creates an equilibrium between 

phosphorus in solid phase on soil surfaces and phosphorus in soluble phase in soil porewater. 

When soil particles become saturated with adsorbed phosphorus, the concentration of 

phosphorus in the porewater is likewise high. If porewater phosphorus concentrations decrease, 

phosphorus will be desorbed into porewater to reach equilibrium once again. In a system at 

steady state, the phosphorus adsorbed maintains equilibrium with phosphorus in soil porewater. 

The reactions of adsorption and desorption are rapid and an equilibrium can be reached in a short 

time period (Reddy et al., 2005, Rhue and Harris, 1999). 

 Although wetlands soils have an affinity for phosphorus, this retention process may not 

be a reliable long-term removal mechanism. In most surface flow wetlands this storage 

compartment is quickly exhausted due to saturation and lack of binding sites. In most 

constructed treatment wetlands, the storage capacity of soil through adsorption is saturated 

within several years (Richardson and Craft, 1993).  

 Another form of physical phosphorus retention within a wetland is sedimentation. As 

water enters a wetland the velocity of the water is reduced as a result of varied flowpaths and 

vegetation. This reduction of velocity results in the settling of suspended particles that may 

contain phosphorus. Sedimentation includes several processes that influence phosphorus 

retention and accumulation. These processes are: the settling of inorganic suspended particles, 

the settling and adhesion of organic particles, and the accumulation of both autotrophic and 

heterotrophic materials. A significant amount of phosphorus may be removed from the water 

flowing through a wetland if velocity is slowed to the point where these particulate constituents 



 

16 

and their attached phosphorus settle out of suspension. Sediment accumulation through 

sedimentation may provide long-term storage of phosphorus in some systems (Reddy et al., 

1999). 

Chemical phosphorus retention processes 

 An additional important component assisting in wetland phosphorus retention is chemical 

retention. One of the dominant chemical removal mechanisms of phosphorus from the water 

column is co-precipitation. Precipitation refers to the chemical reaction of phosphate anions and 

metallic cations in solution to form amorphous precipitate solids. Distinguishing between the 

contribution to phosphorus retention made by adsorption and precipitation can be difficult, 

because precipitation is often preceded by adsorption to a soil surface (Rhue and Harris, 1999). 

Phosphate ions often form precipitate solids with cations, such as Fe, Al, Ca, or Mg, yet which 

cation a phosphate ion precipitates with is heavily influenced by the pH of the water column. In 

acidic environments phosphorus typically forms precipitate products with either Fe or Al, and  in 

more alkaline systems phosphorus will commonly precipitate with Ca or Mg (Reddy et al., 

2005). 

 A precipitate reaction occurs when concentrations of phosphorus or metallic cations are 

elevated above a critical level. This critical level is reached when concentrations are high enough 

to surpass the concentration needed to form a seed crystal (Rhue and Harris, 1999). An example 

of a precipitation reaction that would occur in alkaline conditions is as follows: 

Ca
2+

 + HPO4
2-

 → CaHPO4 [Precipitate] 

In alkaline environments, precipitation of phosphorus with Ca is very common. When 

phosphorus precipitates out of solution with Ca, the precipitation products form several types of 

phosphates. These phosphates include calcium phosphate, dicalcium phosphate, beta-tricalcium 

phosphate, octacalcium phosphate, and hydroxyapatite. Hydroxyapatite is the most stable 
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phosphate form within soils. Both dicalcium and octacalcium phosphate may transform to the 

more stable hydroxyapatite over time, at continuous high phosphorus concentrations (House, 

1986).  

Biological phosphorus retention processes 

 Organisms within wetland systems have a significant impact on the ability of a wetland to 

retain phosphorus. All living organisms utilize phosphorus within their tissues. Within plants and 

microorganisms, phosphorus is a major constituent of macromolecules such as nucleic acids 

(DNA and RNA). Phosphorus is also present in phospholipids of membranes, monoesters, and 

many other components of tissues. Within angiosperms, one of the major phosphorus containing 

compounds is hexaphosphate (IHP) (Reddy et al., 2005). Concentrations of phosphorus in tissue 

of water hyacinth range from 1.4 to 12.0 g P kg
-1

 on a dry-weight basis (Reddy and DeBusk, 

1987). 

 Plants and microbiota are dependent on attaining DIP, the only bioavailable form of 

phosphorus, from the surrounding environment. Floating macrophytes are able to take 

phosphorus directly out of the water column, but emergent macrophytes are depended on 

attaining phosphorus from soil pore water. Although emergent macrophytes do not remove 

phosphorus from the water column, they can promote the establishment of a gradient between 

the water column and soil, thus improving overall water quality (Reddy et al. 1999). Plants and 

microbiota within wetlands must be able to utilize phosphorus rapidly because it is typically a 

limiting nutrient.  Plants generally have relatively rapid phosphorus uptake and incorporation 

rates. Phosphorus uptake in plants occurs on the order of days to weeks. This uptake is extremely 

slow compared to the phosphorus uptake of microbiota. Microbiota have a much higher rate of 

uptake because they grow and multiply at higher rates then macrophytes. Uptake can occur in 

microbiota in less then an hour (Kadlec and Knight, 1996). 
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 Macrophytes have the potential to store phosphorus within the structure of both its living 

and its dead tissues. The amount of phosphorus wetland vegetation can store is dependent on 

several factors, including type of vegetation, decomposition rates of litter, leaching rates of 

phosphorus from detrital tissue, C/P ratio of detrital tissue, and movement of phosphorus from 

above ground biomass to below ground biomass (Reddy et al. 1999). Emergent macrophytes 

have an extensive system of below ground biomass comprised of a network of rhizomes and 

roots. These structures provide plants with the ability to store large amounts of phosphorus and 

account for a large portion of active phosphorus storage (Reddy et al. 1999). 

 Although macrophytes store large amounts of phosphorus, most of the stored phosphorus 

is only stored short term. The above ground biomass of most wetland vegetation grows and dies 

in cycles. In northern climates the cycle is on an annual period. But in warmer southern climates 

biomass turnover may be 2 or 3 times a year. In eutrophic systems up to 80% of the phosphorus 

stored in living tissue is released during decomposition. The above ground biomass of 

macrophytes and microbiota releases phosphorus to the water column and deposits residual 

detrital materials to the soil surface. The below ground biomass of macrophytes adds phosphorus 

to the soil pore water, and residual detrital materials to the subsurface soils. This residual detrital 

material deposited by both plants and microbiota is incorporated as newly accreted soil. 

Although this amount of residual detrital material is only a small fraction of the original biomass, 

it has a large impact on long-term phosphorus storage. The burial and accretion of this residual 

biomass and the phosphorus it contains is the only reliable and sustainable long-term storage 

mechanism of phosphorus in wetland systems (Reddy et al. 1999). 

Limitations of Treatment Wetland on Long Term Storage 

 Phosphorus retention in wetlands is dependent on several compartments for storage. 

These storage compartments can be classified as either short-term or long-term storage units. 
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Short-term storage compartments include algae, microbes, plants, and loosely bound adsorbed 

phosphorus on soil particles. The only long-term storage unit is burial in the soil. Each of the 

short-term storage units is limited in the amount and rate of phosphorus uptake. Once a storage 

compartment is full it can store no more and will not function in phosphorus removal and 

storage. Once saturated, the short-term storage compartments will have little or no effect on 

reducing phosphorus water concentrations. The only way to maintain long-term phosphorus 

uptake is to balance input levels of phosphorus with long-term uptake rates. Once the short-term 

storage compartments are saturated, the long-term phosphorus uptake is dependent on the peat or 

soil accretion rate of the wetland (Richardson and Craft, 1993). 

 The peat or soil accretion rates within freshwater wetlands can often be extremely slow. 

This factor may significantly hinder the ability of treatment wetlands to retain large amounts of 

phosphorus on a long- term basis. Based on several studies of the soil accretion rates of wetlands, 

correlated with phosphorus storage in newly accreted soil, it appears wetlands have a limited 

ability to permanently store phosphorus. The studies suggest permanent phosphorus storage in 

wetlands may be around 0.5 g m
-2

 year
-1

 (Richardson and Craft, 1993; Nichols, 1983). 

 Low rates of long-term storage suggest water may not be effectively treated using 

treatment wetlands after several years of use, once short-term storage is saturated, without using 

vast amounts of land to compensate for slow areal uptake rates. Based on a study by Richardson 

and Craft (1993), the amount of land that would be needed to effectively treat large amounts of 

highly phosphorus enriched water would be excessively large. Based on a 0.4 g m
-2

 year
-1

 

retention value it would take around 1000 ha (2471 acres) to store 4.0 tons of phosphorus 

permanently. 
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 The limitations associated with the long-term use of treatment wetlands affect the 

viability of treatment wetlands to store phosphorus efficiently once the short-term storages are 

saturated. Without further management, treatment wetlands may have an effective treatment life 

span followed by a much slower long-term uptake phase. To effectively remove phosphorus 

from wastewater using treatment wetlands on a long-term scale, different innovative 

management strategies must be implemented to supplement the smaller amounts of phosphorus 

removed by the long-term storage compartment. 

Management Strategies to Maximize Phosphorus Retention  

 There are several management practices that may be used to enhance the natural ability of 

wetlands to retain phosphorus. These methods may aid in supplementing the slow long-term 

storage rates aging treatment wetlands often experience. One of these management strategies is 

vegetation harvesting. Vegetation management is a process where either macrophytes or algae, 

and their associated sequestered phosphorus, are removed from the system. The second 

management strategy is the use of chemical amendments to enhance phosphorus adsorption. 

Although these management practices look promising, they have not received widespread 

acceptance from practitioners, as these management regimes contradict the idea of treatment 

wetlands as passive, low maintenance systems. With the limitations facing treatment wetlands’ 

ability to store phosphorus on a long-term basis, these practices should continue to be researched, 

and in some cases applied (DeBusk and Dierberg, 1999). 

 Vegetation harvesting may prove to be a viable means of increasing phosphorus removal 

rates by treatment wetlands. Vegetation has an increased productivity with rapid phosphorus 

uptake rates when introduced to highly nutrient enriched water. If the vegetation in treatment 

wetlands was periodically removed, a significant amount of phosphorus held in the biomass 

could be removed from the system (DeBusk and Dierberg, 1999). 



 

21 

Several types of vegetation could be harvested to increase phosphorus removal rates. 

Floating macrophytes, emergent macrophytes, submerged macrophytes, and periphyton are all 

potential harvestable biomass. Floating macrophytes and periphyton offer the greatest promise as 

harvestable vegetation to improve treatment wetland performance. Floating macrophytes and 

periphyton offer promise because they rapidly and directly remove phosphorus from the water, 

and their biomass is easily harvested. Vegetation harvesting can provide a substantial increase in 

phosphorus removal (DeBusk and Dierberg, 1999). 

 There are several chemical amendment methods that may be used to increase phosphorus 

retention in treatment wetlands. The use of chemical phosphorus adsorbing amendments in 

wetlands refers to adding a variety of chemicals either to inflow water or to the soil of the 

wetland, to increase the amount of phosphorus removed from the water. Some of the chemicals 

used are FeCl3 (ferric chloride), Al2(SO4)3 (alum), Ca(OH)2 (lime), and CaCO3 (calcium 

carbonate). The use of these chemicals is based on the affinity for phosphorus to adsorb to either 

Fe or Al in acidic systems, and Ca in alkaline systems (DeBusk and Dierberg, 1999). 

 One method for utilizing this chemically enhanced adsorption is the use of coagulation 

agents in inflow water. A chemical inflow treatment system would add a continuous flow of a 

coagulant, such as alum, into the inflow water. The phosphorus would then bind to the coagulant 

and flocculation would occur. After flocculation the phosphorus would settle out of suspension 

and would soon be buried in the soil for long-term storage. For this type of system, alum and 

ferric chloride have proven effective. Another method using chemical amendments is mixing 

chemically active phosphorus adsorbing compounds directly into the soil. This method would 

significantly increase the soil’s natural ability to adsorb phosphorus from soil pore water. This 

management strategy would involve mixing either alum or ferric chloride with the wetland soil 
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either before flooding or during drawdown periods. By enhancing the ability of soils to adsorb 

phosphorus, the efficiency of the wetland to retain phosphorus is greatly improved (DeBusk and 

Dierberg, 1999). 

With these management practices, the life span and efficiency of treatment wetlands may 

be improved. Although the use of treatment wetlands is continually evolving, it has advanced 

rapidly in recent years. With continued research and application, treatment wetland function and 

efficiency will continue to increase. With improved function through design and research, 

treatment wetland application may become more widespread and assist in minimizing impacts on 

our surrounding environment. 

