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Constructed wastewater treatment wetlands are used for secondary and tertiary 

treatment of nutrients such as phosphorus (P) prior to discharge into surface waters.  Over 

time, the P treatment capacity of constructed wetlands may decline.  Little research has 

been done on methods to restore the treatment capacity of these aging wetlands.  One 

method to increase the P binding capacity of wetland soils is the addition of aluminum 

(Al)-containing amendments such as alum (Al2(SO4)3·14H2O).   

Phosphorus immobilization in treatment wetlands was investigated using a five-

week laboratory core study, three-month mesocosm study, and full-scale one-year field 

study.  Results suggest a continuous or seasonal low-dosage alum application to 

treatment wetlands significantly improves removal efficiencies of soluble reactive P, total 

P and nutrients associated with organic matter (carbon and nitrogen).  However, a 

significant increase in amorphous Al within the surface soil was associated with lower 
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soil pH.  The increased Al and reduced pH both negatively impacted soil microbial 

biomass as well as activity.  These findings were true in short-term studies to varying 

degrees, while the long-term field study was inconclusive.  Plant growth and nutrient 

bioavailability were relatively unimpaired by alum application in emergent systems, 

while in submerged aquatic vegetation (SAV) systems, biomass and calcium tissue 

concentrations significantly decreased while Al concentrations significantly increased, 

suggesting Al toxicity.  A P mass balance suggests alum impacts in SAV-dominated 

systems are predominantly associated with vegetation, while in emergent macrophyte 

systems the soil will be most impacted, directly corresponding to the largest P storage 

compartments in each.   Total P in the surface soil was five times higher after the one- 

year field alum application compared to the control. 

Application of alum or Al-containing amendments to soil proximal to the outflow 

regions of treatment wetlands will provide an effective management tool to maintain 

discharge concentrations within permitted values during inefficient wetland treatment 

times.  However, alum application does result in increased particulate P within the water 

column which could raise total suspended solids in wetland discharges.  To minimize 

negative impacts, the minimum dosage necessary for effective treatment should be 

applied, and usage constrained to the winter season during low treatment efficiency. 
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CHAPTER 1 
LITERATURE REVIEW 

Wetlands are acknowledged as unique ecosystems with multiple functions and 

values including biodiversity and habitat conservation, water quality improvement, and 

hydrologic benefits.  Natural wetlands have been used as discharge points for wastewater 

and sewage since 1912 (Kadlec and Knight, 1996) and this practice continues even today.  

With increasing knowledge of how wetlands function to improve water quality and a 

growing interest in ecological engineering, constructed wetlands started to be built in the 

1970s.  The first constructed wetland treatment system in North America was constructed 

in 1973 by Brookhaven National Laboratory (Small and Wurm, 1977).  Since that time, 

constructed wetland designs have improved and a variety can be found including 

individual surface or subsurface flow wetlands to more complicated systems that 

incorporate cascade aeration and ornamental ponds.  A variety of wetland plants have 

been used in these systems from submerged aquatics to emergents. The most common 

vegetation includes Phragmites spp., Scirpus spp., and Typha spp. (Denny, 1997; Knight, 

1997). 

Constructed Treatment Wetlands 

Constructed wastewater treatment wetlands are a relatively low-cost alternative 

increasingly being used in developing countries to provide primary wastewater treatment, 

while in industrial nations of Europe and North America, treatment wetlands are being 

used for tertiary treatment of nutrients prior to discharge into surface waters.  In 1999 

more than 200 communities in the United States reported use of constructed wetlands for 
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wastewater treatment (Reagin, 2002).  Several countries also use constructed treatment 

wetlands for treatment of urban runoff, stormwater, animal and agricultural wastewater, 

industrial wastewater, acid mine leachate, and even landfill leachate (Bulc et al., 1997; 

Denny, 1997; Lakatos et al., 1997; Mander and Mauring, 1997; Schreijer et al., 1997; 

Schutes et al., 1997; Clarke and Baldwin, 2002; White et al., 2004; Hadad et al., 2006).   

The performance of most constructed wastewater treatment wetlands is based on 

their nutrient (phosphorus (P) and nitrogen (N)) reduction capacity, as well as reduction 

in biological oxygen demand (BOD) and suspended solids.  Nutrient reduction is 

accomplished by physical settlement, plant and microbial uptake, and denitrification in 

the case of N (Healy and Cawley, 2002).  Constructed wetlands can remove up to 80% of 

the N  (Knight et al., 1993) entering the system depending on the residence time of the 

wetland, which allows particulate organic N to settle, and temperature, which affects 

denitrification rates and microbial activity (Bachand and Horne, 2000; Healy and 

Cawley, 2002).  Denitrification is an anaerobic process where nitrate or nitrite is used as 

the terminal electron acceptor.  The possible end products resulting from denitrification 

include bacterial reduction of nitrate (NO3
-) to nitrous oxide (N2O) or dinitrogen gas (N2), 

both potential gaseous losses of N, diffusing up and out into the atmosphere (Christian, 

1989).   

Phosphorus in Wetlands 

Phosphorus does not have a gaseous form that can typically be released from 

wetlands, instead cycling between the biota, soil, and water.  The adsorption and 

retention of P in freshwater wetland soils is controlled by interactions of redox potential, 

pH, Fe, Al, Mg, and Ca minerals (Kaggwa et al., 2001).  Phosphorus removal under oxic 

conditions is usually attributed to its binding with ferric iron (Fe3+), forming insoluble 
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complexes (Upchurch et al., 1974).  However under anoxic conditions typical of 

wetlands, Fe3+ is reduced to ferrous iron (Fe2+) with liberation of P to the overlying water 

column (Lee et al., 1977).  Aluminum (Al), calcium (Ca), and magnesium (Mg), 

however, can form insoluble compounds, binding P under both aerobic and anaerobic 

conditions, affected instead by the pH of the system.  Aluminum tends to bind P at pH 6-

8 (Cooke et al., 1993b), while calcium has been found to bind P at pHs above 8 (Diaz et 

al., 1995; Gomez et al., 1999).   Faulkner and Richardson (1989) reported that the most 

important P retention mechanism in wetland soils is ligand exchange, where phosphate 

displaces water or hydroxyls from the surface of Fe and Al hydrous oxides to form 

complexes within the coordination sphere.  Phosphorus is also taken up initially by plants 

and microbes.  The uptake capacity of emergent plants ranges from 30 to 150 kg P ha-1 

yr-1, however, 35-75% of it is eventually released back into the water column if the plants 

are not harvested (Gumbricht, 1993; White et al., 2000).   

Wetland Macrophytes 

Wetland plants are a critical part of constructed wetlands.  They serve to distribute 

and reduce current velocities which increases sedimentation of suspended solids and 

reduces erosion and resuspension (Pettecrew and Kalff, 1992).  The stems and leaves 

submerged in the water column provide surfaces for biofilms of algae, protozoa, and 

bacteria while the roots and rhizomes provide a substrate for attached growth of 

microorganisms as well (Gumbricht, 1993).  The biofilms above and below ground are 

responsible for most of the microbial cycling that occurs in wetlands (Brix, 1997).  

Additionally, wetland macrophytes have adapted to anaerobic soil conditions allowing 

for the transport of oxygen into the roots and rhizosphere to support aerobic respiration 

and oxidize phytotoxic reduced compounds such as Fe2+, Mn2+, and S2- (Allen et al., 
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2002).  Some plants release enough oxygen into the root zone to support aerobic 

microbial activity and this can represent up to 90% of the total oxygen entering the 

wetland soil (Reddy et al, 1989; Bodelier et al., 1996).  Oxygen release rates from 

submerged aquatics range between 0.5-5.2 g m2 d-1 (Sand-Jensen et al., 1982; Caffrey and 

Kemp, 1991).  This oxygen release influences the biogeochemical cycles by affecting the 

redox status of the soil, stimulating aerobic decomposition of organic matter, and 

sustaining nitrifying bacteria (Barko et al., 1991; Brix, 1997).   

Cattails (Typha spp.) are one of the dominant macrophytes used in treatment 

wetlands.  Davis (1984) conducted an extensive study of Typha plant nutrient fluxes in 

Water Conservation Area 2A of the Florida Everglades.  Typha had a life cycle ranging 

between 12-96 weeks.  The P and N concentrations of the leaves, roots, and rhizomes 

were analyzed seasonally and concentrations were found to be lower in the spring during 

flowering, and higher in the fall.  The annual uptake of P through leaf production was 

0.77-3.65 g m-2 while N uptake was 11.1-29.3 g m-2.   However most of the nutrients 

acquired during leave growth were lost before death, and nutrient retention was only 17-

28% P and 37-71% N.  The nutrients leached from the dying leaves are released back to 

the water column or translocated to the roots and rhizomes (Davis, 1984).  

The Problem 

Over time, the P removal capacity of constructed treatment wetlands may therefore 

decline.  Little research has been done on methods to restore treatment capacity of older 

constructed wetlands since most treatment wetlands in use today are young, and 

restoration has not been necessary until now (Ann et al., 2000; Hunter et al., 2001; 

Stevens et al., 2002; Jamieson et al., 2003; Wang et al., 2006).  However, extensive 

research has been done on lake rehabilitation techniques and their applicability in 



5 

 

treatment wetlands are now being tested.  Several restoration options include dredging, 

nutrient inactivation / precipitation, biotic harvesting, and sediment exposure and 

desiccation to restore ecological function (Dunst et al., 1974).  Chemical amendments for 

nutrient inactivation have several advantages over other restoration methods including the 

ease of their application and relatively low cost.  However, their effectiveness in wetlands 

to inactivate P, their longevity, and effect on the flora and fauna are issues that need to be 

more fully addressed.   

Aluminum Sulfate (Alum) 

The chemical amendment used most often for P inactivation in lakes and 

coagulation in the wastewater treatment industry is Al2(SO4)3·14H2O (alum).  When alum 

is added to the water column it dissociates, forming aluminum ions (Al3+) that are 

immediately hydrated, forming a hexaaquoaluminum ion (Al(H2O)6
3+) which is 

moderately acidic (Omoike and Vanloon, 1999).  Through several rapid hydrolytic 

reactions an insoluble, gelatinous, poorly crystalline aluminum hydroxide (Al(OH)3) floc 

is formed (Ebeling et al., 2003) which has high P adsorption properties with a surface 

area greater than 600 m2 g-1 (Huang et al., 2002).   