Water Hyacinth Treatment Systems 

 Interest in macrophyte based treatment systems has increasingly been considered for 

treatment of phosphorus in waste waters due to of several important factors. The first of these 

factors is that there are no cost effective conventional treatment technologies that can achieve 

very low phosphorus values in outflow waters. In many situations, the cost of treating 

wastewater can be reduced significantly by implementing an aquatic macrophyte based system, 

rather than expensive conventional treatment methods (Duffer, 1982). Second, these 

macrophytes based systems can accommodate water storage in the systems, which makes them 

ideal for the variable inflow rates often associated with runoff sources like agricultural 

wastewaters. The third factor encouraging the development of macrophyte based treatment 

systems is the availability of land needed for the land intensive macrophyte based systems, such 

as agricultural areas of Florida. (DeBusk et al. 2001).  

 Of the many possible vegetation types that can be used in macrophyte treatment wetland 

systems, water hyacinth has been investigated and suggested to be one of the viable options for 

effective reduction of phosphorus in waste waters.  The use of floating macrophytes, such as 
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water hyacinth, for wastewater treatment is appealing for several reasons, including the 

extremely high productivity of water hyacinth, the practicality of stocking and harvesting of 

biomass in the system, and the high nutrient content of water hyacinth relative to other emergent 

macrophyte species (DeBusk and Reddy, 1987). Many studies found water hyacinth to be the 

most productive aquatic plant species under ideal conditions, with biomass production rates of 42 

g dry wt. m
-2

 and P assimilation rates of 135 g P m
-2 

yr
-1

 (Reddy et al. 1983; Reddy and DeBusk, 

1985). 

Water hyacinth treatment systems are successful at significantly reducing both 

phosphorus and nitrogen in waste waters through several processes. Phosphorus can be removed 

from wastewater in water hyacinth treatment systems through microbial assimilation, adsorption 

to organic matter and clays, precipitation with divalent and trivalent cations, and plant uptake 

and harvest. It has been reported that the most significant—and only reliable long-term 

phosphorus removal process in water hyacinth treatment systems—is through plant uptake and 

harvest (DeBusk and Reddy, 1987).  

Nitrogen removal in water hyacinth treatment systems is facilitated by plant uptake, 

microbial immobilization, and nitrification-denitrification reactions. It has been found that the 

dominant nitrogen sink in water hyacinth treatment systems is through the nitrification-

denitrification pathway (Stowell et al. 1981; DeBusk et al. 1983). This nitrification-

denitrification process is facilitated by the interface of the oxidized root zone and anaerobic 

zones within the system. Ammonium within the system undergoes nitrification in the oxidized 

root zone of the water hyacinth. The nitrate-N is formed through nitrification and then diffuses to 

anaerobic zones within the system, where it is utilized as an electron acceptor for facultative 

anaerobic bacteria. This denitrification process, facilitated by anaerobic bacteria, converts 
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nitrate-N to nitrogen gas and is removed from the system (DeBusk and Reddy, 1987). 

Denitrification rates in floating aquatic macrophyte systems have been reported to have 

maximum removal rates ranging from 6 to 22 kg ha
-1 

d
-1

 (Stowell et al 1981; Reddy, 1983). 

Water hyacinth treatment systems have a proven track record of performance. Several 

water hyacinth treatment systems were constructed throughout Florida in the early 1980s to treat 

domestic waste water ranging from 0.5 ha to 12.2 ha in size. The P mass removal rates of these 

systems ranged from 11.3 to 51.9 g P m
-2 

yr
-1

. Outflow concentrations as low as 0.1 mg P L
-1

 

were achieved in one of these systems (DeBusk and Reddy, 1989; Stewart et al. 1987). 

Water hyacinth has been used for removal of phosphorus from eutrophic lake waters. 

Three 372 m
2
 raceways were constructed and monitored for 18 months under different 

conditions. The first raceway contained water hyacinth which were periodically harvested, while 

the second was not harvested, and the third was a non macrophyte control. The harvested 

raceway provided phosphorus removal rates of 24.6 g P m
-2 

yr
-1

, the non harvested raceway 

achieved removal rates of 22.2 g P m
-2 

yr
-1

, and the non-macrophyte control had removal rates of 

16.4 g P m
-2 

yr
-1

. It was found in this system that plant assimilation only accounted for 22% in 

the non-harvested system and 40% in the harvested systems, so sedimentation of particulate 

phosphorus was the primary phosphorous sink in this system, due to the high percentage of 

phosphorus in the inflow water as particulate phosphorus (Fisher and Reddy, 1987). 

Water hyacinth systems have been used to treat dairy lagoon wastewater. In a dairy north 

of Lake Okeechobee, a mesocosm study was performed to evaluate the ability of water hyacinth 

to treat phosphorous from highly eutrophic dairy wastewater lagoons. The water hyacinth system 

was able to reduce phosphorus concentrations from 7.3 mg L
-1

 to 0.2 mg L
-1

 and removed 

phosphorus at a rate of 47 g P m
-2 

yr
-1

 (DeBusk et al. 1996). 
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One major factor influencing the success of water hyacinth systems for reducing 

phosphorus is routine biomass harvesting. Productivity and phosphorus uptake rates are strongly 

dependant on the standing crop density. The highest productivity yields occur when plant density 

is maintained within a certain density range. For water hyacinth this range was found to be 0.5-

2.0 kg m
-2

 (DeBusk et al. 1981; Reddy and DeBusk, 1984). In a small scale water hyacinth 

treatment system vegetation harvesting effects on phosphorus removal was investigated. The 

study compared similar harvested and non harvested ponds within the system. Phosphorus 

removal in the pond which received routine biomass harvesting averaged 29.9 g P m
-2 

yr
-1

 while 

the system without harvesting had a lower removal rate of 6.6 g P m
-2 

yr
-1 

(DeBusk et al. 1983). 

For this reason, a carefully planned and maintained harvesting schedule is important for water 

hyacinth treatment systems to be successful.  

During the late 1980s water hyacinth treatment systems became less desirable treatment 

technologies for several reasons. One of these was the susceptibility of large monocultures of 

water hyacinth to pest damage, which would significantly reduce treatment ability (Stewart et al. 

1987). Another reason water hyacinth became less utilized was the cost restraints of harvesting, 

as specialized equipment was needed to harvest biomass, and there were no viable economic 

disposal methods or products of value (DeBusk et al. 2001).  

Capital and operating cost of water hyacinth treatment systems are reported to be lower 

then the cost of conventional treatment systems (Crites and Mingee, 1987). However, water 

hyacinth treatment systems can be land intensive, with 4 to 12 ha needed for each 3800 m
3 -

wastewater per day, and produce large amounts of harvested biomass. This large amount of 

biomass drives the development of efficient disposal or utilization methods (Reddy and Sutton, 

1984). Water hyacinth treatment systems can produce very large amounts of biomass to be 
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harvested and disposed. In a system under unoptimized conditions, biomass production was 

found to be 45 to 58 Mg ha
-1

 yr
-1

. In a system with a harvesting schedule providing the optimum 

plant density of 20-36 kg m
-2,

 the biomass production was increased to 60-70 Mg ha
-1

 yr
-1

 (Hayes 

et al., 1987). This is a large amount of biomass that needs to be disposed of in an economically 

efficient manner. 

Within water hyacinth treatment systems, plant harvesting is the most expensive 

operational requirement (DeBusk et al., 1989). Cost of harvesting in a treatment system is 

influenced by methods and frequency of harvesting, disposal of biomass, and any economic 

benefit from reuse of biomass, such as methane gas production. Smaller systems will not be 

suited for this last consideration in cost reduction, because the small scale system does not allow 

for efficient use of biomass for economic gain. (G. J. Thabaraj, 1987). For long-term success of 

water hyacinth treatment systems, the cost of the three major components of the system must be 

as efficient as possible. These major components that must be efficient are: the system itself, the 

harvesting and handling of biomass, and the biomass disposal (Hayes et al. 1987).  

Along with reducing the cost of water hyacinth treatment systems, tilling of biomass may 

help increase phosphorus retention by augmenting organic matter accumulation and associated 

phosphorus in the soils. As previously mentioned, peat or soil accretion is the only reliable long-

term phosphorus storage unit (Richardson and Craft, 1993). Wetland soils are characterized by 

slow decomposition of organic matter, due to flooded conditions and anaerobic zones within the 

soil (Fisher and Reddy, 2001). This slow decomposition of organic material within the anaerobic 

soil prevents the release of organic bound nutrients in buried biomass (McLatchey and Reddy, 

1998). The long-term phosphorus storage in wetlands depends on this low rate of biomass, and is 

dependent on the incorporation of organic phosphorus into the soil system (Richardson and 
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Marshall, 1986). Therefore, incorporating harvested biomass directly into the soils should 

increase the organic matter content of the soil, and as a result increase the long-term storage of 

phosphorus within the system. 

In order to encourage the economic viability of water hyacinth systems, it is the aim of 

this study to investigate the feasibility of streamlining the disposal of harvested biomass while 

improving phosphorus treatment and retention within the system. To streamline and reduce the 

cost of disposal of harvested biomass, this study will examine the utility of tilling harvested 

water hyacinth biomass onsite in the soils of the treatment system. This would reduce the cost of 

both the harvesting and disposal of biomass, making water hyacinth treatment systems more 

economically feasible for widespread application, while improving phosphorus storage and 

retention. 

Research Objectives 

 The overall objective of this study was to determine the feasibility of vegetation 

incorporation into the soil as a management tool, to increase phosphorus retention and reduce the 

cost of floating macrophyte treatment systems. Specific objectives of this study were to:  

Monitor and determine how concentrations of TP, SRP, DOP, and PP are reduced in the various 

tilling methods in the water hyacinth treatment systems in this study. It was expected to see 

significant reductions of total phosphorus in the vegetated mesocosms, with SRP being the 

majority of total phosphorus removed. Smaller reductions of both DOP and PP were 

expected in the system. 

Monitor and determine the efficiency of these tilled water hyacinth treatment systems at reducing 

nitrogen concentrations in the forms of TKN, NO3, and NH4. Nitrogen was expected to be 

reduced significantly in treatments with vegetation. The majority of nitrogen removed 

from the system was expected to be removed through the denitrification of NO3. 

An unvegetated treatment will serve to distinguish the influence water hyacinths have on 

reduction of phosphorus and nitrogen within the system, and determine the extent of the 

treatment provided by the soils receiving tilling. It was expected the unvegetated 

treatments would have much lower treatment efficiency and a negligible increase in 

organic matter without biomass tilling. 
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Determine the treatment efficiency of a water hyacinth treatment system under a biomass tilling 

regime, and how this tilling of biomass into the soils may influence soil organic matter 

content and the associated phosphorus. It was expected tilling of biomass into the soils will 

increase soil organic matter and increase recalcitrant soil phosphorus fractions, such as 

residual phosphorus. 

Investigate how a tiered tilling method may assist in the additions of organic matter and 

reduction of phosphorus and nitrogen, as the buried plant matter is left undisturbed for 

longer periods of time. This tilling method was expected to have more efficient reduction 

of phosphorus, as the potential phosphorus flux from the soil maybe reduced after each 

tilling due to the lower level of disturbance. 

Determine how a soil surface amendment of ferric chloride in a tilled system will effect the 

phosphorus concentration reduction during the study. It was expected that the surface 

amendment will reduce the amount of phosphorus flux leaving the soil after reflooding, 

while improving the soils adsorption capacity. The tilled with amendment treatment was 

predicted to have the highest level of phosphorus reduction of the various treatment types. 

Determine how soil organic matter content is influenced through repeated tilling of water 

hyacinth biomass. It was expected that an increase of soil organic matter will occur in 

treatments receiving biomass tilling, leading to an accumulation of phosphorus in long-

term storage within the system. 

Determine how soil phosphorus pools are influenced by the incorporation of plant biomass and 

chemical amendments within the mesocosms throughout the study period using a soil 

phosphorus fractionation. An increase in recalcitrant forms of phosphorus, such as residual 

phosphorus, was expected in treatments receiving biomass incorporation. An increase in Fe 

bound phosphorus was also predicted in the treatments receiving the ferric chloride 

amendment. 
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Figure 1-1. Schematic of the phosphorus cycle in wetlands. DIP = dissolved inorganic 

phosphorus, DOP = dissolved organic phosphorus, PIP = particulate inorganic 

phosphorus, and POP = particulate organic phosphorus (Reddy et al. 2008). 
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CHAPTER 2 

MATERIALS AND METHODS 

Site Description 

The study was conducted in a series of mesocosms, located in Port Myacca, FL on the 

eastern shore of Lake Okeechobee. The mesocosm experiment was established in 24 mesocosm 

tanks measuring 170 cm tall with a diameter of 117 cm. The surface area of each mesocosm was 

1.07 m
2
. Soil in each mesocosm was approximately 83 cm deep with a water depth maintained at 

70 cm (Figure 2-1). Water was continuously pumped from Lake Okeechobee into a head tank, 

which distributed water to the mesocosms in a gravity fed flow-through system (Figure 2-2). 

Water from Lake Okeechobee during the study period had an average total phosphorus (TP) 

concentration of 234 μg L
-1

 and ranged from 131 to 502 μg L
-1 

(Table 2-1).  Water from Lake 

Okeechobee was applied to each mesocosm at a 7 cm day
-1

 hydraulic loading rate, giving each 

mesocosm a retention time of 10 days.  

Soils used in the mesocosm study were obtained from a local soil mine, operated by 

Sheltra Construction Inc. in Indiantown, FL. The area where the soils were mined is listed to be 

the soil series Floridana fine sand, depressional. The Floridana series are loamy, siliceous, 

hypothermic Arenic Argiaquolls. The Floridana fine sand, depressional series has a sandy 

surface with slightly elevated organic matter content and a subsurface of fine sandy loam. The 

two soils used in this study were a surface soil which consisted of the A horizon and a subsurface 

soil from the B horizon. For this study the surface soils were referred to as ―surface soil (S)‖ and 

the subsurface soils were referred to as ―subsurface soil (SS)‖. It was found that the subsurface 

soil had higher Ca and Mg concentrations then the surface soil, while the surface soil had higher 

Fe and Al concentrations (Table 2-2). A single point isotherm was performed to determine the 

phosphorus sorption maximum of each soil. The single point isotherm indicated that the surface 
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soil had a slightly higher sorption capacity of 300 mg kg
-1

, while the subsurface soil had a 

sorption capacity of 220 mg kg
-1

 (Table 2-2). 

Mesocosms with vegetation were initially started with 1.5 kg of water hyacinth and 

allowed to grow until maximum coverage was achieved. Once maximum coverage was present 

the mesocosms were drained to the surface of the soil and tilled. Tilling was conducted using a 

gas powered auger with a retrofitted head of a Garden Claw®. Each treatment’s tilling regime 

differed in application and methods (Figure 2-3). The experiment included four treatments for 

each soil, surface soil and subsurface soil. Each treatment had three replicates. The four 

treatments were as follow: 

Tilling - tilling of biomass throughout the depth of the soil profile. 

Tilling with chemical amendment - tilling of biomass throughout the depth of the soil profile 

with the addition of a ferric chloride chemical amendment. Ferric chloride was applied to 

the surface of the soil after tilling events to reduce phosphorus flux from the soil upon 

reflooding. 

Tiered Tilling - tilling of biomass into soil at incremental depths, starting at 40 cm deep and 

moving up 10 cm with each sequential tilling event. This tilling treatment was intended to 

represent a specialized tilling method which can till to a specific desired depth that allows 

for layering of tilled biomass. 

Tilling with No Vegetation - this treatment did not have water hyacinth present. The soil profile 

was still tilled through the depth of the soil profile but in the absence of vegetation. This 

treatment was a control treatment free of vegetation but was also tilled, to isolate water 

treatment due to soil adsorption and other soil processes. 

Sampling Methods 

Water Sampling 

Water samples were collected from the inflow and outflow water of each mesocosm 

biweekly for a period of one year (April 25
th

, 2007 to April 15
th

, 2008). Water samples were 

collected in pre-labeled 20 ml vials for water quality analysis. Water samples were analyzed for 

total phosphorus (TP), total dissolved phosphorus (TDP), soluble reactive phosphorus (SRP), 
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NO3, total Kjeldahl nitrogen (TKN), NH4
+
, pH, and water temperature. Samples for TKN and TP 

were collected and acidified with concentrated H2SO4 to a pH less than 2 (1 drop per 20 mls) and 

preserved on ice until returned from the field. A disposable, inline 0.45 micron filter was used to 

filter water for TDP, NH4
+
, NO3 and SRP. The TDP samples were acidified similar to those for 

TP and TKN, and the remaining sample bottles were capped and placed on ice without 

acidification until returning from the field. The NO3, TKN, and NH4
+
 parameters were measured 

in water samples collected less frequently, such as during every other sampling period. 

Soil Sampling 

Soil cores were collected from each mesocosm before each of the three tilling events 

(5/30/07, 9/20/07, and 2/6/08). Soil samples were obtained using a 10 cm diameter aluminum 

coring tube. Cores were taken to a depth of 50 cm. Soil samples were extruded into large zip-

lock plastic bags and preserved on ice for transport back to the laboratory. Soil samples were 

then weighed, homogenized, and transferred to air-tight polyethylene containers to be stored at 

4˚C in a moist condition until they were used for soil characterization.  

Vegetation Sampling 

 Water hyacinth plants were removed from each mesocosm and allowed to drip drain for 

five minutes prior to weighing. Total plant weights were obtained. A portion of water hyacinth 

weighing 1.5 kg was set aside for restocking each mesocosm for continued growth. A subsample 

was also set aside and placed in a paper bag for drying. Water hyacinth samples and bags were 

weighed and placed in a drying room at 70°C for 48 hours until fully dry. Water hyacinth and 

bags were once again weighed for dry weights. Plant biomass was then brought to the lab for 

further analysis. 
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Physical and Chemical Analysis 

Water 

Water samples including TP, TDP, and SRP were held in a refrigerator at 4
o
C until 

analysis. Analysis of all samples occurred within 30 days of collection. TP, TDP, and SRP were 

determined by the automated ascorbic acid reduction method (Standard Methods 18th ed, 4500-

PF). TKN was measured using the total Kjeldahl nitrogen digestion method, EPA Method 351.2 

(EPA, 1979). NO3 was measured using EPA method 353.2 (EPA, 1979), and NH4 analysis 

utilized the EPA method 350.1 (EPA, 1979). 

Soil 

Physicochemical soil properties including water content, bulk density, pH, and organic 

matter content were determined. The soils were also fractionated for labile and stable P pools 

using an inorganic P fractionation.  Total phosphorus was measured separately using the ash TP 

procedure. 

Water content  

Percent moisture was determined by drying soil in a drying oven. The wet soil was 

weighed in an aluminum weigh dish and dried in an oven at 70
o
C until a constant weight was 

obtained. The dry weights were recorded.  Percent moisture was calculated by determining the 

ratio between the weight of dry soil and the weight of wet soil.  

Bulk density 

 The mass of dry soil was determined by back calculating from the total wet weight using 

the percent moisture of the sample. The bulk density (g cm
-3

) was then calculated by dividing the 

mass of dry soil (g) by the total volume of the soil core (cm
3
). 
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pH 

 The pH of the sample soil was determined using a 1:1 soil:water slurry using distilled, 

deionized water. The slurry was then measured for pH using a pH meter after equilibrating. 

Total phosphorus 

 Total phosphorus was measured by combusting dry soil samples in a muffle furnace at 

550ºC for 4 hours. The remaining ash was digested with 6 M HCl (Anderson, 1976). The 

digested solution was then analyzed for TP using EPA Method 365.1 (EPA, 1983). 

Organic matter content 

 Total organic matter content was determined by mass loss on ignition (LOI), as an 

intermediate step in the TP ashing procedure. Dry soil samples were weighed before being 

combusted in the muffle furnace and then weighed after combustion. The difference was noted 

as the mass of organic matter (American Public Health Association, 1992). 

Soil phosphorus fractionation 

An inorganic phosphorus fractionation was used to determine the labile and stable 

phosphorus pools in each sample. Each soil sample was analyzed using inorganic sequential 

chemical extraction to provide the following phosphorus soil fractions: loosely-bound or labile 

phosphorus, Fe/Al bound phosphorus, Ca/Mg bound phosphorus, and residual or recalcitrant 

organic phosphorus. The fractionation scheme to be used was a modification of a fractionation 

scheme developed by Chang and Jackson (1957). This fractionation scheme has been used 

successfully to classify phosphorus forms in wetland soils (Reddy et al. 1998). The extraction 

was conducted with a 1:50 soil:solution (weight to volume) ratio using field moist samples, with 

the ratio calculated on soil dry weight basis.  

Potassium chloride extractable phosphorus (Labile phosphorus): In this first step of 

the fractionation scheme the readily available pool of phosphorus was determined by extracting 
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field-wet soil with a 1 M KCl solution. The soil suspension was equilibrated for 2 hours by 

continuous shaking on a mechanical shaker. The soil suspension was then centrifuged at 6000 

rpm for 10 minutes. The supernatant solution was then filtered through a 0.45 µm membrane 

filter. Soluble reactive phosphorus (SRP) was then measured in the solution (U.S. Environmental 

Protection Agency, 1983, Method 365.1). The residual soil sample after this extraction was used 

for the next extraction in the series. 

Sodium hydroxide extractable posphorus (Al/Fe bound phosphorus and hydrolysable 

organic phosphorus): The residual soil was then treated with 0.1 M NaOH for 17 hours on a 

mechanical shaker. The soil suspension was centrifuged and filtered as describe above. The 

supernatant was then split. Some of the NaOH extract underwent digestion with 6 M HCl at 550° 

for 6 hours to determine TP in the extract. The other portion of the NaOH extract was acidified 

and centrifuged, and then measured for SRP (U.S. Environmental Protection Agency, 1983, 

Method 365.1). The measurement of SRP represented the Fe/Al bound phosphorus fraction in 

the soil. The difference between SRP and TP represents hydrolysable Po or fulvic and humic 

bound phosphorus fraction in the soil.  

Hydrochloric acid extractable phosphorus (Ca/Mg bound phosphorus): Residual soil 

from the above extraction was then treated using 0.5 M HCl with a 24 hour equilibrium period on 

a mechanical shaker. The soil suspension was then centrifuged and filtered as described above. 

The filtrate was analyzed for SRP using EPA Method 365.1. The HCl extractable phosphorus 

represents the Ca/Mg bound phosphorus fraction within the soil sample. 

Residual phosphorus: The remaining residual soil from the above extractions was then 

combusted at 550˚C for 4 hours. The remaining ash was digested in 6 M HCl and analyzed using 
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EPA Method 365.1. This process provides the amount of residual phosphorus present in the soil 

sample. 

Vegetation 

 Water hyacinth samples were weighed, dried at 70°C for 48 hours, and then weighted 

again. Dried vegetation samples were combusted in a muffle furnace. Ash total phosphorus 

digestion was used to determine total phosphorus content of the vegetation. The digestion 

solution was then analyzed for TP using EPA Method 365.1 (EPA, 1983). 

Statistical Analysis 

In order to determine significant differences between various measured values among the 

different treatment types applied in this study, a one-way ANOVA was performed. The one-way 

ANOVA was conducted using the software package JMP 7 by SAS.  
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Table 2-1. Inflow Water Summary 

  Mean S.D. Max. Min. 

TP (μg/L) 234.0 100.3 502.0 131.0 

SRP (μg/L) 146.0 96.0 362.0 56.0 

DOP 

(μg/L) 47.5 22.8 87.0 12.0 

PP (μg/L) 55.1 26.1 130.5 24.0 

TKN 

(μg/L) 2.1 0.4 2.9 1.6 

NO3 (μg/L) 0.3 0.1 0.2 0.4 

NH4 (μg/L) 0.1 0.1 0.3 0.0 

pH 7.7 0.2 8.2 7.3 

Temp. (C°) 29.0 4.3 34.7 17.2 

Period record: 5/16/07 - 2/25/08  

TP = Total Phosphorus   

SRP = Soluble Reactive 

Phosphorus  

DOP = Dissolved Organic Phosphrous 

PP = Particulate 

Phosphorus   

TKN = Total Kjeldahl Nitrogen  
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Table 2-2. Initial Soils Summary 

      Surface Soil   Subsurface Soil 

  Units   Mean S.D.   Mean S.D. 

Organic Matter %  6.1 0.5  4.2 0.8 

pH   7.4 0.1  7.6 0.2 

Bulk Density (g/cm3) 1.1 0.1  1.2 0.1 

Ca (mg/kg) 7681 601  10146 97 

Mg (mg/kg) 215 17  289 8 

Fe (mg/kg) 570 59  476 23 

Al (mg/kg) 746 60  564 14 

P-sorption maximum* (mg/kg) 305 55   220 97 

*Estimated using single point isotherm      
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Figure 2-1. Diagram of mesocosm set up and design. Included are dimensions and volumes the 

different components. 
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Figure 2-2. Mesocosm site layout with treatments and repetitions shown for both mineral and organic soils. 
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Figure 2-3. Diagram of the various treatments used during the study. The treatments include 

tilling with vegetation, tilling with vegetation and ferric chloride amendment, tiered 

tilling with vegetation, and tilling without vegetation. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Water Chemistry 

Water quality was closely monitored and evaluated to help determine the utility of tilling 

water hyacinth biomass into soil of treatment wetlands. A routine monitoring program was 

established, to ensure that treatment systems which receive tilling of water hyacinth biomass into 

onsite soils are successful in water quality improvement. Water quality was regularly collected 

from inflow and outflow waters, to evaluate the treatment efficiency and removal rates for 

various phosphorus and nitrogen parameters. These values were used to assess the water quality 

improvement achieved for each of the various mesocosm treatments applied in the study. The 

values varied over the study period in response to changes in inflow water concentrations and 

changes in water hyacinth density. For a summary, average values across the study period were 

used, but maximum and minimum values were given to represent the variability throughout the 

study period. 