The alum floc passes through the water column removing particulates and 

inorganic P (Connor and Martin, 1989).  It then settles to the soil surface where it sorbs 

and retains P within the molecule’s lattice, inert to changes in redox (Cooke et al., 

1993b).   This floc acts to retard P release from the sediment to the water column 

(Peterson et al., 1973; Connor and Martin, 1989), not only binding mobile P but also P 

bound to Fe (Rydin and Welch, 1998).  Once all Al adsorption sites are occupied, P 

diffusing upward will replenish the available sites on the Fe (Rydin et al, 2000).  The floc 

then consolidates with the soils where it can continue to sorb and retain P for several 
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years as indicated by increased TP and Al-P in soil core profiles (Narf, 1990; Welch and 

Schrieve, 1994; Rydin and Welch, 1998; Rydin et al., 2000).  As the Al(OH)3 floc 

migrates downward through the soil via sedimentation and resuspension however, it loses 

its effectiveness as a physical barrier to P fluxing out of the surficial soil layer (Connor 

and Martin, 1989).  Additionally the P binding sites become saturated over time, 

rendering the floc unavailable to bind future migrating P layer (Connor and Martin, 

1989). 

The size of the floc formed is directly related to the alum dose (Chakraborti et al., 

2003).  Immobilization of 1 mg of PO4
3- theoretically requires 0.28 mg of Al3+, however, 

the alum floc also binds organic matter, reducing its P treatment efficiency, requiring an 

increased alum dosage (Van Hullebusch et al., 2002).  The Al hydrolysis involved in the 

floc formation is a complexation reaction involving hydroxyl ions, and therefore is 

temperature dependent.  The concentration of hydroxyl ions changes due to the 

temperature dependence of the ion product of water, in turn increasing Al solubility at 

colder temperatures due to decreased hydroxide concentrations, unless the pH is 

increased (Van Benschoten and Edzwald, 1990; Exall and Vanloon, 2000).  Additionally, 

the increased viscosity of cooler water hampers sedimentation of the coagulant resulting 

in smaller, less dense flocs (Morris and Knocke, 1984; Hanson and Cleasby, 1990), and 

may influence the kinetics and equilibrium of hydrolysis and metal hydroxide formation 

(Knocke et al., 1986; Matsui et al., 1998). 

The complexation of P by Al coagulants involves three types of interactions.  First, 

a precipitate may form (AlPO4) resulting from charge neutralization by ligand 

competition (Ratnaweera et al., 1992).  The precipitation is hypothesized by some to be 



7 

 

governed by the integration of Al-OH-Al and Al-PO4-Al linkages into an Al 

hydroxyphosphate rather than the precipitation of Al(OH)3 or AlPO4 (Hsu, 1975). 

Second, there are chemical complexations that result in soluble complexes.  Finally, there 

is adsorption of phosphate ions onto the Al(OH)3 surface through outer sphere 

complexation (Ratnaweera et al., 1992).  The sorption of phosphates occurs by replacing 

the –OH2 or –OH groups of the hydrous Al oxides (Rajan et al., 1974).  The PO4-Al 

interaction is primarily dependent on the charge density of the Al species, thus the cation 

charge can be increased by lowering the OH/Al ratio or pH to induce more efficient P 

removal (Lijklema, 1980; Diamadopoulos and Benedek, 1984; Boisvert, 1997).  If, 

however, the OH/Al ratio falls below 2.12 the coagulation-flocculation-sedimentation 

process does not occur (Boisvert et al., 1997).   

The controlling factor in the effectiveness and toxicity of alum is, therefore, the pH 

of the system.  Alum itself has a pH of approximately 2.4 (Beecroft et al., 1995; Lind, 

2003) and therefore tends to decrease the pH of the system it is added to.  As long as the 

pH of the system remains between 6 and 8, insoluble polymeric aluminum hydroxide 

(Al(OH)3) will dominate and P inactivation results  (May et al., 1979).  If the pH 

decreases to between 4 and 6 soluble intermediates will occur, releasing bound P (Cooke 

et al., 1993a).  Below pH 4 soluble Al3+ dominates which may result in Al toxicity 

(Cooke et al., 1993b), and at pH 8 or greater the aluminate ion (Al(OH)4
-) dominates due 

to its amphoteric nature, releasing bound P and increasing soluble Al (Cooke et al, 

1993a).  Aluminate, similar to Al3+, is associated with Al toxicity in plants (Kinraide, 

1990, Eleftheriou et al., 1993; Ma et al., 2003). The most reactive, toxic Al forms are 

Al3+, AlOH2+, and Al(OH)2
+ (Pyrzyńska et al., 2000) and Al13+ (Kinraide, 1990). 
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Concerns in Alum Application 

Aluminum toxicity is a critical concern in alum applications to lakes due to its 

effects on the biota.  Aluminum has been found to be toxic to fish at concentrations as 

low as 0.1 mg L-1 at a pH below 6 or above 10 (Baker, 1982; Neville, 1985; 

Ramamoorthy, 1988).  The mechanism of toxicity has been attributed to the inability of 

fish to maintain osmoregulatory balance and respiratory problems associated with the 

gills (Driscoll and Schecher, 1990). Other continuous exposure studies have found that 

even low doses of Al(OH)3 resulted in chronic effects on fish (Freeman and Everhart, 

1971; Kane and Rabeni, 1987; Gundersen et al., 1994).  Impacts of Al toxicity have been 

noted in macroinvertebrate and phytoplankton populations as well (Moffet, 1979; Lamb 

and Bailey, 1981; Welch et al., 1982; Barbiero et al., 1988; Narf, 1990; Smeltzer, 1990; 

Smeltzer et al., 1999).  However, as long as the pH of the system in question remains 

above 6, typically there should be no negative effects on the biota from the alum 

treatment.  It is common to observe an immediate drop in pH after alum treatment (down  

to a pH between 4 and 5) but the pH of lakes usually recover in less than one hour 

(Welch et al., 1982). 

The effectiveness of alum can also be compromised if external nutrient loading is 

not reduced prior to application.  The Eau Galle Reservoir located in Wisconsin was 

dosed with alum in 1986 to reduce the internal P loading, however, the treatment was 

ineffective, lasting less than one year (Barko et al., 1990).  The ineffectiveness was 

attributed to elevated external P loading due to unusually high precipitation during the 

treatment year.  Additionally, the high inflow resulted in high sediment deposition rates, 

burying the alum floc, which in turn shortened its treatment effectiveness.  Foy (1985) 

had similar results in White Lough due to sedimentation.   
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The abundance of submersed macrophytes can also affect the alum treatment 

longevity.  Three lakes that contained thick stands of macrophytes in Washington 

(Wapato Lake, Long Lake, and Pattison Lake South) were treated with alum and the 

applications failed to reduce P levels (Welch et al., 1982; Entranco, 1986; Entranco, 

1987; Welch and Schrieve, 1994).  It was suggested that the thick stands of macrophytes 

such as Myriophyllum, Ceratophyllum, and Elodea canadensis reduced the effectiveness 

of alum.  The plants may intercept the settling alum floc, resulting in irregular alum 

coverage on the sediment surface that may have led to the treatments ineffectiveness 

(Welch and Schrieve, 1994; Welch and Cooke, 1999).    

Additionally, P was released from senescence and decomposition of the plants in 

Pattison Lake South, continuing internal P loading because the plant roots penetrated 

below the alum layer at the sediment surface (Welch and Schrieve, 1994).  In Wapato 

Lake, sediment P release occurred due to a plant-mediated increase to pH 10 (Entranco, 

1986).  Another problem with macrophytes in alum treated lakes is that the increased 

water clarity tends to stimulate plant growth.  The increased biomass can result in even 

greater internal loading from senescence (Entranco, 1986).  However, not all plants 

contribute to internal P loading.  Some such as Egeria densa in Long Lake senesce 

slowly and do not increase growth in response to increased water clarity (Welch and 

Schrieve, 1994).  Additionally, an alum/ calcium hydroxide (Ca(OH)2) treatment was 

used successfully by the St. Johns River Water Management District to treat 12,000 acres 

of wetlands in the Harris Chain of Lakes region (Hoge, 2003), and preliminary studies by 

DB Environmental, Inc. at the Orlando Easterly Wetland (OEW) have shown alum to be 

an effective treatment as well (Auter et al., 2003). 
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Effect of Alum on Aquatic Macrophytes 

It is important to determine how the alum floc affects the availability of nutrients 

for the aquatic plants.  Available P is an essential nutrient for aquatic vegetation and the 

alum floc which settles to the soil floor may not only deprive the plant of P but the alum 

may have adverse effects on the plants.  The Al concentration in plants is typically very 

low (0.02% of the total weight) (Hutchinson, 1945).  Aluminum toxicity in plants is 

related to the activity of the Al3+ ion, having several different effects on the plant.  The 

most notable result of Al toxicity in upland plants is the inhibition of root elongation and 

respiration (Schier, 1985; Jarvis and Hatch, 1986) resulting in roots that are thickened, 

stubby, brittle, and often inefficient in nutrient absorption.   

There are five possible mechanisms by which Al toxicity affects the cellular 

function within plants (Taylor, 1989).  First, Al may disrupt the structure and function of 

the plasma membrane which serves as a wall between the cytosol and external 

environment.  The Al has been found to inhibit golgi development, inactivate membrane-

bound enzymes, and affect membrane permeability (Matsumoto and Yamaya, 1986; 

Bennet et al., 1987; Zhao et al., 1987).  A second possible mechanism of Al toxicity is the 

inhibition of ATP (Viola et al., 1980) and DNA synthesis as well as mitosis.  Aluminum 

has been found to localize in the nucleus of several different plants and is thought to bind 

to the phosphate in DNA, increasing the rigidity of the double helix resulting in 

chromatin aggregation (Matsumoto et al., 1977b; Matsumoto, 1988).   

Aluminum toxicity also disrupts cellular function by inhibiting cell elongation.  