Inflow-Outflow Nutrient Concentrations 

Phosphorus 

 Inflow water from Lake Okeechobee during the study period had an average TP 

concentration of 234 μg L
-1

 and ranged from 131 to 502 μg L
-1

. Soluble reactive phosphorus 

accounted for 62% of the TP in inflow waters. The average SRP concentration was 146 μg L
-1

, 

with a range of 96 to 362 μg L
-1

. During the study period DOP was 20% of the TP entering the 

system, with an average of 47 μg L
-1

 and a range of 23 to 87 μg L
-1

. Particulate phosphorus 

accounted for 20% of the TP, with an average concentration of 55 μg L
-1

 and a range of 26 to 

131 μg L
-1

 (Table 2-1). 
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 Total phosphorus was used to evaluate the overall treatment efficiency of each treatment 

in reducing phosphorus. Every treatment was successful in reducing TP concentrations in the 

inflow water. The TP reduction percentage for all treatments ranged from 19% to 68% (Table 3-

1). Although all treatments reduced TP to some degree, the two treatments void of vegetation 

had the lowest percent reduction, with 19% and 30% for subsurface soil and surface soil, 

respectively (Table 3-1). These two treatments were significantly different (p<0.05) than the 

treatments with vegetation (Figure 3-1). This was expected, as treatments void of vegetation 

were lacking the nutrient uptake capabilities of the water hyacinth. The TP reductions observed 

in the no vegetation treatments were most likely due to sedimentation, uptake by algae in the 

water column, and adsorption by the soils. 

 The vegetated treatments which were either tilled, tiered tilled, or tilled with chemical 

amendment were all efficient at reducing TP. These mesocosms reduced TP by 60% to 73% 

(Table 3-1). Vegetation had a significant effect in P removal efficiency, with little difference 

between vegetation assemblages (Figure 3-1). Within this group of treatments with vegetation, 

tilling with the chemical amendment of ferric chloride provided the best reduction of TP. These 

tilling with amendment mesocosms resulted in an average percent reduction in TP of 69% and 

73%, for subsurface soil and surface soil, respectively (Table 3-1). 

Soluble reactive phosphorus was measured to investigate the reduction of one of the most 

important fractions of phosphorus in the water, the biologically available portion. Soluble 

reactive phosphorus reduction ranged from 64% to 88% within all treatments (Table 3-1). The 

treatments without vegetation were less efficient in SRP reduction (p<0.05), with values of 65% 

and 64% (Figure 3-2, Table 3-1). The treatments with vegetation ranged from 80% to 88% 

reduction of SRP within the system (Table 3-1). No significant differences (p<0.05) were 
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observed among vegetated treatments, but the treatment with the best percent reduction of SRP 

was the tilling with amendment treatment (Figure 3-2). The tilling with amendment on 

subsurface soil reduced SRP by 84% and the tilling with amendment on surface soil reduced 

SRP by 88% (Table 3-1). These high reduction percentages of SRP in the vegetated treatments 

were due to the rapidly growing water hyacinth removing SRP directly from the water column in 

each mesocosm. It was hypothesized that the elevated SRP reduction seen in the unvegetated 

treatments is due to algae growth in water due to light availability. 

 Dissolved organic phosphorus was an important portion of phosphorus to monitor, as it is 

the portion of phosphorus which can be mineralized readily to SRP. Dissolved organic 

phosphorus reduction within all mesocosms was moderate, ranging from 17% to 62% (Table 3-

1). Patterns of DOP removal efficiency are similar to SRP and TP. The treatments void of 

vegetation were significantly lower (p<0.05) than the rest of the treatments, by providing a 

reduction in DOP of 17% in both subsurface soil and surface soil treatments (Figure 3-3, Table 

3-1). Among the vegetated treatments DOP was reduced by 43% to 62%. Within the vegetated 

group, once again the tilling with amendment provided the highest percent reduction of DOP, 

with 54% and 62% reduction for subsurface soil and surface soil, respectively (Table 3-1). 

 Particulate phosphorus is the fraction of phosphorus suspended in the water column that 

can settle out of suspension if velocity of the water is slowed. Within the mesocosms, PP was 

reduced by 13% to 44% in the vegetated treatments but increased in the unvegetated treatments. 

The unvegetated treatments had a negative reduction percentage of -55% and -112% for both 

subsurface soil and surface soil, respectively (Table 3-1). This production of PP in the 

unvegetated treatments was expected, as algae was able to grow in the mesocosms without 

vegetative shading, and led to a production of PP within the system. Within the vegetated 
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treatments, tilling with amendment once again provided the greatest percent reduction of PP, 

with 38% on subsurface soil and 44% on surface soil, yet was not significantly different (p<0.05) 

than the other vegetated treatments (Table 3-1, Figure 3-4). 

Nitrogen 

 Total Kjehldahl nitrogen was used to represent the overall reduction of nitrogen within 

each system. Percent reduction of TKN in the mesocosms over the study period averaged 

between 12 and 28 % (Table 3-2). There were less noticeable trends in the TKN reductions 

compared to the pronounced trends in the TP reduction values. The no vegetation treatments 

provided slightly lower reduction percentages than the vegetated treatments, but there was no 

significant difference (p<0.05), with values of 18 and 12 % for subsurface soil and surface soil, 

respectively (Table 3-2, Figure 3-5). Within the vegetated treatments, percent reduction ranged 

from 17 to 28 % with no significant differences between treatment types (Table 3-2, Figure 3-5). 

 Nitrate was measured to observe the reduction in the nitrogen fraction that could be 

removed from the system through denitrification. Percent reduction for NO3 within the 

mesocosms was very high for the treatments with vegetation present. There was a significant 

trend (p<0.05) in percent reduction of NO3 between the vegetated and non-vegetated treatments 

(Figure 3-6). The percent reduction for no vegetation treatments was 38 and 31 % for subsurface 

soil and surface soil treatments, respectively (Table 3-2). These values were significantly smaller 

than the percent reduction achieved in the vegetated treatments. Within the vegetated treatments 

percent reduction ranged from 94 to 95 % (Table 3-2). There were no significant trends (p<0.05) 

within these high percent reduction values for the vegetated treatments types (Figure 3-6). 

  Ammonium concentrations were also monitored to represent the fraction of nitrogen 

which could be converted to bioavailable nitrate through nitrification within the system. The 

values for percent reduction of NH4 had no clear trends. The values for all mesocosms ranged 
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from -2 to 24 % reduction in NH4 (Table 3-2). The values for NH4 varied widely between 

treatments, with no clear patterns and no significant differences; thus, it was difficult to draw 

conclusions for trends in the treatment of NH4 (Figure 3-7). 

Mass Removal 

Phosphorus 

To provide a value for mass removed on an area basis, inflow and outflow phosphorus 

concentrations were used to calculate mass of phosphorus removed per square meter per day. 

This value allows observation of actual retention within the system of phosphorus throughout the 

year, and allows for comparison to other systems. Total phosphorus, SRP, DOP, and PP mass 

retention was determined for each mesocosm treatment.  

 The average mass retained in each mesocosm for TP ranged from 3.3 to 14.3 mg P m
-2

 

day
-1

 (Table 3-3). Both the unvegetated treatments were significantly lower (p<0.05), with values 

of 3.3 mg P m
-2

 day
-1

 for subsurface soil and 5.3 mg P m
-2

 day
-1

 for surface soil (Table 3-3, 

Figure 3-8). Vegetated mesocosms had high P removal rates, ranging between 12.0 and 14.3 mg 

P m
-2

 day
-1

 (Table 3-3). Among the vegetated treatments there was no significant difference 

(p<0.05) (Figure 3-8). But the treatment to provide the highest retention of TP was the tilling 

with chemical amendment. These treatments provided and average TP retention of 13.3 and 14.3 

mg P m
-2

 day
-1

 for subsurface soil and surface soil respectively (Table 3-3). 

 The values for SRP retained in the system were all relatively high, ranging from 7.7 to 

10.9 mg P m
-2

 day
-1 

(Table 3-3). The difference between the vegetated treatments and 

unvegetated treatments was much less in the SRP values than the other fractions due to the 

uptake of algae in the unvegetated mesocosms, but were still significantly different (p<0.05) 

(Figure 3-9). Both unvegetated systems had retention values of 7.7 and 7.9 mg P m
-2

 day
-1

 for 

subsurface soil and surface soil, respectively (Table 3-3). There was once again no significant 
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difference (p<0.05) between the vegetated treatments, with all treatments ranging from 10.0 to 

10.9 mg P m
-2

 day
-1

 retained in the system (Table 3-3). Among the vegetated treatments the 

tilling with amendment treatment performed the best, with values of 10.4 and 10.9 mg P m
-2

 day
-

1
 for subsurface soil and surface soil, respectively (Table 3-3). 

 The amount of DOP retained within the system was very small relative to TP and SRP 

removal. Values for DOP removal ranged from 0.4 to 2.0 mg P m
-2

 day
-1

 (Table 3-3). Similar 

trends exist for DOP as the other fractions, unvegetated treatments having significantly lower 

(p<0.05) values then the vegetated treatments (Figure 3-10). Among the vegetated treatments all 

mesocosms were within the same range, with no significant difference (p<0.05), but the tilling 

with the amendment had the highest removal rate (Figure 3-10). The vegetated treatments ranged 

from 1.4 to 2.0 mg P m
-2

 day
-1

 storage. The highest storage was attained in the tilling with 

amendment treatments, with values of 1.7 and 2.0 mg P m
-2

 day
-1

 (Table 3-3). 

 As with DOP the PP storage was relatively small, with storage rates ranging from -5.0 to 

1.4 mg P m
-2

 day
-1

 (Table 3-3). The unvegetated treatments were significantly smaller then the 

vegetated treatments (p<0.05) (Figure 3-11). The unvegetated treatments exported PP from the 

system and provided negative removal rates, -5.0 and -2.4 mg P m
-2

 day
-1

, due to the growth of 

algae within the mesocosms without a vegetative cover. Within the vegetated treatments there 

were no significant differences (p<0.05) (Figure 3-11). The highest storage values for PP were 

obtained by the tilling with amendment treatments, with values of 1.4 and 1.2 mg P m
-2

 day
-1

 for 

subsurface soil and surface soil, respectively (Table 3-3). 

Nitrogen 

 The average mass of TKN removed in each mesocosm ranged from 18.2 to 41.5 mg N m
-

2
 day

-1
 (Table 3-4). Within this range of values for each treatment type there were no significant 

trends (p<0.05) or patterns to discern from the grouping (Figure 3-12). The highest value for 
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TKN removed was in the tiered tilling on subsurface soil, with a value of 41.5 mg N m
-2

 day
-1

 

(Table 3-4). The lowest TKN removal was found in the no vegetation on surface soil treatments, 

with 18.2 mg N m
-2

 day
-1

 (Table 3-4).  

 The removal rates for NO3 did have significant differences (p<0.05) between treatments 

(Figure 3-13). Within the mesocosms, the no vegetation treatments had a significantly lower 

removal of NO3 compared to the removal of vegetated treatments. The no vegetation treatments 

had values of 7.1 and 7.6 mg N m
-2

 day
-1

 while the vegetated treatments were in the range of 

20.2 to 20.5 mg N m
-2

 day
-1 

(Table 3-4). There were no significant differences (p<0.05) between 

the vegetated treatments for NO3 removal (Figure 3-13).  

 The values of NH4 removal for all the mesocosms ranged from -2.1 to 1.1 mg N m
-2

 day
-1

 

(Table 3-4). There were no significant differences (p<0.05) between treatment types in the study 

(Figure 3-14). These results suggest there is minimal reduction of NH4 in the mesocosms, and 

that most are actually exporting small amounts of NH4. It should be noted the values of NH4 

reduction were also highly variable. 

Water Chemistry Discussion 

 Water hyacinth treatment systems have been proven to significantly improve water 

quality of nutrient enriched waste water. Similar water hyacinth treatment systems have been 

found to reduce phosphorus levels in treatment systems by as much as 93% (Reddy and DeBusk, 

1985). Due to their extremely rapid growth of up to 64.4 g m
-2

 day
-1

, the phosphorus uptake rates 

for water hyacinth have been estimated to be as high as 243 mg P m
-2

 day
-1

 (Reddy and DeBusk, 

1984; Reddy and DeBusk, 1985). 

For both phosphorus and nitrogen water quality improvement the vegetated treatments 

performed better than the treatments devoid of vegetation. This was an expected result, as the 

most significant phosphorus sink in floating aquatic macrophytes systems—although soil 
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interactions can be significant—is through plant uptake during growth (Debusk and Reddy, 

1987). With the rapid growth of water hyacinth, significant amounts of phosphorus are removed 

from the water and incorporated into the biomass of the plant. It was also an expected result for 

reduction of nitrogen because, although large amounts of nitrogen can be removed with plant 

uptake, the most significant pathway for nitrogen reduction in floating aquatic macrophytes 

systems is through nitrification-denitrification reactions in the root zone of the plants (Stowell et 

al. 1981; DeBusk et al. 1983; Debusk and Reddy, 1987). 

 Within the vegetated treatments phosphorus and nitrogen water chemistry was 

comparable throughout, with no single treatment being significantly better in water quality 

improvement. Although it was not significantly different, the tilling with ferric chloride 

amendment treatments consistently performed slightly better. This was most likely due to the 

additional Fe
+

 available to bind P and remove it from the system. While the tilling with 

amendment treatment did perform slightly better than the rest of the treatments, it would need to 

be evaluated whether the additional cost of ferric chloride amendment application would be 

justified for the small improvement in water quality if applied in a large scale system. With the 

marginal improvement in performance, the additional cost of applying ferric chloride may not be 

significant enough to make it financially feasible, since treatments without the amendment 

perform at similar levels. 

When comparing the effectiveness of this study to other treatment wetland systems, they 

were comparable or more effective at treating certain phosphorus and nitrogen water quality 

parameters. The North American Wetland Treatment System Database provides a summary of 

203 treatment wetland systems, mostly surface flow marsh systems. This summary of treatment 

wetlands provides a measure of treatment efficiency in terms of percent concentration reduction 
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and mass removal on an areal basis. The average concentration reduction percentage for TP in 

surface flow wetlands in North America was 57% (Kadlec and Knight, 1996). The mesocosms in 

this study with vegetation, which provided the best treatment, averaged 64% reduction, with a 

range of 60 to 73% reduction (Table 3-1). For mass removal on an areal basis the national 

average was 1.7 mg P m
-2

 day
-1

 for surface flow wetlands (Kadlec and Knight, 1996). The 

mesocosms with vegetation in this study out-performed most surface flow wetlands for mass 

removal on an areal basis with an average of 12.4 mg P m
-2

 day
-1

 and a range of 9.9 to 14.3 mg P 

m
-2

 day
-1

 (Table 3-3).  

When comparing the performance of the water hyacinth systems in this study to several 

other water hyacinth treatment systems in Florida, the mesocosms in this study are similar or 

better at reducing total phosphorus. The mass removal of six water hyacinth treatment systems in 

Florida ranged from 31.0 to 142.2 mg P m
-2

 day
-1

 (DeBusk et al., 2001; Table 3-5). The 

vegetated mesocosms in this study ranged from 9.9 to 14.3 mg P m
-2

 day
-1

 (Table 3-3 and Table 

3-5). This lower treatment efficiency, based on mass removal, is due to the much lower loading 

rates present in this study compared to the water hyacinth systems receiving domestic 

wastewater (Table 3-5).  

Percent reduction of total phosphorus may present a more accurate comparison between 

the mesocosms in this study and other water hyacinth systems with much higher loading rates. 

The comparison of percent reduction of total phosphorus indicates the treatment systems in this 

study are similar or better than some of the other water hyacinth systems in Florida. The percent 

reduction of the vegetated mesocosms in this study ranged from 59 to 72% (Table 3-3 and Table 

3-5) while the percent reduction of comparable water hyacinth systems was 10 to 82% (Table 3-
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5). The percent reduction achieved in this study place the mesocosm in this study in the higher 

range of other successful water hyacinth-based treatment systems in Florida (Table 3-5).  

The best comparison between systems with different loading rates is the areal uptake rate 

constant (k). When using the k value for comparison between mesocosms in this study and the 

other water hyacinth systems in Florida, it is observed that this study is slightly better than the 

median performance of the other systems. The k values for the vegetated mesocosms ranged 

from 24 to 34 m/yr, while the k values for the other water hyacinth systems in Florida were 3, 13, 

24, 61, 67, and 99 m/yr. The mesocosms in this study were comparable to other water hyacinth-

based treatment systems in Florida and achieved the goal of significant reduction of phosphorus 

in the inflow water. 

 One potential adverse effect of tilling in the treatment wetland system would be a large 

flux of nutrients following tilling events. A flux of phosphorus from the soil might be expected, 

as the wetland is reflooded after the drawdown period due to the disturbance of the soil during 

tilling. However, the water quality data does not show a large pulse of nutrients or a diminished 

treatment efficiency following each tilling event. When viewing inflow and outflow water 

quality on a temporal scale there are no significant long-term peaks in the quality of outflow 

water following tilling events (Figures 3-15 to 3-21). Although there are no visible increases in 

outflow concentrations following each tilling event, there may be limitations in the water quality 

monitoring. Water was collected biweekly, which  may not have been frequent enough to catch a 

pulse of nutrients following a tilling event. A higher frequency of water quality monitoring 

following tilling events may be helpful in determining any short-term nutrient flux after a tilling 

event. 
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It appears that the variety of tilling practices applied in this study did not have a 

significant influence on concentration reduction and/or mass removal. The tilling, tiered tilling, 

and tilling with amendment all performed at approximately similar levels of phosphorus and 

nitrogen removal.  

Soil 

A major constraint on the capacity of a treatment wetland to store phosphorus during the 

long-term is its ability to accumulate new soil. The incorporation of phosphorus into the tissues 

of vegetation within the wetlands is the major removal mechanism utilized in treatment wetlands. 

The burial and accretion of this biomass and the phosphorus it contains is the only reliable and 

sustainable long term storage mechanism of phosphorus in wetland systems (Kadlec and Knight, 

1996; Reddy et al. 1999). To maximize this long-term storage of phosphorus in the soil by 

increasing the rate of soil accretion while disposing of large amounts of water hyacinth biomass, 

the process of tilling the biomass into the soil was investigated as a potential management 

strategy.  

 It is possible the process of tilling water hyacinth biomass into the soil will help increase 

the storage rates of phosphorus and encourage more stable forms of phosphorus within the soil, 

while maintaining high treatment efficiency of wastewater. If there is a notable increase in 

organic matter content of the soil due to tilling of the water hyacinth, more phosphorus may be 

locked in permanent long-term storage. The pools of phosphorus stored in the soil may also 

change as a result of tilling, with a potential increase in residual phosphorus and other more 

stable forms of phosphorus with increased soil accretion rates. In a similar harvested water 

hyacinth system sediment was found to accrete at a rate of 1.2 cm yr
-1

 and P was accumulated at 

1 mg m
-2

 d
-1

 (DeBusk et al. 1983; DeBusk and Reddy, 1987). Although previous studies have 

investigated the accreting rates of new soil material, no study has tried to mimic this process and 
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ecologically engineer a method that speeds up the accumulation of soil organic matter, which is 

important for long-term phosphorus storage. This segment of the study aims to determine the 

effect tilling of biomass has on the soil properties and its associated phosphorus pools. 

Physico-chemical Soil Properties 

Bulk density 

 Bulk density was calculated for each soil sample throughout the study period, to observe 

how bulk density changed as a result of repeated tilling of biomass. The bulk density of the soils 

ranged from 0.91 to 1.26 g cm
-3

. The average bulk density of surface soil throughout the study 

period was typically lower than the bulk density of subsurface soil. The average bulk density of 

surface soil was 1.00 g cm
-3 

while the average bulk density for subsurface soil was 1.10 g cm
-3 

(Table 3-6).   

 As the study progressed there was a trend of decreasing soil bulk density. On average 

over the study period the bulk density of all soils decreased by 15.7%. The average bulk density 

of surface soil at the start of the study was 1.11 g cm
-3

, yet by the end of the study the average 

bulk density was 0.93 g cm
-3

, a 16.2% reduction in bulk density (Table 3-6). Subsurface soil 

started with an average bulk density of 1.22 g cm
-3

 and at the end of the study the average bulk 

density was 1.03 g cm
-3

, a 11.2% reduction in bulk density during the study period (Table 3-6). 

Changes in bulk density over the study period were all significantly different. There were no 

clear trends in bulk density changes between the different treatments implemented in this study. 

The decreases in bulk density of the soils which occurred through the duration of the 

study were expected. The bulk density of the soil would be expected to decrease through the 

repeated tilling and turning over of the soils. As the soil is tilled, any dense peds within the soil 

or any soil structure leading to a high density will be broken through the physical process of 

tilling.  



 

54 

There were no soil bulk density differences between treatments. The uniformity in reduction 

of bulk density between treatments would be expected, because all treatments received thorough 

disturbance through the tilling process. On a longer time scale, differences between treatments 

may become more apparent as some treatments may accumulate more organic matter and 

therefore have reduced bulk densities. But in the short-term, as seen in this study, the reduction 

in bulk density may possibly be attributed to the physical disturbance of tilling. 

pH 

 The pH of the soils used in the study were slightly basic, but very close to neutral. 

Surface soil was slightly more acidic then subsurface soil, with an average pH throughout the 

study of 7.45 and a range of 7.27 to 7.62 (Table 3-7). Subsurface soil averaged 7.62 and ranged 

from 7.40 to 7.77 throughout the study period (Table 3-7). 

 The changes in pH throughout the study were variable and somewhat sporadic. There 

were no clear trends between the different treatments applied in the study. There was a general 

and very gradual trend of increasing pH in all of the treatments. The soils on average increased 

slightly in pH, by 0.11, over the duration of the study (Table 3-7). 

 

Soil organic matter 

 Loss on ignition (LOI) was used to estimate the percent of soil organic matter. The loss 

on ignition measurement was used to determine how organic matter content of the soils changed 

during the study as the number of tillings increased. The soil organic matter at the first sampling 

event of the study was compared to soil organic matter at the final sampling event. 

 There was an increase of organic matter content in soil where water hyacinth biomass 

was tilled into soil. In these mesocosms, the average soil organic matter for surface soil with 

biomass incorporation increased from 6.16% to 7.97%, a 1.81% increase in the organic matter 
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content of the soil during the study (Table 3-8). Tilling biomass into subsurface soil increased 

soil organic mater content from 4.32% to 5.56% (Table 3-8). 

 The mesocosms where biomass was not tilled into the soil did not have the same increase 

in organic matter content as in the soils with biomass incorporation. These soils without the 

addition of vegetation remained relatively constant in soil organic matter, with a slight increase 

in organic matter. The treatment of no vegetation with tilling on subsurface soil started the study 

with an average soil organic matter content of 3.8%. Through the duration of the study the soil 

organic matter of these soils only slightly increased, by 0.46% to 4.32%, in organic matter 

content (Table 3-8). The no vegetation on surface soil treatment experienced similar results, with 

very small increases of organic matter content through the study period. The no vegetation on 

surface soil treatment increased from an average soil organic matter of 6.05% to 6.40% for a 

small 0.35% increase in organic matter content of the soil (Table 3-8). The small increases in 

organic matter content of the soils not receiving biomass tilling could potentially be explained by 

errors in sample collection or in the lab. The small increases in organic matter could be a result 

of variability and be within the margin of error for loss on ignition lab methods. 

 Throughout the duration of the study the soil organic matter of the sample soils with 

biomass tilling increased. This increase in soil organic matter represents an increase in the 

organic matter content of the mesocosm soils. As the organic matter content of the soils 

increases, the potential for long-term storage of phosphorus is augmented. With an average 

increase in organic matter content of 1.81% and 1.24% for surface soil and subsurface soil, 

respectively, in the relatively short study period, the potential increases in organic matter content 

over a longer time period could be significantly large. These increases in organic matter content 

may encourage a large portion of the phosphorus stored in recalcitrant parts of the vegetation to 
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be stored in a long-term compartment within the soil. The increases in organic matter content of 

the soils may also help increase the phosphorus adsorption capacity of the soils. 

Phosphorus Forms 

To identify pools of phosphorus in soils, a detailed soil phosphorus fractionation was 

performed. This soil phosphorus fractionation identified five specific soil phosphorus pools in 

the soils including loosely-bound or labile phosphorus (KCl extraction), Fe/Al bound phosphorus 

(NaOH Pi extraction), hydrolysable phosphorus or fulvic and humic bound phosphorus (NaOH 

Po extraction), Ca/Mg bound phosphorus (HCl extraction), and residual or recalcitrant 

phosphorus.  

 The forms of phosphorus present in the soil are an important factor to consider in 

treatment wetlands. The pools of phosphorus in the soils can be organized into two categories, 

labile and non-labile phosphorus. The labile forms of soil phosphorus include loosely-bound or 

labile phosphorus, Fe/Al bound phosphorus, and fulvic or humic bound phosphorus. The non-

labile forms of phosphorus include phosphorus associated with Ca/Mg and residual organic 

phosphorus (Reddy et al. 1995 and Debusk et al. 2004).  It is preferable to have phosphorus 

stored in non-labile forms, where they are in permanent storage and less likely to be released 

back to the system through desorption or mineralization. Tilling of water hyacinth biomass 

directly into the soil may have an impact on the forms of phosphorus being stored in the soil. An 

increase in residual organic phosphorus may result from the incorporation of biomass into the 

soil, and may increase the storage of phosphorus in non-labile forms. 

The composition of phosphorus pools within the soil was represented as a percentage of 

soil total phosphorus. At the first sampling date of the study (5/30/07) the average phosphorus 

pools across all treatments were determined. The majority of phosphorus present in the soil was 

calcium and magnesium bound phosphorus, comprising 72.1% of the total phosphorus. The 
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second largest phosphorus pool was residual organic phosphorus, at 14.4%. Iron and aluminum 

bound phosphorus made up 7.4%, followed by fulvic and humic bound phosphorus with 6.1%. 