The Al binds to the free carboxyls of pectin resulting in cross-linking of the molecules, 

decreasing the cell wall elasticity, which in turn inhibits root elongation (Klimashevskii 

and Dedov, 1975; Matsumoto et al., 1977a).  Aluminum stress also results in disruption 
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of mineral nutrition.  The disruptions could arise from reduction in mycorrhizal 

association (Entry et al., 1987).  Some hypothesize the toxic effects of Al are due to Al-

induced phosphate deficiency, since the symptoms look similar and Al stressed plants 

have increased P concentrations in the roots and decreased P concentrations in the shoots 

(Thornton et al., 1987; Cumming et al., 1986; Jarvis and Hatch, 1986, Tan and Binger, 

1986).  Aluminum also interferes with the absorption and transport of Ca and Mg in 

plants, resulting in reduced Ca concentrations in the roots and shoots of Al stressed plants 

(Baligar et al., 1987; Bennet et al., 1987; Thornton et al., 1987). 

Welch et al. (1982) found alum treatment of a lake in Washington resulted in plant 

growth inhibition.  They assumed there would be an increase in macrophyte biomass due 

to the increased transparency of the lake, however the biomass either stayed constant or 

decreased from pre-treatment values.  A study by Kaggwa et al. (2001) looked at the 

effects of alum sludge discharge from a water treatment plant into a natural swamp in 

Uganda.  Initial biomass of 5 x 5 m plots was determined by clear cutting plants 

(Phragmites, Cladium, and Cyperus) at their base.  Shoot productivity and re-growth 

were then monitored by harvesting 1 x 1 m plots every 3 weeks, separating the shoots 

into leaves, roots, and stems.  There was no effect on the plant biomass, but productivity 

was hindered, suggesting the alum sludge may affect the root system, reducing nutrient 

availability to the plants.  Root biomass production is normally more sensitive to Al than 

shoot biomass production (Zhang and Taylor, 1988).  Additionally, the P concentration in 

plant tissue tends to increase with biomass, but Kaggwa et al. (2001) found there to be no 

change, indicating the P supply to the plants may be inhibited by the Al.  Goransson and 

Eldhuset (1991) determined P bound to Al limits the growth of terrestrial plants and 
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causes physiological stress.  On the other hand, Carignan and Kalff (1979) indicated that 

alum should not interfere in the growth of rooted aquatic macrophytes because they are 

able to access the high P content in the subsurface sediment.  Peltier and Welch (1969, 

1970) found that the amount of nutrients (N and P) in the sediment affected plant growth 

more so than the nutrient concentration in the water column. 

Effect of Alum on Mineralogy 

There may also be changes in the mineralogy of the soil, due to alum application, 

that could affect the nutrient availability to plants.  Aluminum forms both crystalline and 

poorly crystalline oxides, hydroxides, and oxyhydroxides which are able to strongly sorb 

essential plant nutrients (Huang et al., 2002).  The primary Al mineral found in soils is 

gibbsite (Al(OH)3) followed by boehmite (AlOOH) which is less common.  Other rare Al 

minerals include bayerite (Al(OH)3), nordstrandite (Al(OH)3), doyleite (Al(OH)3), 

diaspore (AlOOH), and corundum (Al2O3).  Rapid precipitation in the soil environment 

typically produces bayerite and/or nordstrandite while slow crystallization produces 

gibbsite.  Aluminum may also form variscite (AlPO4) which is the stable solid phase if 

phosphate precipitates at pH 5 to 7 (Jiang and Graham, 1998).  Burrows (1977) indicated 

crystallization after alum application may take over a year to complete, as larger units of 

polymeric Al(OH)3 are formed.   

The identification of Al minerals can be determined via x-ray diffraction (XRD).  

In oriented mounts of the clay fraction, gibbsite has a strong diffraction peak at 4.85 Å 

and a weaker peak at 4.37 Å (Hsu, 1989; Kämpf et al., 2000).  The peaks do not change 

with potassium saturation and it dehydroxylates at 300º C, thus the peak collapses.  

Gibbsite, bayerite, nordstrandite, and doyleite all have their primary diffraction peak 

between 4.75-4.85 Å, thus identification requires careful measurements of the positions 
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and intensities of the additional peaks (Chao et al., 1985).  Boehmite is identified by a 

peak at 6.11 Å which is often broad since it occurs as small crystals (Tettenhorst and 

Hoffman, 1980).   There is no XRD method for measuring the amount of poorly 

crystalline Al hydroxide in soils (Bertsch and Bloom, 1996).  The edges of gibbsite and 

boehmite, as well as the surface of poorly crystalline Al hydroxide contain under-

coordinated oxygen atoms which are the source of pH-dependent variable charge and 

serve as active sites for sorption reactions with transition metals, organic acids, and 

oxyanions such as phosphate (Goldberg et al., 1996; Huang et al., 2002).  Phosphate has a 

strong affinity for Al, displacing hydroxyls from surface sites to form surface Al 

complexes, therefore its sorption to Al hydroxides remains strong at all pHs, decreasing 

its bioavailability (Hsu, 1989).   

Effect of Alum on Microbes and P Cycling 

A similar area of research that has not been addressed, even in lake studies, is the 

effect of alum on the microbial populations in the soil.  Microbes are generally sensitive 

to soil acidity and soluble Al (Robert, 1995).  The microbial biomass has the potential of 

being a sensitive indicator of changes in the soil dynamics (Powlson and Jenkinson, 

1980) due to alum application since there is a close relationship between microbial 

biomass nutrients and levels of mineralizable nutrients available in the soil (Jenkison and 

Ladd, 1981).  An alum study by Connor and Martin (1989) on a shallow New Hamshire 

lake suggested that the dissolved oxygen concentrations within the lake may have been 

affected by a suppression in activity or reduction in population of BOD producing 

organisms.  Bacterial cells are colloidal particulates and can therefore be aggregated by 

the alum floc (Eriksson and Axberg, 1981).  This bacterial removal may delay the 

reestablishment of essential nutrient cycling (Bulson et al., 1984).  Therefore, the size and 
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activity of the microbes need to be assessed to fully understand the nutrient cycling 

within an alum treated wetland.  The effect of alum on the microbial-mediated nutrient 

cycling of P within the soil is also unknown.  It has been noted that over time the alum 

floc migrates downward in the soil profile due to sediment deposition (Lewandowski et 

al., 2003).  This may result in differing microbial activity, biomass, and nutrient cycling 

above and below the floc layer.   

Alum Forms and Alternatives 

Once alum is selected as the treatment for P immobilization, the form of alum to be 

used must be determined.  There are both dry (powder or pellets) and liquid forms of 

alum available.  Alum residual formed as a by-product in the potable water treatment 

process can also be used and can often be obtained free of charge.  Hoge (2003) 

recommended that dry alum or alum residual be used in dry situations such as drought or 

drawdown, and liquid alum be used in wet situations such as ponds and lakes.  Hoge 

(2003) also noted that when liquid alum was used in wetlands the deposits on the 

vegetation could not be washed off suggesting that perhaps alum pellets may provide 

better results with less damage to the plants.   

Recently polyaluminum chloride (PAC) has been developed for use in the water 

treatment process (Viraraghavan and Wimmer, 1988).  Polyaluminum chloride 

(Aln(OH)mCl(3n-m)) is a partially hydrolyzed aluminum chloride solution which has 

recently been found to provide stronger, faster settling flocs than alum (Boisvert and 

Jolicoeur, 1999).  That is because of the partial elimination of the polymerization process 

that occurs when alum is added to water.  Polyaluminum chloride instead contains 

preformed, highly charged polymers such as the dimer Al2(OH)2
4+ and the Al13 species 

AlO4Al12(OH)24(H2O)12
7+, inducing rapid coagulation (Koether et al., 1997).  The Al13 
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species is considered to be the most stable and effective species in water treatment 

(Bottero et al., 1980).  A study by Shen and Dempsey (1998) found that 50% of the 

polymers converted to Al(OH)3 precipitate after 60 days and the rest were converted to 

more inert species.  This suggests the initially formed stable polymers are transitional, 

slowly converting to more stable species during aging.   

Another benefit of PAC is the elimination of the need for pH adjusting chemicals 

since PAC does not decrease the pH as much as alum does (Lind, 2003) and works in a 

wider pH range (Jiang and Graham, 1998).  Additionally, PAC is affected much less by 

temperature than alum, thus it would benefit restoration efforts in colder climates (Van 

Benschoten and Edzwald, 1990; Koether et al., 1997; Jiang and Graham, 1998).  

Furthermore, in the manufacturing process, the Al becomes more polymerized resulting 

in higher cation charge than alum, thus increasing its P binding capacity so that lower 

doses can achieve equivalent treatment efficiency (Jiang and Graham, 1998; Lind, 2003).  

Low basicity (0-16.7%) PAC (Al2(OH)Cl5) is best for P removal while high basicity PAC 

is used for turbidity removal (Lind, 2003).  Basicity is determined by the OH/Al ratio 

(Boisvert et al., 1997).  PAC has not yet been used for environmental restoration 

however, due to its high cost, 2.5 times more than alum (Viraraghavan and Wimmer, 

1988).   

A low-cost alternative to PAC is partially-neutralized aluminum sulfate (PNAS) 

also called polyaluminum hydroxysulfate (PAHS) developed by Koether et al. (1993a; 

1997).  Partially-neutralized aluminum sulfate is a solution formed by adding powdered 

calcium carbonate to concentrated alum in a 0.75:1 molar ratio for 50% basicity, and only 

adds 10% cost to that of alum (Beecroft et al., 1995; Koether et al., 1997).  ).  Partially-
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neutralized aluminum sulfate contains several Al species including monomers 

[Al(OH)]2+, small octahedrally coordinated Al species, and larger polymers 

[Al13([AlO4(Al12(OH)24H2O)12]7+] (Koether et al., 1993b).  The pH of PNAS is 3.3-3.4 

depending on whether a concentrated or dilute solution is used (Beecroft et al., 1995) 

which is less acidic than alum and preferred when adding Al to a natural system.   

Partially-neutralized aluminum sulfate like PAC is affected much less by temperature 

than alum (Koether et al., 1997; Exall and Vanloon, 2000), thus benefiting restoration 

efforts in colder climates, and has been used in wastewater and drinking water treatment, 

but has not yet been used for environmental restoration. 