The smallest pool of phosphorus within the soil was the labile phosphorus, with 0.1% of the total 

phosphorus present (Figures 3-22 to 3-29).  

At the end of the study (2/6/08) phosphorus pools were compared to initial values for 

percent change throughout the study period. During the study period there were no drastic 

changes in the composition of phosphorus within the soil. Calcium and magnesium bound 

phosphorus decreased by 4.3% to 67.8% of the total phosphorus. Residual phosphorus increased 

by 5.7% to 20.1%. Iron and aluminum bound phosphorus and fulvic or humic bound phosphorus 

both decreased by 0.6% to 6.8% and 1.0% to 5.1% respectively. Labile phosphorus increased by 

0.1% to 0.2% during the study (Figures 3-22 to 3-29).  

Similar trends were apparent when investigating changes in phosphorus pool composition 

for each treatment throughout the study. In general, all mesocosms had an increase in the 

proportion of phosphorus stored as residual and labile phosphorus. All treatments had a decrease 

in the proportion of phosphorus stored as calcium or magnesium, with the exception of the tilled 

with amendment on surface soil treatment. Decreases in the proportion of fulvic and humic 

bound phosphorus were also noted, with the exception of the tiered tilled on subsurface soil and 

no vegetation on surface soil treatments.  

During the study, labile phosphorus tended to increase. However, labile phosphorus 

fractions of soil are very small and make up much less than one percent, so the impact this 

fraction has on phosphorus storage in the systems is very small. The mesocosms all underwent a 

reduction in mass of phosphorus stored as iron and aluminum bound phosphorus. Values of the 

reduction in iron and aluminum bound phosphorus ranged from 1.0 to 36.5 mg/kg (Table 3-9). 
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All soils showed a decrease in fulvic and humic bound phosphorus similar to decreases in iron 

and aluminum bound phosphorus. The losses in fulvic and humic bound phosphorus ranged from 

5.4 to 28.0 mg/kg, with no clear patterns of loss associated with mesocosm type (Table 3-9).  

 The soils in the mesocosms at the beginning of the study had on average 86.5% of soil 

phosphorus in non-labile forms and 13.5% in labile forms. At the end of the study the soils had 

an average of 87.9% of total phosphorus in non-labile forms and 12.1% in labile phosphorus 

forms (Table 3-9). This small shift in proportions of phosphorus from non-labile forms is 

encouraging for the success of tilling of water hyacinth biomass into the soil as a management 

strategy.  

 The largest increase in the non-labile pools was observed in the residual organic 

phosphorus fraction. Residual organic phosphorus on average increased by 5.7% during the 

study period (Table 3-9). As was hypothesized, there was an increase in residual organic 

phosphorus within the soils of the mesocosms. This increase in the non-labile forms of 

phosphorus suggests that more phosphorus is being stored on site in permanent storage. There 

were no clear trends when looking at the mesocosm treatment type and increases in residual 

organic phosphorus. It was hypothesized there would be significantly more residual organic 

phosphorus accrued in the treatments where water hyacinth was tilled into the soils. But this 

hypothesis was not supported by the data. There were increases in residual organic phosphorus 

pools in all mesocosms, with some of the largest increases observed in the mesocosms without 

vegetation tilling. It was also hypothesized there would be an increase in Fe/Al bound 

phosphorus in the treatments receiving the ferric chloride amendment. This was not shown by 

the fractionation data. The fractionation actually showed a reduction in proportion of the 

phosphorus stored, as Fe/Al bound phosphorus in these treatments.  The inconsistency in this 
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data may be a result of the tilling process and sampling. This potential source of error will be 

discussed further in the following section on total phosphorus storage. In addition, it could be 

due to natural variability and that the magnitude of effects are not significant enough to be 

apparent. 

The largest change in phosphorus pools during the study period was found in the calcium 

and magnesium bound fraction. Losses in calcium and magnesium bound phosphorus ranged 

from 9.5 to 458.4 mg/kg, with no clear trends between mesocosms (Table 3-9). The only 

significant increase in a specific pool of phosphorus was in the residual organic phosphorus 

fraction. There were increases in the mass of phosphorus stored in the soil as residual phosphorus 

in all mesocosms during the study, except in the no vegetation on surface soil treatments. The 

values of increasing residual organic phosphorus ranged from 3.8 to 33.8 mg/kg and one 

decrease of 14.0 mg/kg in the no vegetation on surface soil mesocosms. 

Phosphorus Storage 

Total phosphorus was determined for each mesocosm at the beginning and end of the 

study period. Total phosphorus storage varied widely between treatment types, with no 

significant differences between treatments. The mean values for change in total phosphorus 

during the study period ranged from an increase of 455.5 mg/kg to a loss of 82.0 mg/kg (Table 3-

10).  All treatments had an increase in phosphorus storage during the study, except for two 

treatment types. These were no vegetation on subsurface soil and tiered tilled on subsurface soil 

with losses of 51.1 mg/kg and 82.0 mg/kg, respectively (Table 3-10). The other treatments which 

increased phosphorus storage had increases ranging from 112.2 to 455.5 mg/kg (Table 3-10). 

 The values for changes in phosphorus storage varied significantly and lacked any pattern 

or trends. This wide range of values for changes in phosphorus storage during the study period 

and lack of a consistent trend might be explained by sampling error. The process of tilling the 
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mesocosm soils may have created a very inconsistent sampling environment. As the soils were 

tilled, the soils and any associated phosphorus were redistributed throughout the soil profile. The 

tilling process may have not been uniform or consistent. This process may have led to areas of 

low phosphorus soils to be moved into areas of high phosphorus soils and vice versa, leading to 

an inconsistent sample at different sampling points.  

Soil Chemistry Summary 

 The physico-chemical properties and phosphorus chemistry of the soils in the mesocosm 

were closely monitored throughout the duration of the study. A decrease in bulk density during 

the study was attributed to the physical mixing of tilling and increases in organic matter content 

of the soils. During the study there was a significant increase in organic matter content of the 

soils that received tilling of vegetation. This increase in organic matter is a positive effect of 

tilling water hyacinth biomass into the soils. The increase in organic matter indicated a potential 

increase in storage of phosphorus, as more recalcitrant organic forms within the soils in 

permanent storage. The phosphorus fractionation of the soils complimented the findings of 

increased organic matter content of the soils by showing an increase in the percent of phosphorus 

stored as residual organic phosphorus. The changes in phosphorus fractions through the duration 

of the study suggest a shift of phosphorus into more non-labile pools as a result of tilling. 

Unfortunately, total phosphorus storage and some fractionation results suggest that there may 

have been problems with sampling as a result of the tilling process. Due to this potential source 

of error, definitive trends in the effect tilling of biomass has had on soil phosphorus dynamics are 

hard to distinguish.   

Phosphorus Budget  

A system mass balance for phosphorus was generated using water, vegetation, and soil 

phosphorus data for each treatment type. The system mass balance quantified the mass of 
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phosphorus in each of several compartments on a g P m
-2

 basis. The individual compartments 

calculated for this mass balance included inflow water, outflow water, phosphorus removed from 

water, vegetation, and soils. The mass balance was calculated as an average for each treatment 

type.  

 All mesocosms received inflow water at a mass per unit area of 5.9 g P m
-2

 for the 

duration the study (Table 3-11). The outflow of each mesocosm varied, depending on the amount 

of phosphorus removed from the water column. The mass removed from the water during the 

study period for vegetated treatments ranged from 3.5 to 4.3 g P m
-2

 (Table 3-11). The tilled with 

amendment treatments had the highest values for phosphorus removed from the water, with 4.0 

and 4.3 g P m
-2

 for subsurface soil and surface soil treatments, respectively (Table 3-11, Figures 

3-33 and 3-37). The treatments without vegetation removed far less phosphorus from the water, 

with 1.1 and 1.6 g P m
-2

 for subsurface soil and surface soil treatments, respectively (Table 3-11, 

Figures 3-30 and 3-34). Most of the phosphorus removed can be accounted for in phosphorus 

incorporated in the water hyacinth biomass. The amount of phosphorus stored in the vegetation 

ranged from 3.2 to 4.4 g P m
-2

, depending on plant density and phosphorus content (Table 3-11). 

The amount of phosphorus stored in the vegetation was an estimate based on a total of the three 

separate growing periods between tilling events. The phosphorus stored in vegetation accounted 

for 80-100% of the phosphorus removed from the water column during the study. In some cases 

there may have been additional phosphorus in the vegetation that may have come from the soils, 

or phosphorus may have been lost from the soil as flux from the soil after tilling. 

 The soils stored a vast majority of the phosphorus in the system. Soil phosphorus ranged 

from 337 to 544 g P m
-2

 (Table 3-11, Figures 3-30 to 3-37). The vegetation from the system was 

tilled into the soils. This additional phosphorus from the vegetation would only account for 
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approximately 1% of the phosphorus in the soil. Based on this small amount of phosphorus 

added to the soil, relative to the mass of phosphorus already present in the soil, it would be hard 

to indicate an increase in phosphorus content due to the input of phosphorus from the tilled 

vegetation. 
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Table 3-1. Inflow and outflow water quality data for TP, SRP, DOP, and PP with percent reduction 

      

TP* 

(µg/L)   

SRP** 

(µg/L)   

DOP** 

(µg/L)   

PP** 

(µg/L) 

Treatment 

Soil 

Type   Mean S.D. 

% 

Reductio

n   

Mea

n S.D. 

% 

Reductio

n   

Mea

n S.D. 

% 

Reductio

n   

Mea

n S.D. 

% 

Reductio

n 

Inflow   
234.0 

100.3 
-  

146.

5 
96.3 -   

47.5 22.8 
- 

  55.1 26.1 
- 

Outflow:                  

     No Vegetation  Surface   163.0 83.1 30.3  52.6 53.3 64.1  39.4 21.0 17.0  85.3 32.7 -54.6 

     Tilling with Amendment Surface   63.1 40.2 73.0  18.4 22.0 87.5  18.2 11.0 61.7  30.8 12.3 44.2 

     Tilled Surface   82.9 52.6 64.6  25.2 32.9 82.8  24.4 18.5 48.6  37.0 20.3 32.8 

     Tiered Tilling Surface   90.4 59.3 61.4  26.8 33.0 81.7  25.8 17.6 45.7  46.6 25.8 15.6 

     No Vegetation  Subsurface 188.9 98.1 19.3  51.7 58.4 64.7  39.0 22.2 17.8  

117.

1 46.8 -112.4 

     Tilling with Amendment Subsurface 73.7 46.5 68.5  23.3 29.9 84.1  21.8 12.5 54.0  34.1 13.9 38.1 

     Tilled Subsurface 93.2 68.0 60.2  28.2 37.3 80.8  27.1 20.8 43.0  47.8 28.3 13.3 

     Tiered Tilling Subsurface 90.7 75.8 61.2   29.4 41.5 80.0   24.9 18.7 47.5   42.0 27.7 23.9 

n=3 

* TP period of record: 4/25/07 - 4/15/08; weekly samples              

** SRP, DOP, and PP period record: 5/16/07 - 2/25/08; biweekly samples             

TP = Total Phosphorus                  

SRP = Soluble Reactive Phosphorus                 

DOP = Dissolved Organic Phosphrous                 

PP = Particulate Phosphorus                  
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Table 3-2. Inflow and outflow water quality data for TKN, NO3, and NH4 with percent reduction 

      

TKN 

(mg/L)   

NO3 

(mg/L)   

NH4 

(mg/L) 

Treatment Soil Type Mean S.D. 

% 

Reduction   Mean S.D. 

% 

Reduction   Mean S.D. 

% 

Reduction 

Inflow   2.10 0.36 -   0.30 0.05 -  0.11 0.08 - 

Outflow:              

     No Vegetation  Surface  1.86 0.30 11.6  0.21 0.06 30.9  0.12 0.09 -2.1 

     Tilled with Amendment Surface  1.71 0.35 18.4  0.02 0.00 94.6  0.11 0.10 3.9 

     Tilled Surface  1.75 0.29 16.8  0.02 0.00 94.7  0.11 0.08 3.2 

     Tiered Tilled Surface  1.60 0.20 23.8  0.02 0.00 94.1  0.10 0.08 10.6 

     No Vegetation  Subsurface 1.73 0.25 17.7  0.19 0.07 37.7  0.11 0.10 5.0 

     Tillied with Amendment Subsurface 1.62 0.39 22.8  0.02 0.00 94.4  0.09 0.08 24.4 

     Tilled Subsurface 1.70 0.26 19.1  0.02 0.00 94.1  0.09 0.10 20.9 

     Tiered Tilled Subsurface 1.51 0.26 28.2   0.02 0.00 94.2   0.10 0.09 9.9 

n=3 

TKN, NO3, and NH4 period of record: 5/10/07 - 2/17/08; biweekly samples       

TKN = Total Kjeldahl Nitrogen             
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Table 3-3. Calculated mass removal (mg P m
-2

 day
-1

) for TP, SRP, DOP, and PP 

    

TP* 

(mg P/m²/day)   

SRP** 

(mg P/m²/day)   

DOP** 

(mg P/m²/day)   

PP** 

(mg P/m²/day) 

Treatment Soil Type Mean S.D. Min. Max.  Mean S.D. Min. Max.  Mean S.D. Min. Max.  Mean S.D. Min. 