Alum Dose Determination and Effectiveness 

After the form of alum is selected, the dose to be applied for P inactivation needs to 

be determined.  Several methods of dose determination are available.  Ideally, the dose 

should be based on the total amount of mobile P in the soil to be inactivated (Rydin et al., 

2000).  Assuming the duration of alum’s P binding capacity is related to the 

concentration of Al(OH)3 in the sediment, Kennedy and Cooke (1982) established that 

the maximum dose of alum should result in less than 50 μg L-1 of dissolved Al in the 

water column to prevent adverse effects on the biota.   

Another method, used in lake dose determination, is based on alkalinity.  Water 

samples of differing alkalinities are titrated with alum to a pH of 6.0 (Kennedy and 

Cooke, 1982).  Dose determination can also be based on the internal P loading of the 

system (Kennedy, 1978; Kennedy et al., 1987).  Assuming a target period of control and 

stoichiometric ratio of 1.0 between the alum-P complexes, the dose would equal the 

average summer internal load times the target period and that value is then doubled to 

account for errors.  A study by Rydin and Welch (1998) determined that the amount of 
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alum used should be based on the concentration of Fe-bound P since this entire pool will 

be depleted if enough Al is used, increasing the burial of the mobile surface sediment P 

subject to release under anoxic conditions.   

Rydin and Welch (1999) developed a new method for dose determination based on 

the direct measurement of mobile P (loosely-sorbed P and Fe-P) in the top 4 to 10 cm of 

retrieved sediment cores and a 100:1 ratio of Al added to Al-P formation.  This ratio 

reflects competition for binding sites, thus if a 1:1 ratio is used for dose determination the 

amount of alum calculated to inactivate the P may be greatly underestimated.  The U. S. 

Army Corps of Engineers is examining the Rydin and Welch (1999) procedure for use in 

Corps watereways (James and Barko, 2003).  Ann (1995) tested several different alum 

doses (1.4-21.8 g kg-1) on 5 g of air-dried wetland soils incubated on a mechanical shaker 

with 25 mL of distilled, deionized water (DDI) for 3 days and analyzed for soluble 

reactive P (SRP).  In a similar study Ann et al. (2000) tested several different alum doses 

(3.7-23 g kg-1) on air-dried wetland soils, put the mixtures in columns and flooded them 

sampling weekly for SRP over a period of 12 weeks. 

The effectiveness of an alum treatment is often determined by improved 

transparency based on secchi depth and decreased whole-lake TP concentrations (Welch 

et al., 1982; Connor and Martin, 1989; Jacoby et al., 1994; Welch and Cooke, 1999). The 

efficiency of alum to reduce internal loading in lakes can be determined by estimating the 

amount of P removed from the P cycle.  Assuming all Al added remains in the sediment 

and the observed Al:Al-P ratio is valid, the P inactivated can be estimated (Welch et al., 

1982; Rydin et al., 2000). 
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Hypotheses and Objectives 

Based upon the reviewed literature, several hypotheses can be generated 

regarding the use of alum in wetlands.  First, it appears that alum will effectively 

sequester P in a municipal wastewater treatment wetland.  However, this alum treatment 

will decrease the growth and nutrient uptake of the aquatic macrophytes, as well as result 

in a decline in biomass and activity of the microbial community.  Finally, changes in the 

soil mineralogy will be evident due to the addition of alum. 

The overall purpose of this research, therefore, is to determine the effectiveness of 

alum treatment in the OEW, a wastewater treatment wetland for the city of Orlando.  To 

determine this, both laboratory scale and field scale experiments were utilized.  At the 

laboratory scale, an intact core incubation study was used to determine the most effective 

dosage and effectiveness of alum and its alternatives (alum residual, PAC, PNAS) in 

immobilizing P under anaerobic conditions typical of wetlands.  At the field scale, intact 

cores were collected periodically over a one-year period (0 mo., 4 mo., 8 mo., 12 mo.) 

from both an alum-treated cell and a control cell for soil characterization, Al 

characterization, P cycling, and mineralogical composition analysis.  Furthermore, 

microbial parameters such as microbial biomass P, potentially mineralizable P, and soil 

oxygen demand were measured to determine the direct effect of alum on microbial 

biomass and activity.  In addition, the effect of the alum application on the growth and 

nutrient uptake of the dominant wetland plants, Typha spp., Scirpus spp., and submerged 

aquatic vegetation (SAV) growing in the OEW was addressed.   

Site Description 

 The Orlando Easterly Wetlands Reclamation Project (OEW) located in Orange 

County, Florida is one of the oldest and largest constructed treatment wetlands in the 
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United States, located east of Orlando in Christmas, FL.  The wetland was built in 1986, 

designed by Post, Buckley, Schuh & Jernigan, Inc. (PBS&J) for the City of Orlando’s 

Iron Bridge Regional Water Pollution Control Facility (WPCF) which needed an 

alternative discharge point for its wastewater effluent (Burney et al., 1989).  The main 

goal in designing the system was to use macrophytes to facilitate additional nutrient 

removal for an average daily flow of up to 132 thousand m3d-1 of effluent from the Iron 

Bridge WPCF servicing Orlando, Winter Park, Maitland, and Cassselberry (2002).   

before discharging into the St. Johns River (Black and Wise, 2003).  The main goal in 

designing the system was to use macrophytes to facilitate additional  nutrient removal for 

an average daily flow of up to 35 mgd of effluent from the Iron Bridge WPCF before 

discharging it to the St. Johns River (PBS&J, 1997). 

The site selected for construction was a 664 ha piece of land located 3.2 km west 

of the main channel of the St. Johns River (SJR).  Historically, the land had been part of 

the riparian wetland adjacent to the SJR, but was drained for cattle pasture around the 

turn of the last century (Burney et al, 1989).  The site had a natural topographic gradient 

of 0.2% downward from west to east so PBS&J used that gradient to divide the land into 

eighteen cells, with an average elevation drop across each cell of approximately 1 m 

(Martinez and Wise, 2003) (Figure 1-1).  The resulting residence time has varied from 21 

days during the dry season up to 65 days during the rainy season.  To control water depth 

in each cell 32 water control structures were included in the design (Martinez and Wise, 

2003).  Water exits the wetland through a weir control structure and flows into a 

receiving ditch.   From there water can flow directly to the SJR or by sheet flow 
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Figure 1-1. The Orlando Easterly Wetland 1995 digital orthoquad (Orange County, 
Florida). 

through Seminole Ranch, a natural marsh adjacent to the OEW owned by the St. Johns 

River Water Management District (SJRWMD) (PBS&J, 1997). 

 Construction of the 494 ha wetland began in 1986.  Approximately 29 km of berm 

were constructed by February 1987, using fill material from a 36 ha lake (Lake Searcy) 

constructed in the hardwood swamp (Burney et al, 1989; PBS&J, 1997).   In July 1987 

the OEW went online, receiving 30,280 m3d-1 from the Iron Bridge WPCF as permitted 

by the Florida Department of Environmental Protection (FDEP).  From 1988 to 1996 the 

annual average flow remained slightly over 49,200 m3d-1 (PBS&J, 1997).  The overall 

average influent total phosphorus (TP) concentration from 1988 to 2005 was 0.22 mg L-1, 

however, annual TP concentrations ranged from 0.02 – 3.30 mg L-1.  Since its start, the 

OEW has exceeded performance expectations.  The N and P permit limits established by 

the FDEP were 2.31 mg L-1 and 0.2 mg L-1, respectively (PBS&J, 1997).  From 1988 to 

1995 the average total nitrogen (TN) discharged was 0.81 mg L-1 and the average TP 
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discharged was 0.07 mg L-1 (PBS&J, 1997).  Miner (2001) estimated the OEW stores 

73% of the P input to the system, 66% of which is stored in the soil.  The rate of P 

accumulation in the OEW over its first 14 years of operation was estimated to be 

approximately 0.51 g m-2 yr-1 while the organic matter accreted at a rate of 260 g m-2 yr-1 

(Miner, 2001). 

 A secondary objective of the OEW design was to provide wildlife habitat.  To 

achieve this, three different vegetative communities were established using over 2.2 

million plants, including cattails, bulrushes, duckweed, and water lilies (Reagin, 2002).  

Cells 1 through 12 make up a 166-ha, deep marsh designed primarily for nutrient removal 

(PBS&J, 1997).  Cells were planted with either cattails (Typha spp.), giant bulrush  

(Scirpus californicus), or a combination of the two as a large-scale experiment to test 

their treatment abilities and competitive effects between the two species.  Cells 13 

through 15 consist of a 154-ha, mixed marsh that was planted with submergent and 

emergent macrophytes including Pontederia cordata, Sagittaria lancifolia, Najas 

guadalupensis, Lemna spp., Salvinia minima, Pistia stratiotes, and Limnobium spongia.  

These cells serve as a transitional zone, providing nutrient removal but also serving as a 

diverse wildlife habitat.  Finally, cells 16 and 17 composed a 162-ha hardwood swamp, 

designed primarily as a wildlife habitat (Burney, 1989; PBS&J, 1997).  Approximately 

160,000 wetland trees were planted throughout the cells with an understory of emergent 

herbaceous species (PBS&J, 1997).  Even Lake Chipster located in the hardwood swamp 

was designed to maximize wildlife habitat by using an irregular shoreline, varied slopes 

and water depths, as well as placing debris from construction within the lake to serve as 

fisheries habitat.  
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The wetland has consistently reduced nutrient concentrations to meet the discharge 

permit requirements.  Recently, however, P concentrations have fluctuated during the 

winter months resulting in concern over the P binding capacity of the soil.  Several 

management strategies are now being implemented to ensure permit requirements 

continue to be met.   
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CHAPTER 2 
RESTORATION OF PHOSPHORUS SEQUESTRATION IN TREATMENT 

WETLAND SOIL USING AL-CONTAINING AMENDMENTS 

Introduction 

There are two primary mechanisms of phosphorus (P) removal in freshwater 

wetlands, burial and sorption (Reddy et al., 1999b).  Organic matter accretion over time 

provides long-term P storage through humification and peat formation (Craft and 

Richardson, 1993; Pant and Reddy, 2001; Craft and Chiang, 2002) while adsorption and 

retention of P in wetland soils can fluctuate, controlled by interactions of redox potential, 

pH, iron (Fe), aluminum (Al), magnesium (Mg), and calcium (Ca) minerals.  Phosphorus 

removal under oxic conditions is usually attributed to binding with ferric iron (Fe3+), 

forming insoluble complexes (Upchurch et al., 1974).  Under anoxic conditions typical of 

wetland soils, Fe3+ is reduced to soluble ferrous iron (Fe2+) leading to liberation of P to 

the overlying water column (Lee et al., 1977).  Aluminum, Ca, and Mg can form 

insoluble compounds, retaining P under both aerobic and anaerobic conditions, with 

binding capacity affected by the pH of the system.  Aluminum tends to bind P most 

efficiently at pH 6-8 (Cooke et al., 1993), while Ca has been found to bind P at pHs 

above 8 (Diaz et al., 1994; Gomez et al., 1999).   