Ma

x. 

No Vegetation  Surface 5.3 1.8 -5.4 14.2   7.7 0.3 0.0 14.1   0.3 0.3 -3.0 3.3   -2.4 1.6 -12.5 6.2 

Tilling with Amendment Surface 14.3 1.2 4.8 30.5  10.9 0.7 3.7 24.1  2.0 0.3 -0.4 4.9  1.4 0.3 -1.9 7.7 

Tilled Surface 13.0 0.5 -4.8 29.3  10.2 0.5 2.2 22.7  1.6 0.3 -1.5 3.9  1.2 0.5 -11.3 7.6 

Tiered Tilling Surface 12.0 0.9 -2.6 21.9  10.2 0.1 3.2 21.9  1.5 0.1 -0.5 3.8  0.4 0.7 -9.1 7.5 

No Vegetation  Subsurface 3.3 3.2 -9.3 16.6  7.9 0.3 -1.2 14.8  0.4 0.1 -4.2 3.3  -5.0 3.0 -16.7 6.7 

Tilling with Amendment Subsurface 13.3 0.5 2.8 24.7  10.4 0.2 2.8 20.5  1.7 0.1 -1.4 4.8  1.2 0.7 -3.7 6.9 

Tilled Subsurface 9.9 4.0 -3.8 20.0  10.0 0.3 2.2 20.4  1.4 0.2 -2.7 4.0  0.2 0.9 -11.8 7.1 

Tiered Tilling Subsurface 12.1 0.2 1.0 20.6   9.9 0.5 3.0 20.2   1.5 0.2 -1.1 4.5   0.6 0.5 -5.2 6.9 

n=3 

* TP period of record: 4/25/07 - 4/15/08; weekly samples                 

** SRP, DOP, and PP period record: 5/16/07 - 2/25/08; biweekly samples              

TP = Total Phosphorus                     

SRP = Soluble Reactive Phosphorus                    

DOP = Dissolved Organic Phosphrous                    

PP = Particulate Phosphorus                    
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Table 3-4. Calculated mass removal (mg P m
-2

 day
-1

) for TKN, NO3, and NH4 

      

TKN 

(mg P/m²/day)   

NO3 

(mg P/m²/day)   

NH4 

(mg P/m²/day) 

Treatment Soil Type  Mean S.D. Min. 

Max

.  Mean S.D. Min. Max.  Mean S.D. Min. Max. 

No Vegetation  Surface   18.2 8.7 -20.3 45.0   7.1 0.8 1.2 11.9   -1.9 4.3 -31.1 13.0 

Tilled with Amendment Surface  27.9 5.8 -14.2 70.2  20.4 0.1 13.7 26.4  -1.8 8.2 -42.4 18.4 

Tilled Surface  21.6 7.2 -20.2 67.9  20.5 0.1 13.3 26.4  -2.1 7.9 -37.3 11.0 

Tiered Tilled Surface  34.3 8.4 3.0 73.3  20.3 0.1 13.3 25.6  0.7 4.1 -26.7 18.7 

No Vegetation  Subsurface  24.7 16.7 -22.5 76.9  7.6 0.2 -0.4 16.6  -1.4 6.3 -48.0 17.9 

Tilled with Amendment Subsurface  35.1 5.4 2.4 62.1  20.3 0.1 13.3 26.0  1.1 4.6 -30.4 13.1 

Tilled Subsurface  24.9 4.1 -4.0 73.5  20.2 0.1 13.4 26.4  -0.9 8.4 -38.9 14.9 

Tiered Tilled Subsurface   41.5 1.3 23.1 71.6   20.3 0.1 13.3 26.0   -1.7 2.7 -19.9 15.6 

n=3 

TKN, NO3, and NH4 period of record: 5/10/07 - 2/17/08; biweekly samples         

TKN = Total Kjeldahl Nitrogen                
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Table 3-5. Summary of water hyacinth treatment systems performance in Florida with summary of study wetlands (data from Stewart 

et al. 1987). 

Treatment Wetland  

  or Treatment Type 
Soil Type 

HLR 

(cm/day) 

Influent 

(mg/L) 

Effluent 

(mg/L) 

P 

Loading 

(g/m2-

yr) 

P Loading 

(mg/m2-

day) 

P 

Removal 

(g/m2-

yr) 

P Removal 

(mg/m2-

day) 

%  TP 

removal 
k 

Coral Springs  7 4.68 4.23 116.0 317.8 11.3 31.0 10 3 

Melbourne  22 4.33 3.70 354.0 969.9 51.5 141.1 15 13 

Kissimmee  4 1.46 0.27 20.8 57.0 16.9 46.3 82 24 

Loxahatchee  28 1.06 0.55 108.0 295.9 51.9 142.2 48 67 

Iron Bridge 1  21 0.74 0.33 56.2 154.0 29.6 81.1 55 61 

Iron Bridge 2  25 0.30 0.10 26.9 73.7 18.0 49.3 67 99 

           

No Vegetation  Surface 7 0.23 0.16 6.3 17.2 1.9 5.3 29 9 

Tilling with Amendment Surface 7 0.23 0.06 6.3 17.2 5.2 14.3 72 34 

Tilled Surface 7 0.23 0.08 6.3 17.2 4.7 13.0 64 27 

Tiered Tilling Surface 7 0.23 0.09 6.3 17.2 4.4 12.0 61 24 

No Vegetation  Subsurface 7 0.23 0.19 6.3 17.2 1.2 3.3 18 6 

Tilling with Amendment Subsurface 7 0.23 0.07 6.3 17.2 4.9 13.3 68 30 

Tilled Subsurface 7 0.23 0.09 6.3 17.2 3.6 9.9 59 24 

Tiered Tilling Subsurface 7 0.23 0.09 6.3 17.2 4.4 12.1 60 24 
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Table 3-6. Bulk density of soils throughout study period 

      

Sample 1 

(g/cm
3
)   

Sample 2 

(g/cm
3
)   

Sample 3 

(g/cm
3
) 

Treatment Soil Type  Mean S.D.  Mean S.D.  Mean S.D. 

No vegetation  Surface   1.06 0.03   0.94 0.07   0.91 0.07 

Tilled with amendment Surface  1.15 0.08  0.99 0.04  0.95 0.04 

Tilled Surface  1.06 0.05  0.93 0.04  0.91 0.03 

Tiered tilled Surface  1.17 0.05  1.00 0.02  0.95 0.02 

No vegetation  Subsurface  1.24 0.05  1.04 0.04  1.03 0.03 

Tilled with amendment Subsurface  1.26 0.06  1.08 0.08  1.01 0.01 

Tilled Subsurface  1.21 0.05  1.02 0.06  1.04 0.03 

Tiered tilled Subsurface   1.17 0.03   1.05 0.03   1.04 0.02 

n=3 

Sample 1 = 5/30/2007           

Sample 2 = 9/20/2007           

Sample 3 = 2/6/2008           
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Table 3-7. pH of soils throughout study period 

      Sample 1   Sample 2   Sample 3 

Treatment Soil Type  Mean S.D.  Mean S.D.  Mean S.D. 

No vegetation  Surface   7.4 0.0   7.3 0.4   7.6 0.1 

Tilled with amendment Surface  7.4 0.1  7.4 0.4  7.4 0.3 

Tilled Surface  7.3 0.1  7.6 0.2  7.5 0.2 

Tiered tilled Surface  7.5 0.2  7.3 0.2  7.6 0.2 

No vegetation  Subsurface  7.6 0.1  7.7 0.0  7.6 0.0 

Tilled with amendment Subsurface  7.7 0.1  7.7 0.1  7.8 0.0 

Tilled Subsurface  7.6 0.1  7.6 0.2  7.7 0.1 

Tiered tilled Subsurface   7.4 0.4   7.6 0.1   7.5 0.5 

n=3 

Sample 1 = 5/30/2007           

Sample 2 = 9/20/2007           

Sample 3 = 2/6/2008           
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Table 3-8. Loss on ignition of soils throughout study period 

      

Sample 1 

(%)   

Sample 2 

(%)   

Sample 3 

(%) 

Treatment Soil Type  Mean S.D.  Mean S.D.  Mean S.D. 

No vegetation  Surface   6.1 0.2   6.4 0.2   6.4 0.1 

Tilled with amendment Surface  6.2 0.6  7.8 0.9  8.0 1.3 

Tilled Surface  6.1 0.3  7.7 0.7  7.7 1.1 

Tiered tilled Surface  6.2 0.9  7.9 0.4  8.2 0.6 

No vegetation  Subsurface  3.9 0.6  4.2 0.1  4.3 0.6 

Tilled with amendment Subsurface  4.7 0.9  5.4 0.7  5.9 1.2 

Tilled Subsurface  3.9 0.4  4.6 0.5  5.8 1.1 

Tiered tilled Subsurface   4.3 1.3   4.9 0.3   5.0 0.7 

n=3 

Sample 1 = 5/30/2007           

Sample 2 = 9/20/2007           

Sample 3 = 2/6/2008           
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Table 3-9. Soil phosphorus fractionation data summary 

      

Initial Soils 

(mg/kg)   

Final Soils 

(mg/kg)   

Change 

(mg/kg) 

Treatment 

Soil P 

Fraction   Mean S.D.   Mean S.D.     

 KCl Pi  0.7 0.2  1.4 1.0  0.7 

 NaOH Pi  82.8 58.5  46.3 12.0  -36.5 

No Vegetation on Surface Soil NaOH Po  68.5 35.5  56.1 18.6  -12.5 

 HCl Pi  732.4 35.9  274.0 143.7  -458.4 

 

Residual 

Po  153.5 36.9  139.5 15.9  -14.0 

          

 KCl Pi  0.5 0.1  1.1 0.8  0.6 

 NaOH Pi  45.7 14.6  43.1 7.9  -2.7 

Tilled with Amendment on Surface Soil NaOH Po  47.9 9.5  35.7 3.9  -12.2 

 HCl Pi  504.9 96.2  495.4 143.3  -9.5 

 

Residual 

Po  115.5 3.0  119.3 12.6  3.8 

          

 KCl Pi  1.3 0.3  1.6 0.5  0.3 

 NaOH Pi  73.9 29.0  50.5 12.8  -23.4 

Tilled on Surface Soil NaOH Po  64.4 22.7  38.9 7.7  -25.5 

 HCl Pi  572.2 57.4  470.7 249.2  -101.4 

 

Residual 

Po  138.7 14.4  142.5 24.2  3.8 

          

 KCl Pi  0.7 0.2  1.2 0.3  0.4 

 NaOH Pi  54.8 20.8  44.6 5.7  -10.2 

Tiered Tilled on Surface Soil NaOH Po  58.3 16.8  30.3 9.4  -28.0 

 HCl Pi  593.3 406.3  530.6 204.4  -62.7 

 

Residual 

Po  124.7 38.5  158.5 23.0  33.8 

          

 KCl Pi  0.5 0.1  1.1 0.5  0.6 

 NaOH Pi  54.9 2.9  35.2 6.1  -19.7 

No Vegetation on Subsurface Soil NaOH Po  35.6 5.7  16.7 9.2  -18.9 

 HCl Pi  538.4 43.6  344.9 112.0  -193.5 

 

Residual 

Po  98.4 8.2  109.3 14.1  10.9 

          

 KCl Pi  0.5 0.1  1.2 0.3  0.7 

 NaOH Pi  65.1 20.8  43.2 11.2  -21.9 

Tilled with Amendment on Subsurface Soil NaOH Po  51.7 24.7  34.9 31.2  -16.8 

 HCl Pi  610.9 72.4  458.1 205.0  -152.7 

 

Residual 

Po  109.0 11.3  122.6 10.5  13.6 

          

 KCl Pi  0.9 0.5  1.0 0.4  0.2 

 NaOH Pi  50.4 16.6  49.4 5.1  -1.0 

Tilled on Subsurface Soil NaOH Po  34.9 6.0  22.1 4.5  -12.9 

 HCl Pi  508.6 125.1  477.4 90.3  -31.2 

 Residual  101.4 13.0  131.5 8.9  30.1 
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Po 

          

Table 3-9. Continued 

      

Initial Soils 

(mg/kg)   

Final Soils 

(mg/kg)   

Change 

(mg/kg) 

Treatment 

Soil P 

Fraction   Mean S.D.   Mean S.D.     