Over time, the P removal capacity of treatment wetlands may decline as soil 

exchange sites become saturated.  Little research has been done on methods to restore the 

treatment capacity of older constructed wetlands since most treatment wetlands in use 

today are relatively young, and treatment effectiveness has not declined until recently.  
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Extensive research has been done on lake rehabilitation, however, using a variety of 

techniques and their applicability for treatment wetlands are now being tested (Ann et al., 

2000; Hunter et al., 2001; Stevens et al., 2002; Jamieson et al., 2003; Wang et al., 2006).  

Several restoration options include dredging, nutrient inactivation/precipitation, biotic 

harvesting, and sediment exposure and desiccation to restore ecological function.  

Chemical amendments for nutrient inactivation have several advantages over other 

restoration methods including the ease of application and relatively low cost.  However, 

their effectiveness in wetlands to inactivate P, their longevity, and effect on the flora and 

fauna are issues that need to be investigated.   

The chemical amendment used most often for P inactivation in lakes and 

coagulation in the wastewater treatment industry is Al2(SO4)3·14H2O (alum).  When 

added to the water column alum dissociates, forming aluminum ions (Al3+) that are 

immediately hydrated. Through several rapid hydrolytic reactions an insoluble, 

gelatinous, poorly crystalline aluminum hydroxide (Al(OH)3) floc is formed (Ebeling et 

al., 2003). This floc has high P adsorption properties with a surface area greater than 600 

m2 g-1 (Huang et al., 2002).  The size of the floc formed is directly related to the alum 

dose (Chakraborti et al., 2003) and can remove both soluble and particulate P both by 

adsorption and physical entrapment (Galarneau and Gehr, 1997).  Immobilization of 1 mg 

of phosphate (PO4
3-) theoretically requires 0.28 mg of Al3+, however, the alum floc also 

binds with organic matter which is typically abundant in treatment wetlands, reducing its 

P treatment efficiency and requiring an increased alum dosage (Van Hullebusch et al., 

2002).   
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The controlling factor in the effectiveness and toxicity of alum is the pH of the 

system.  Alum solution itself has a pH of approximately 2.4 (Beecroft et al., 1995; Lind, 

2003), and therefore tends to decrease the pH of the system to which it is added.  As long 

as the pH of the system remains between 6 and 8, insoluble polymeric Al(OH)3 will 

dominate (May et al., 1979) and P inactivation results.  However, if the pH decreases to 

between 4 and 6, soluble intermediates will occur, releasing bound P (Cooke et al., 

1993a).  Below pH 4 soluble Al3+ dominates which may result in Al toxicity (Cooke et 

al., 1993b), and at pH 8 or greater the aluminate ion (Al(OH)4
-) dominates due to its 

amphoteric nature, releasing bound P and increasing soluble Al (Cooke et al, 1993a).  

Aluminate, similar to Al3+, is associated with Al toxicity in plants (Kinraide, 1990, 

Eleftheriou et al., 1993; Ma et al., 2003).   

There are also several Al-containing alternatives to alum, including 

polyaluminum chloride (PAC), which was developed for water treatment use 

(Viraraghavan and Wimmer, 1988).  Polyaluminum chloride (Aln(OH)mCl(3n-m)) is a 

partially hydrolyzed aluminum chloride solution which has recently been found to 

provide stronger, faster settling flocs than alum.  In the PAC manufacturing process, the 

Al becomes further polymerized, therefore partially eliminating the polymerization 

process that occurs when alum is added to water (Boisvert and Jolicoeur, 1999).  

Polyaluminum chloride contains preformed, highly charged polymers such as the dimer 

Al2(OH)2
4+ and the Al13 species AlO4Al12(OH)24(H2O)12

7+ inducing rapid coagulation 

(Viraraghavan and Wimmer, 1988).  This results in higher cation charge, thus increasing 

its P binding capacity so that lower doses can achieve equivalent treatment efficiency 

(Jiang and Graham, 1998).  Another important benefit of PAC is that it does not decrease 
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the pH as much as alum (Lind, 2003) and is effective over a wider pH range (Jiang and 

Graham, 1998).   

Another alum alternative is partially-neutralized aluminum sulfate (PNAS) also 

known as polyaluminum hydroxysulfate which was developed by Koether et al. (1993; 

1997).  Partially-neutralized aluminum sulfate is a solution formed by adding powdered 

calcium carbonate to concentrated alum (Beecroft et al., 1995; Koether et al., 1997).  It is 

similar to PAC in that it contains several preformed aluminum polymers including 

monomers [Al(OH)]2+, small octahedrally coordinated Al species, and larger Al13 

polymers (Koether et al., 1993).  The pH of PNAS is 3.3-3.4 depending on whether a 

concentrated or dilute solution is used (Beecroft et al., 1995) which is less acidic than 

alum, similar to PAC, and thus preferred when adding Al to a natural system.  

A final alternative to alum is alum residual, a solid formed in large quantities as a 

byproduct in many potable water treatment plants that use alum in their treatment process 

(Butkus et al., 1998).  The dried sludge is an Al-based water treatment plant residual 

(WTR) that was originally researched as a soil amendment in agricultural uplands with 

the negative effect that it was found to adsorb plant available soil P (Bugbee and Frink, 

1985).  Alum residual has a high P sorption capacity due to the oxides which make up a 

significant fraction of WTRs (Dayton and Basta, 2005).  Therefore, WTRs are now being 

applied to soils and poultry litter in an effort to reduce P in surface water runoff (Staats et 

al., 2004; Silveira et al. 2006).  The application of alum residual has minimal risk of 

environmental pH reduction as compared to the direct addition of sulfate ions associated 

with alum (Dao et al., 2001).  However, a much larger quantity of Al in the form of Al-
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WTR is required to reach the sorption capacity of alum (Zvomuya et al., 2006) since 

intraparticle diffusion is required for P sorption (Makris et al., 2004).   

There is no published research on the utilization of Al-containing amendments in 

a constructed wastewater treatment wetland for reducing P concentrations.  Additionally, 

little research has been done on the effect of alum on the microbial populations in the 

sediment of lakes or wetland soils.  The rate of microbial activity and structure of the 

microbial community is largely dependent on environmental factors.  Both the size and 

activity of the microbial pool influences the ability of a wetland to remove nutrients 

(White and Reddy, 1999; White and Reddy 2003) and other contaminants (White et al., 

2006a).  Microbes are generally sensitive to soil acidity (Degens et al., 2001) and soluble 

Al (Robert, 1995).  The microbial biomass, therefore, has the potential of being a 

sensitive indicator of impact to soil nutrient dynamics (Powlson and Jenkinson, 1981) 

due to alum application.  This is due to the close relationship between microbial biomass 

nutrients and levels of mineralizable nutrients available in the soil (Jenkison and Ladd, 

1981).  An alum study by Connor and Martin (1989) on a shallow New Hampshire lake 

suggested that the dissolved oxygen concentrations within the lake may have been 

affected by suppression in activity or reduction in the population of microbial organisms, 

but neither was measured.  Bacterial cells are colloidal in nature and can therefore be 

aggregated by the alum floc (Eriksson and Axberg, 1981).  This bacterial removal may 

delay the reestablishment of essential nutrient cycling (Bulson et al., 1984).  Therefore, 

the size and activity of the microbial pool needs to be assessed with respect to Al 

amendments to fully understand effects on nutrient cycling within a treatment wetland.   
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The hypotheses of this study were that all Al containing amendments would reduce 

water column P, with alum alternatives affecting the pH less.  Secondly, the pH reduction 

attributed to the different amendments will decrease the microbial biomass pool size and 

activity, and increase Al availability.  The specific objectives of this study were to 

determine: (i) an effective dose of the Al- containing amendments (alum, PAC, alum 

residual, and PNAS) as determined by the P flux at the soil-water interface, (ii) the effect 

of each Al amendment on soluble Al and microbial biomass and activity of the amended 

soils and (iii) the ability of each amendment to remove P from the water column. 

Materials and Methods 

Site Description 

The Orlando Easterly Wetlands (OEW) Reclamation Project located in Orange 

County, Florida is one of the oldest and largest constructed treatment wetlands in the 

United States, located east of Orlando in Christmas, FL.  The wetland was built in 1986, 

designed by Post, Buckley, Schuh & Jernigan, Inc. (PBS&J) for the City of Orlando’s 

Iron Bridge Regional Water Pollution Control Facility (WPCF) which needed an 

alternative discharge point for its wastewater effluent (Burney et al., 1989).  The main 

goal in designing the system was to use macrophytes to facilitate nutrient removal for an 

average daily flow of up to 132,489 m3d-1 of effluent from the Iron Bridge WPCF before 

discharging into the St. Johns River (Black and Wise, 2003). 

The 494 ha wetland rests on a 664 ha piece of land located 3.2 km west of the main 

channel of the St. Johns River (SJR).  Historically, the land had been part of the riparian 

wetland adjacent to the SJR, but was drained for cattle pasture around the turn of the last 

century (Burney et al, 1989).  The site has a natural topographic gradient of 4.6 m 

downward from west to east allowing water to flow by gravity through a series of cells 
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with an average elevation drop across each cell of approximately 1 m (Martinez and 

Wise, 2003) (Figure 2-1).  Water exits the wetland through a weir control structure and 

flows into a receiving ditch.   From there water can flow directly to the SJR or by sheet 

flow through Seminole Ranch, a natural marsh adjacent to the OEW owned by the St. 

Johns River Water Management District (SJRWMD).  Cells 1 through 12 and 15 are deep 

marsh, designed primarily for nutrient removal, planted with either cattails (Typha spp.), 

giant bulrush (Scirpus californicus), or a combination of the two.  Cells 13, 14, and 16 

through 18 consist of a mixed marsh dominated by submergent and emergent 

macrophytes including Ceratophyllum demersum, Limnobium spongia, Myriophyllum 

spicatum, Najas guadalupensis, Nuphar luteum, Nymphaea odorata, Pontederia cordata,  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Site map of Orlando Easterly Wetland, Christmas, Florida.  Soils collected in 
cell 10 (star), dominated by Typha spp. Arrows indicate water flow paths. 
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Sagittaria lancifolia, and Sagittaria latifolia.  These cells serve as a diverse wildlife 

habitat while continuing to provide nutrient removal (Martinez and Wise, 2003). 

 The overall average influent total phosphorus (TP) concentration from 1988 to 

2005 was 0.22 mg L-1, however, annual inflow TP concentrations ranged from 0.02 – 

3.30 mg L-1 during the same time period.  Since its inception, the OEW has exceeded  

performance expectations.  The TP discharge permit limit established by the FDEP is 0.2 

mg L-1 (Wang et al., 2006).  From 1988 to 1995 the average TP discharged was 0.07 mg 

L-1 (Sees and Turner, 1997), however TP values are considerably higher from December 

to February in recent years (Wang et al., 2006).   

Field Sampling, Laboratory Set-Up and Analysis 

Seventy-eight push cores (7 cm i.d.) were collected within a 10 m2 area from a 

Typha spp. dominated cell (cell 10) within the OEW (Figure 2-1).  Six replicates were 

collected for each chemical amendment (alum, PAC, alum residual, PNAS) at three 

dosage rates (9, 18, and 36 g Al m-2), and six control cores.  These dosage rates were 

selected based on previous alum research performed on OEW soil by Simon (2003) and 

DB Environmental, Inc. (2004) as well as an extensive review of lake alum application 

rates (Appendix A).  The alum and PAC were obtained from General Chemical 

Corporation, the alum residual originated from the Melbourne, FL Potable Water 

Treatment Plant, and the PNAS was synthesized in the laboratory according to Koether et 

al. (1997).   

Phosphorus flux rates were determined by measuring changes in water column 

concentrations of intact sediment cores over time (Fisher and Reddy, 2001; Malecki et 

al., 2004; Steinman et al., 2004).  Floodwater was replaced with filtered (0.45-μm) site 

water to maintain a 20-cm water column to initiate the intact core flux study.  Cores were 
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sealed and allowed to equilibrate overnight while water columns were purged with N2 gas 

(with 300 mg L-1 CO2).  Time zero samples were collected from the equilibrated cores 

followed by the addition of treatments to the water column.  Within twenty-four hours a 

visible floc had formed at the soil-water interface of those cores treated with alum and 

PNAS.  Cores were purged daily and redox probes were installed in the water column at 

mid-depth and at 5-cm depth in the soil of two cores selected randomly from each 

treatment to confirm anaerobic conditions throughout the study.   

Cores were incubated in the dark in a water bath maintained at 20º C.  Water 

samples were taken at designated time intervals (0, 1, 3, 5, 7, 10, 14 d) over a two week 

period, filtered through 0.45-μm syringe filters, and analyzed for soluble Al, and soluble 

reactive P (SRP).  The water column pH of the system was measured in triplicate cores 

for each treatment throughout the study.  Flux calculations were based on the immediate 

change in water column concentrations of SRP over time.  Flux rates were calculated 

using the linear portion of the concentration versus time curves of SRP over the first day 

as this was the rate of maximum P sorption.  

Three soil cores of each treatment dosage (39 cores total) were then sectioned into 

depth increments of 0-5 and 5-10 cm after the two-week incubation to determine 

variations in microbial biomass and activity as well as the P content and physicochemical 

characteristics of the soil.  Prior to sectioning, any visible floc was removed from the soil 

surface so as to not directly influence the characterization results.  The remaining 

triplicate cores were spiked once per week with 0.180 mg L-1 P as KH2PO4 (ACS 

Certified, Fisher Scientific, Fair Lawn, NJ), a concentration equivalent to that entering 

the OEW, for three weeks to analyze the P uptake capacity of the floc formed.   
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The following physicochemical parameters were measured on the sectioned soil 

samples: pH, bulk density (Blake and Hartge, 1986), mass loss on ignition (LOI), 

microbial biomass P (MBP), soil oxygen demand (SOD), potentially mineralizeable P 

(PMP), total P (TP), inorganic P fractionation (Reddy et al., 1998), 1N HCl – extractable 

metals, and oxalate-extractable Al (McKeague and Day, 1966).  Microbial biomass P was 

determined by a 24 h chloroform fumigation-extraction (CFE) technique (Brookes et al., 

1982; Hedley and Stewart, 1992; Ivanoff et al., 1998).  Soil oxygen demand was 

determined by placing 10 g (wet weight) of soil into 250 mL biochemical oxygen demand 

(BOD) dark bottles and the bottles filled with oxygen saturated distilled, deionized water 

(APHA, 1992).  The initial D.O. concentrations were recorded using a YSI model 58 

dissolved oxygen meter (Yellow Springs Instrument Company, Yellow Springs, OH) 

equipped with a YSI model 5905 BOD stirring probe.  The BOD bottles were incubated 

in the dark for 24 h at 21° C.  Following incubation, the final D.O. concentrations were 

measured (Fisher and Reddy, 2001, Malecki et al., 2004).   

The potentially mineralizeable P (PMP) rate was determined using an anaerobic, 

waterlogged incubation at 40º C (Chua, 2000).  Glass serum bottles (50 mL) were 

prepared by weighing out field moist soil (equivalent of 0.5 g dry weight) and adding 5 

mL of distilled, deionized (DDI) water.  Bottles were capped with butyl rubber stoppers 

and sealed with aluminum crimps.  The headspace was evacuated and replaced with O2-

free N2 gas for incubation in the dark at 40º C for 10 d.  A duplicate set of subsamples 

was weighed into 50 mL centrifuge tubes for the controls.  Samples were shaken and 

extracted with 25 mL of 1.0 M HCl for 3 h on a reciprocal shaker and supernatant filtered 

through a 0.45-μm membrane filter.  The supernatant was analyzed for total inorganic P 
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(TPi) using automated, colorimetric analysis (Method 365.1, USEPA, 1993).  Potentially 

mineralizable P (mg kg-1 d-1) was calculated as the difference in the incubated and Time 0 

extractable TPi on a sediment mass basis, divided by the incubation time.  

 Total P analysis involved combustion of 0.5 g oven-dried subsamples at 550° C for 

4 h in a muffle furnace followed by dissolution of the ash in 6 M HCl on a hot plate 

(Andersen, 1976).  Total P was analyzed using an automated ascorbic acid method 

(Method 365.4, USEPA, 1993).  Ash content was calculated to determine mass loss on 

ignition (LOI), indicating the organic matter content in the wetland soil (Lim and 

Jackson, 1982).  Calcium, Mg, Fe, and Al concentrations were determined from oven-

dried soil treated with 25 mL of 1.0 M HCl and placed on a reciprocal shaker for 3 h.  

The supernatant was filtered through 0.45-μm membrane filters and analyzed for Ca, Mg, 

Al, and Fe (DeBusk et al., 1994; Reddy et al., 1998).  Metal analyses were determined by 

inductively coupled argon plasma spectrometry (Vista MPX CCD simultaneous ICP-OES 

manufactured by Varian, Inc., Walnut Creek, CA; Method 200.7, USEPA, 1993).   

Statistical Analysis 

Paired t-tests were used to determine significant differences (p<0.05) among soil 

properties in the 0-5 cm and 5-10 cm sectioned intervals (Microsoft Excel, 2000).  

Additionally, Pearson product-moment correlation coefficients (p<0.05) between 

parameters were calculated (Microsoft Excel, 2000).  Data normality was determined 

using the Kolmogorov-Smirnov test (Minitab 13.32, 2000) and data were transformed to 

fit a normal distribution (Microsoft Excel, 2000).  One-way ANOVAs and multiple 

comparisons by Tukey’s W were used on soil variables, while repeated measure 

ANOVAs followed by multiple comparison were used on water column data to determine 

significant differences (p<0.05) among treatments and dosage rates (Minitab 13.32, 
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2000).  Parameters that could not be transformed to follow a normal distribution were 

analyzed non-parametrically using the Kruskal-Wallis ANOVA on ranks multiple 

comparisons with Dunn’s test (Minitab 13.32, 2000).  Linear regression analysis was also 

used (Microsoft Excel, 2000). 

Results and Discussion 

Soil Physicochemical Characteristics 

There were no significant differences in bulk density or organic matter content 

among cores.  The bulk density of all cores was greater in the subsurface 5-10 cm layer 

(Table 2-2) than in the surface 0-5 cm (Table 2-1) while the opposite was true of the 

organic matter content as indicated by LOI.  Detrital deposition and decomposition at the 

soil surface resulted in the higher LOI.  The increased organic matter in the surface layer 

allows the soil to remain porous, thereby decreasing the bulk density (Brady and Weil, 

1999).  There was a significant negative correlation between bulk density and LOI in the 

surface layer of cores treated with alum, PAC, and PNAS. 

The total P concentration was greater in the surface layer (Table 2-1) than 

subsurface layer (Table 2-2) for all cores, and significantly greater in the control cores, all 

cores dosed with alum residual, as well as the low dosage alum cores and high dosage 

PNAS cores.  However, there were no significant differences in the total P concentration 

among treatments or dosage in either layer.  Linear regression analysis found TP was 

directly related to the percent LOI with an R2 of 0.83.  Nutrient content typically 

increases with an increase in organic matter (Farnham and Finney, 1965). 

Similar to the LOI and TP, the amorphous oxalate-extractable Al was also greater 

at the surface (Table 2-1) than in the subsurface layer (Table 2-2).  Expected in the 

treated cores due to the surface application of Al, this was also found in the control cores  
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Table 2-1.  Mean soil physicochemical characterization data for the 0-5 cm depth of cores 
taken from the Orlando Easterly Wetland, (n=3) ± 1 standard deviation. 