 KCl Pi  1.0 0.5  1.6 1.1  0.7 

 NaOH Pi  56.2 1.6  45.6 6.0  -10.6 

Tiered Tilled on Subsurface Soil NaOH Po  38.6 8.8  33.2 25.4  -5.4 

 HCl Pi  682.2 260.7  510.6 258.0  -171.6 

 Residual Po  103.4 13.8  129.8 18.9  26.4 

n=3 

KCl Pi = Labile phosphorus                   

NaOH Pi = Fe/Al bound phosphorus          

NaOH Po = Fulvic and humic bound phosphorus         

HCl Pi = Ca/Mg bound phosphorus          

Residual Po = Residual organic phosphorus         
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Table 3-10. Total phosphorus of soils throughout study period 

      

Initial Soils 

(mg/kg)   

Final Soils 

(mg/kg)   

Change 

(mg/kg) 

Treatment Soil Type   Mean S.D.   Mean S.D.     

No Vegetation  Surface   734 133   1137 539   404 

Tilled with Amendment Surface  659 27  800 171  141 

Tilled Surface  889 757  1052 214  163 

Tiered Tilled Surface  849 175  961 439  112 

No Vegetation  Subsurface  710 206  659 116  -51 

Tillied with Amendment Subsurface  672 56  1087 547  415 

Tilled Subsurface  910 325  828 231  -82 

Tiered Tilled Subsurface   560 61   1016 244   455 

n=3 
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Table 3-11. Phosphorus mass balance of system for duration of study 

Treatment Soil Type 

Inflow 

Water 

(g/m
2
) 

Outflow 

Water 

(g/m
2
) 

Removed 

from Water 

(g/m
2
) 

Vegetation 

(g/m
2
) 

Soils 

(g/m
2
) 

No Vegetation  Surface 5.9 4.3 1.6 - 507.2 

Tilled with Amendment Surface 5.9 1.6 4.3 3.8 368.6 

Tilled Surface 5.9 2.1 3.8 4.3 428.6 

Tiered Tilled Surface 5.9 2.3 3.6 3.8 502.7 

No Vegetation  Subsurface 5.9 4.8 1.1 - 337.0 

Tillied with Amendment Subsurface 5.9 1.9 4.0 3.2 544.0 

Tilled Subsurface 5.9 2.4 3.5 4.4 526.4 

Tiered Tilled Subsurface 5.9 2.3 3.6 3.5 430.5 

n=3 
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Figure 3-1. Statistical ANOVA plot of TP mass reduction percent (%). NVSS= no vegetation on 

subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with amendment 

on subsurface soil, TAS= tilled with amendment on surface soil, TSS= tilled on 

subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface soil, and 

TTS= tiered till on surface soil. 
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Figure 3-2. Statistical ANOVA plot of SRP mass reduction percent (%). NVSS= no vegetation 

on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-3. Statistical ANOVA plot of DOP mass reduction percent (%). NVSS= no vegetation 

on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-4. Statistical ANOVA plot of PP mass reduction percent (%). NVSS= no vegetation on 

subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with amendment 

on subsurface soil, TAS= tilled with amendment on surface soil, TSS= tilled on 

subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface soil, and 

TTS= tiered till on surface soil. 
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Figure 3-5. Statistical ANOVA plot of TKN mass reduction percent (%). NVSS= no vegetation 

on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-6. Statistical ANOVA plot of NO3 mass reduction percent (%). NVSS= no vegetation 

on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-7. Statistical ANOVA plot of NH4 mass reduction percent (%). NVSS= no vegetation 

on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-8. Statistical ANOVA plot of TP mass removal (mg P m
-2

 day
-1

). NVSS= no vegetation 

on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-9. Statistical ANOVA plot of SRP mass removal (mg P m
-2

 day
-1

). NVSS= no 

vegetation on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-10. Statistical ANOVA plot of DOP mass removal (mg P m
-2

 day
-1

). NVSS= no 

vegetation on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-11. Statistical ANOVA plot of PP mass removal (mg P m
-2

 day
-1

). NVSS= no 

vegetation on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-12. Statistical ANOVA plot of TKN mass removal (mg P m
-2

 day
-1

). NVSS= no 

vegetation on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-13. Statistical ANOVA plot of NO3 mass removal (mg P m
-2

 day
-1

). NVSS= no 

vegetation on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-14. Statistical ANOVA plot of NH4 mass removal (mg P m
-2

 day
-1

). NVSS= no 

vegetation on subsurface soil, NVS= no vegetation on surface soil, TASS= tilled with 

amendment on subsurface soil, TAS= tilled with amendment on surface soil, TSS= 

tilled on subsurface soil, TS= tilled on surface soil, TTSS= tiered till on subsurface 

soil, and TTS= tiered till on surface soil. 
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Figure 3-15. TP water quality throughout study period. A = No vegetation with tilling, B = Tilled, C = Tilled with chemical 

amendment, D = Tiered tilled. Tilling dates were 5/30/07, 9/20/07, and 2/6/08 
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Figure 3-16. SRP water quality throughout study period. A = No vegetation with tilling, B = Tilled, C = Tilled with chemical 

amendment, D = Tiered tilled. Tilling dates were 5/30/07, 9/20/07, and 2/6/08 
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Figure 3-17. DOP water quality throughout study period. A = No vegetation with tilling, B = Tilled, C = Tilled with chemical 

amendment, D = Tiered tilled. Tilling dates were 5/30/07, 9/20/07, and 2/6/08 
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Figure 3-18. PP water quality throughout study period. A = No vegetation with tilling, B = Tilled, C = Tilled with chemical 

amendment, D = Tiered tilled. Tilling dates were 5/30/07, 9/20/07, and 2/6/08 
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Figure 3-19. TKN water quality throughout study period. A = No vegetation with tilling, B = Tilled, C = Tilled with chemical 

amendment, D = Tiered tilled. Tilling dates were 5/30/07, 9/20/07, and 2/6/08 
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Figure 3-20. NO3 water quality throughout study period. A = No vegetation with tilling, B = Tilled, C = Tilled with chemical 

amendment, D = Tiered tilled. Tilling dates were 5/30/07, 9/20/07, and 2/6/08 
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Figure 3-21. NH4 water quality throughout study period. A = No vegetation with tilling, B = Tilled, C = Tilled with chemical 

amendment, D = Tiered tilled. Tilling dates were 5/30/07, 9/20/07, and 2/6/08 
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Figure 3-22. Initial and final no vegetation on surface soils phosphorus fractionation percent of 

total phosphorus 

 

Figure 3-23. Initial and final tilled on surface soils phosphorus fractionation percent of total 

phosphorus 



 

97 

 

Figure 3-24. Initial and final tilled with amendment on surface soils phosphorus fractionation 

percent of total phosphorus 

 

Figure 3-25. Initial and final tiered tilled on surface soils phosphorus fractionation percent of 

total phosphorus 
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Figure 3-26. Initial and final no vegetation on subsurface soils phosphorus fractionation percent 

of total phosphorus 

 

Figure 3-27. Initial and final tilled on subsurface soils phosphorus fractionation percent of total 

phosphorus 
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Figure 3-28. Initial and final tilled with amendment on subsurface soils phosphorus fractionation 

percent of total phosphorus 

 

Figure 3-29. Initial and final tiered tilled on subsurface soils phosphorus fractionation percent of 

total phosphorus 
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Figure 3-30. Diagram of No Vegetation on Surface Soil (NVS) treatment mass balance and 

phosphorus distribution within the system for one year. 

 

 

Figure 3-31. Diagram of Tilled on Surface Soil (TS) treatment mass balance and phosphorus 

distribution within the system for one year. 
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Figure 3-32. Diagram of Tiered Tilled on Surface Soil (TTS) treatment mass balance and 

phosphorus distribution within the system for one year. 

 

 

Figure 3-33. Diagram of Tilled with Amendment on Surface Soil (TAS) treatment mass balance 

and phosphorus distribution within the system for one year. 
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Figure 3-34. Diagram of No Vegetation on Subsurface Soil (NVSS) treatment mass balance and 

phosphorus distribution within the system for one year. 

 

 

Figure 3-35. Diagram of Tilled on Subsurface Soil (TSS) treatment mass balance and phosphorus 

distribution within the system for one year. 
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Figure 3-36. Diagram of Tiered Tilled on Subsurface Soil (TTSS) treatment mass balance and 

phosphorus distribution within the system for one year. 

 

 

Figure 3-37. Diagram of Tilled with Amendment on Subsurface Soil (TASS) treatment mass 

balance and phosphorus distribution within the system for one year. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

In order to evaluate the feasibility and functioning of tilling water hyacinth biomass into 

the onsite soils as a viable management strategy for maintenance of floating macrophyte 

treatment systems, a mesocosm study was established. This study was designed to specifically 

investigate how tilling practices influence treatment efficiency and soil phosphorus dynamics. 

The mesocosm study evaluated how organic matter accumulation rates were influenced, how soil 

phosphorus forms were changed as a function of time, and the stability of these soil phosphorus 

pools.  

It was found that all of the vegetated mesocosms successfully reduced incoming 

phosphorus concentrations. All forms of phosphorus were reduced significantly. On average the 

vegetated treatments reduced total phosphorus by 64%, with a maximum reduction of 72.5%. 

The vegetated treatments were found to have an average mass reduction of 12.4 mg P m
-2

 day
-1

, 

with a maximum mass reduction of 14.3 mg P m
-2

 day
-1

. The unvegetated treatments had a 

significantly lower phosphorus reduction, which was expected as vegetation uptake is a key 

process in floating macrophyte treatment systems. Among the vegetated treatments there were no 

significant differences in water quality improvement, although the tilling with amendment 

treatments consistently had the highest phosphorus reduction. It is clear that the systems with 

tilling are effectively reducing phosphorus with no adverse effect from tilling. 

Within the soil several key findings suggest tilling of water hyacinth may be an effective 

method for management of water hyacinth biomass, while increasing the onsite long-term 

storage of phosphorus. Bulk density was decreased throughout the duration of the study. On 

average the bulk density of the mesocosm soils decreased by 15.7% during the study period. This 

decrease in bulk density was most likely due to the tilling process and an increase in organic 
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matter. To investigate increases in organic matter, the loss on ignition was determined 

throughout the study. The loss on ignition data suggests there was an increase of 1.81% and 

1.24% in organic matter, respectively, for surface soil and subsurface soil with vegetation tilling. 

The treatments without the vegetation tilling had significantly lower increases in organic matter 

content during the study. This increase in organic matter content of the soils with vegetation 

tilling was seen over a one year period. If extrapolated for several years the increases in soil 

organic matter may become very pronounced. Increases in organic matter can have significant 

impacts on phosphorus treatment and storage of phosphorus in long-term pools within the soil, as 

it is the only reliable long-term phosphorus storage mechanism of wetlands. 

To investigate the influence tilling of water hyacinth biomass has on soil phosphorus 

pools, a detail phosphorus fractionation was performed. The phosphorus fractionation classified 

the soil phosphorus as readily available phosphorus (KCl Pi extraction), Fe/Al bound phosphorus 

(NaOH Pi extraction), fulvic and humic bound phosphorus (NaOH Po extraction), Ca/Mg bound 

phosphorus (HCl extraction), and residual organic phosphorus. The fractionation found on 

average 67.8% of the phosphorus in the soil was Ca/Mg bound phosphorus, 20.1% was residual 

organic phosphorus, 6.8% was Fe/Al bound phosphorus, 5.1% was fulvic and humic bound 

phosphorus, and 0.2% was readily available phosphorus. Through the duration of the study the 

soils shifted a small amount, from 86.5% to 87.9% phosphorus stored in non-labile forms. The 

largest increase in any one phosphorus fraction in the soils was a 5.7% increase in residual 

organic phosphorus. This increase in residual organic phosphorus was expected, as the tilled 

vegetation has also increased the organic matter content. The increases in residual organic 

phosphorus suggest more phosphorus is being stored in the long-term soil phosphorus pools. 

When investigating total phosphorus storage and changes during the study, the results were 
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highly variable and no trends or patterns could be determined. This may be a result of a sampling 

error due to the highly volatile and inconsistent soil environment caused by the tilling of the 

soils. 

There does not appear to be significant differences in the various types of tilling performed 

during the study. Although the tilling with amendment consistently had higher treatment 

efficiencies, it was not significantly better then the other tilling methods. If the management 

strategy of tilling water hyacinth into the soils were applied on a large scale system, it may be 

beneficial to implement the lowest cost and less time intensive method of regular tilling rather 

than the tilling with amendment or tiered tilling. 

The results of this study suggest tilling of water hyacinth biomass may be an effective 

management strategy for floating macrophytes treatment systems. Water quality monitoring has 

shown the systems with tilling of water hyacinth are efficient in reducing both phosphorus and 

nitrogen concentrations in the inflow water. Tilling has not adversely affected the reduction of 

the different phosphorus and nitrogen species in the mesocosms. Soils data suggest the tilling 

processes may encourage the storage of phosphorus in more recalcitrant or non-labile forms in 

the soil and increase the organic matter content of the soils. This increase in the organic matter 

and residual organic phosphorus fraction may lead to more of the phosphorus removed from the 

water column being locked in long-term storage and prevented it from reaching natural 

downstream systems. 
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