Treatment Dosage Bulk density pH LOI† Total P Oxalate Al 
  g Al m-2 g cm-3 pH units % mg kg-1 mg kg-1 
Alum 36.0 0.05 ± 0.04 5.41 ± 0.32 71.3 ± 10.9 1235 ± 177 5344 ± 1779 
  18.0 0.05 ± 0.04 5.37 ± 0.30 70.0 ± 17.9 1024 ± 378 3188 ± 1296 
  9.0 0.03 ± 0.01 5.59 ± 0.04 75.8 ± 6.73 1171 ± 131 2514 ± 710.1
PAC† 36.0 0.09 ± 0.13 5.37 ± 0.10 50.3 ± 27.5 699 ± 465 2707 ± 2553 
  18.0 0.03 ± 0.01 5.71 ± 0.17 77.1 ± 6.01 1034 ± 182 2106 ± 183.8
  9.0 0.02 ± 0.00 5.69 ± 0.08 75.8 ± 2.09 973 ± 182 1797 ± 187.6
Alum residual 36.0 0.03 ± 0.02  5.93 ± 0.20* 80.5 ± 1.99 1006 ± 77.5 5375 ± 994.6
  18.0 0.06 ± 0.02 5.80 ± 0.09 55.9 ± 10.8 686 ± 152 3079 ± 1347 
  9.0 0.02 ± 0.00 5.82 ± 0.04 67.7 ± 8.07 921 ± 216 2416 ± 1108 
PNAS† 36.0 0.05 ± 0.03 5.27 ± 0.19 68.5 ± 4.47 872 ± 99.9 7733 ± 2926 
  18.0 0.02 ± 0.01 5.39 ± 0.07 79.8 ± 4.26 1148 ± 119 7116 ± 619.3
  9.0 0.03 ± 0.01 5.77 ± 0.11 74.0 ± 5.73 1004 ± 261 3529 ± 769.1
Control 0.0 0.06 ± 0.01 5.75 ± 0.04 66.3 ± 4.04 720 ± 24.5 890.4 ± 322.2*

† LOI = loss on ignition; PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
* Significantly greater than alum, PAC, and PNAS at same dosage at the 0.05 probability level. 

 

 

Table 2-2.  Mean soil physicochemical characterization data for the 5-10 cm depth of 
cores taken from the Orlando Easterly Wetland, (n=3) ± 1 standard deviation. 

Treatment Dosage Bulk density pH LOI† Total P Oxalate Al 
  g Al m-2 g cm-3 pH units % mg kg-1 mg kg-1 
Alum 36.0 0.27 ± 0.17 5.42 ± 0.30 41.6 ± 16.9 485 ± 187 542 ± 198 
 18.0 0.29 ± 0.14 5.05 ± 0.27* 34.3 ± 15.9 333 ± 235 451 ± 208 
 9.0 0.30 ± 0.19 5.34 ± 0.03 34.5 ± 24.3 244 ± 87.9 582 ± 348 
PAC† 36.0 0.38 ± 0.57 5.48 ± 0.05 43.4 ± 42.1 512 ± 559 1496 ± 1837
 18.0 0.32 ± 0.21 5.49 ± 0.10 39.4 ± 30.1 339 ± 311 493 ± 278 
 9.0 0.22 ± 0.03 5.33 ± 0.07 62.4 ± 11.5 660 ± 156 798 ± 59.0 
Alum residual 36.0 0.32 ± 0.09 5.45 ± 0.14 37.7 ± 21.3 314 ± 239 653 ± 137 
 18.0 0.43 ± 0.29 5.54 ± 0.16 29.6 ± 21.2 288 ± 194 591 ± 468 
 9.0 0.13 ± 0.02 5.58 ± 0.14 53.6 ± 16.1 615 ± 202 952 ± 216 
PNAS† 36.0 0.30 ± 0.14 5.43 ± 0.18 37.3 ± 0.90 367 ± 31 765 ± 73.0 
 18.0 0.23 ± 0.12 5.56 ± 0.15 58.5 ± 23.4 580 ± 276 824 ± 169 
 9.0 0.19 ± 0.10 5.74 ± 0.12 48.1 ± 23.9 484 ± 238 679 ± 233 
Control 0.0  0.54 ± 0.34 5.66 ± 0.09 16.6 ± 5.68 119 ± 71.6 291 ± 230 
† LOI = loss on ignition; PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
* Significantly less than all other treatments at same dosage and control at the 0.05 probability level. 
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due to the natural mineralogy of the wetland soil and Al associated with organic matter.   

The surface layer of the control cores (890.4 ± 322.2 mg kg-1) did have significantly less 

oxalate-extractable Al than the cores treated with alum (3682 ± 1725 mg kg-1), alum 

residual (3623 ± 1678 mg kg-1), and PNAS (6126 ± 2500 mg kg-1), specifically at the 

highest Al dosage rate.  There was a significant positive correlation between the Al 

dosage rate and oxalate Al in the surface of both the alum and alum residual treated 

cores.  There were no significant differences in oxalate-extractable Al in the 5-10 cm 

layer among treatments or dosage indicating the Al hydroxide floc remained at the soil 

surface. 

Generally, the soil pH was greater in the surface layer (Table 2-1) than in the 

subsurface layer (Table 2-2) however, there were few significant differences.  There were 

several significant differences in soil pH among treatments and dosages.  In the surface 

layer, the alum residual treated cores (5.9 ± 0.1) had significantly greater soil pH values 

than both the alum (5.5 ± 0.2) and PNAS (5.5 ± 0.3) treated cores.  At the highest dosage 

specifically, the alum residual treated cores had significantly greater pH values than the 

alum, PAC, and PNAS treated cores.  Within treatment comparisons found that the pH of 

soils treated with 36 g Al m-2 PNAS were significantly lower than the pH values of cores 

that received only 9 g Al m-2 PNAS, while in all other treatments there were no 

significant differences.  There was however a significant negative correlation between pH 

and dosage rate found for both the PNAS and PAC treated cores.  As expected, the higher 

Al loading rates yielded lower soil pH values. 

 In the 5-10 cm layer (Table 2-2) the alum treated cores (5.3 ± 0.3) had significantly 

lower pH values than the alum residual treated cores (5.5 ± 0.1), PNAS (5.6 ± 0.2), and 
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control (5.7 ± 0.1) cores.  At the 18 g Al m-2 dosage specifically, the alum cores had 

significantly lower pH values than the alum residual, PNAS, and control cores of the 

same dosage.  There were, however, no significant differences in soil pH among dosage 

rates within any treatment. 

Soil Microbial Characteristics 

Microbial biomass P (MBP) tended to decrease with depth (Table 2-3, Table 2-4).  

The MBP was significantly greater in the surface than in the subsurface layer of the 

control, 18 g Al m-2 PAC and PNAS, as well as the 9 g Al m-2 alum residual cores where 

recently deposited bioavailable nutrients are more easily accessible.  There were no 

significant differences in MBP among treatment types, nor within treatment by dosage. 

Grouping all treatments, the surface soil of 9 g Al m-2 dosed cores had significantly 

greater MBP concentrations than both the 18 and 36 g Al m-2.  Pearson product 

correlation analysis found a significant negative correlation between Al dosage and MBP 

for the alum residual and PNAS treated cores.  No trend was found in the 5-10 cm 

subsurface layer suggesting the effect of Al amendments in the short term only negatively 

impacts the microbial biomass in the surface soil. 

Microbial activity, as indicated by PMP and SOD rates, was alsosignificantly 

greater in the surface than subsurface layer (Table 2-3, Table 2-4).  Potentially 

mineralizable P rates were significantly greater in the 18 g Al m-2 PNAS treated cores 

corresponding to the significantly higher microbial biomass in the surface layer.  Similar 

to MBP, there were no significant differences in PMP among treatment types, nor within 

treatment by dosage, but when all treatments were grouped, the surface soil of 9 g Al m-2 

dosed cores had significantly greater PMP rates than the 36 g Al m-2.  Pearson product  
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Table 2-3.  Mean soil microbial characterization data for the 0-5 cm depth of cores taken 
from the Orlando Easterly Wetland, (n=3) ± 1 standard deviation. 

Treatment Dosage MBP‡, NS PMP‡, NS SOD‡ 
  g Al m-2 mg kg-1 mg kg-1 d-1 mg kg-1 h-1 
Alum 36.0 79.8 ± 50.5 7.48 ± 4.71 66.6 ± 24.3 
  18.0 93.8 ± 56.7 11.9 ± 22.4 42.7 ± 25.3 
  9.0 139 ± 57.3 37.1 ± 38.4 74.5 ± 20.2 
PAC† 36.0 115 ± 89.4 12.2 ± 9.91 66.4 ± 52.0 
  18.0 128 ± 39.3 8.44 ± 7.38 77.1 ± 13.1 
  9.0 143 ± 27.7 11.1 ± 21.5 98.7 ± 9.60 
Alum residual 36.0 67.5 ± 38.6 8.65 ± 10.4 155 ± 31.8 
  18.0 63.9 ± 18.5 12.3 ± 10.5 92.1 ± 51.2 
  9.0 178 ± 27.8 21.5 ± 3.08 175 ± 49.4 
PNAS† 36.0 42.9 ± 63.1 1.87 ± 8.21 99.0 ± 46.5 
  18.0 88.5 ± 19.5 16.6 ± 3.61 184 ± 62.4 
  9.0 137 ± 64.7 18.8 ± 10.1 164 ± 32.6 
Control 0.0 70.0 ± 8.28 6.18 ± 4.48 72.9 ± 18.7 
NS = No significant differences among mean values by dosage or treatment. 
† PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
‡ MBP = microbial biomass P; PMP = potentially mineralizable phosphorus; SOD = sediment 
oxygen demand. 

 
 
 
Table 2-4.  Mean soil microbial characterization data for the 5-10 cm depth of cores taken 

from the Orlando Easterly Wetland, (n=3) ± 1 standard deviation. 
Treatment Dosage MBP‡, NS PMP‡, NS SOD‡, NS 
  g Al m-2 mg kg-1 mg kg-1 d-1 mg kg-1 h-1 
Alum 36.0 43.0 ± 10.9 1.79 ± 1.53 20.2 ± 17.6 
  18.0 103 ± 53.6 0.65 ± 2.32 12.8 ± 4.22 
  9.0 47.3 ± 35.1 3.13 ± 2.54 18.0 ± 16.2 
PAC† 36.0 79.4 ± 62.7 9.76 ± 7.98 33.3 ± 31.1 
  18.0 30.2 ± 33.1 16.7 ± 25.3 13.7 ± 9.23 
  9.0 83.8 ± 65.5 5.13 ± 2.87 16.1 ± 3.98 
Alum residual 36.0 36.0 ± 11.5 2.63 ± 1.52 8.70 ± 4.42 
  18.0 35.0 ± 21.9 0.94 ± 0.45 12.2 ± 8.79 
  9.0 52.4 ± 20.3 12.6 ± 7.90 13.2 ± 3.80 
PNAS† 36.0 40.8 ± 2.96 5.43 ± 5.42 10.0 ± 0.25 
  18.0 34.9 ± 16.6 3.36 ± 2.89 20.7 ± 13.6 
  9.0 62.2 ± 33.8 18.0 ± 24.8 8.49 ± 1.26 
Control 0.0 23.9 ± 8.33 2.15 ± 2.45 3.85 ± 1.07 
NS = No significant differences among mean values within treatment by dosage, or among  
          treatments. 
† PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
‡ MBP = microbial biomass P; PMP = potentially mineralizable phosphorus; SOD = sediment 
oxygen demand. 
 

 



39 

 

correlation analysis indicated a strong negative correlation between the Al dosage rate 

and surface layer PMP for the alum, alum residual, and PNAS treated cores.  This 

corresponds to the same trend found in the size of the microbial pool. 

Soil oxygen demand rates were significantly higher in the surface than subsurface 

(Table 2-3, Table 2-4).  There were no significant differences within treatment by dosage, 

but there were differences among treatments.  In the surface layer, the alum and PAC 

treated cores had significantly lower SOD rates than the alum residual and PNAS treated 

cores, while in the subsurface layer there were no significant differences similar to the 

MBP and PMP results.  Pearson product correlation analysis indicated a strong negative 

correlation between Al dosage rate and surface layer SOD rates for the PAC and PNAS 

treated cores.  This trend once again did not persist in the subsurface layer indicating both 

microbial biomass and activity in the 5-10 cm layer remained unaffected by the Al 

amendments with impacts only apparent in the 0-5 cm layer for this short term 

experiment. 

Soil Phosphorus Forms 

Organic P was dominant in all cores, averaging 70% organic P (Po) (Table 2-5) and 

30% inorganic P (Pi) (Table 2-6) in the surface layer of all treated cores, and 78% Po, 

22% Pi in the surface layer of control cores.   All P fractions, with the exception of HCl-

extractable P, were significantly greater in the surface layer than in the subsurface, 

similar to the TP values previously discussed.  The overall decrease in P storage capacity 

with depth may be attributed to the significant decrease in all metal concentrations (Al, 

Ca, Fe, Mg) with depth (Table 2-7, Table 2-10).  In the surface layer, the KCl–extractable 

P consisting of labile, readily bioavailable P made up the smallest portion (0.3 - 4%) of 

the total P pool, generally increasing with a decrease in Al dosage rate although there  



40 

 

Table 2-5.  Mean organic phosphorus derived from inorganic phosphorus fractionation 
data for the 0-5 cm depth interval of cores taken from the Orlando Easterly 
Wetland, (n=3) ± 1 standard deviation. 

Treatment Dosage NaOH Po Residue Po Total Po 
   g Al m-2 mg kg-1 mg kg-1 mg kg-1 
Alum 36.0 322 ± 257 414 ± 179 737 ± 434 
  18.0 207 ± 152 270 ± 41.3 477 ± 166 
  9.0 283 ± 51.0 349 ± 40.1 632 ± 10.9 
PAC† 36.0 293 ± 200 334 ± 110 628 ± 305 
  18.0 271 ± 68.3 299 ± 31.5 570 ± 66.8 
  9.0 247 ± 20.5 342 ± 30.6 590 ± 50.9 
Alum residual 36.0 284 ± 41.4 418 ± 195 702 ± 227 
  18.0 169 ± 40.3 247 ± 69.5 416 ± 109 
  9.0 373 ± 35.4 434 ± 100 807 ± 132 
PNAS† 36.0 295 ± 127 346 ± 117 640 ± 145 
  18.0 378 ± 52.5 396 ± 153 774 ± 199 
  9.0 299 ± 83.7 374 ± 90.3 673 ± 168 
Control 0 150 ± 18.6 333 ± 33.9 517 ± 96.1 

        † PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
 

 
 
Table 2-6.  Mean inorganic phosphorus fractionation data for the 0-5 cm depth interval of 

cores taken from the Orlando Easterly Wetland, (n=3) ± 1 standard deviation. 
Treatment Dosage KCl Pi* NaOH Pi HCl Pi Total Pi 

  g Al m-2 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
Alum 36.0 3.31 ± 1.75 259 ± 206 249 ± 136 511 ± 77.3 
  18.0 4.73 ± 6.97 138 ± 137 75.2 ± 25.5 218 ± 152 
  9.0 17.1 ± 12.6 135 ± 26.8 83.7 ± 24.1 235 ± 34.4 
PAC† 36.0 14.5 ± 12.5 144 ± 106 53.2 ± 27.1 211 ± 146 
  18.0 15.3 ± 7.97 140 ± 14.3 76.2 ± 19.5 231 ± 27.5 
  9.0 27.6 ± 15.1 97.7 ± 11.3 63.1 ± 15.5 188 ± 39.3 
Alum residual 36.0 10.3 ± 5.77 145 ± 15.1 69.4 ± 13.4 225 ± 26.6 
  18.0 10.3 ± 8.60 88.3 ± 11.6 67.2 ± 3.61 166 ± 16.3 
  9.0 35.8 ± 19.0 221 ± 96.0 90.5 ± 14.0 348 ± 64.0 
PNAS† 36.0 2.31 ± 1.34 195 ± 97.6 57.4 ± 21.6 254 ± 98.7 
  18.0 3.16 ± 0.95 262 ± 60.7 193 ± 199 458 ± 228 
  9.0 7.55 ± 3.85 185 ± 68.0 104 ± 35.7 297 ± 107 
Control 0 11.6 ± 3.47 57.3 ± 10.9 77.2 ± 24.2 146 ± 35.2 

        † PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
        * Significantly less than all other P fractions at the 0.05 probability level. 
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were no significant differences.  The HCl-extractable Ca and Mg bound P comprised 6-

20% of the total P, while as expected, the NaOH-extractable reactive Al and Fe bound P 

was the dominant Pi fraction in the Al treated cores, making up 13-22% of the total P 

pool while only accounting for 9% of the total P in the control cores.  Table 2-7 shows 

the 1 M HCl-extractable metals for the surface (0-5 cm) soils.  There were no significant 

differences within treatment by dosage.  In all treated cores there were significantly 

greater Ca concentrations than Mg concentrations, indicating most of the P from the P 

fractionation was associated with Ca from the buffered wetland soil, rather than Mg.  In 

the PAC and PNAS treated cores Ca concentrations were also significantly greater than 

Fe concentrations.  Miner (2001) concluded there was no significant P retention 

associated with Fe in the OEW, instead predominantly affected by Al concentrations.   

There were no significant differences in metals in the control cores, however, the 

control cores did have significantly lower Al concentrations than all other treated cores 

 
Table 2-7.  Mean 1M HCl-extractable metals for the 0-5 cm depth interval of cores taken 

from the Orlando Easterly Wetland, (n=3) ± 1 standard deviation. 
Treatment Dosage Al Ca* Fe Mg 

  g Al m-2 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
Alum 36.0 4960 ± 2828 21368 ± 1181 1694 ± 153.9 651.7 ± 96.12 

  18.0 4401 ± 2803 21326 ± 5402 1704 ± 504.0 657.3 ± 251.9 
  9.0 3005 ± 581.3 23479 ± 481.3 1766 ± 152.6 839.6 ± 36.15 

PAC† 36.0 2759 ± 1741 18319 ± 8468 1440 ± 730.1 799.3 ± 94.53 
  18.0 3062 ± 680.6 24586 ± 1629 1786 ± 19.65 876.2 ± 152.3 
  9.0 1684 ± 400.2 21264 ± 1381 1618 ± 165.7 822.2 ± 71.72 
Alum residual 36.0 5239 ± 2119 22847 ± 3577 1889 ± 366.7 918.9 ± 181.6 
  18.0 2727 ± 227.9 20923 ± 5954 1662 ± 449.6 721.6 ± 249.4 
  9.0 2161 ± 850.1 25143 ± 710.6 2072 ± 696.7 964.1 ± 121.7 

PNAS† 36.0 11261 ± 8328 20656 ± 5075 1779 ± 178.0 583.8 ± 166.9 
  18.0 11267 ± 1400 23949 ± 1466 1739 ± 303.9 722.1 ± 18.08 
  9.0 4804 ± 864.2 25120 ± 600.4 1800 ± 241.2 789.6 ± 30.71 

Control 0.0 693.0 ± 233.1* 17953 ± 3990 1577 ± 129.4 640.3 ± 146.5 
† PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
* Significantly greater than Al, Fe, and Mg concentrations at the 0.05 probability level. 
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Table 2-8.  Mean organic phosphorus derived from inorganic phosphorus fractionation 
data for the 5-10 cm depth interval of cores taken from the Orlando Easterly 
Wetland,  (n=3) ± 1 standard deviation. 

Treatment Dosage NaOH Po Residue Po Total Po 
   g Al m-2 mg kg-1 mg kg-1 mg kg-1 
Alum 36.0 52.3 ± 32.6 254 ± 111 211 ± 184 
  18.0 46.6 ± 14.2 166 ± 57.6 213 ± 54.7 
  9.0 77.2 ± 59.3 274 ± 313 351 ± 371 
PAC† 36.0 139 ± 137 252 ± 234 391 ± 371 
  18.0 58.0 ± 37.0 209 ± 186 267 ± 221 
  9.0 77.4 ± 7.53 271 ± 114 348 ± 110 
Alum residual 36.0 68.6 ± 21.1 198 ± 101 266 ± 120 
  18.0 45.8 ± 37.5 161 ± 223 207 ± 259 
  9.0 92.8 ± 26.7 234 ± 79.7 327 ± 81.7 
PNAS† 36.0 52.6 ± 13.3 215 ± 76.6 268 ± 89.9 
  18.0 74.5 ± 36.5 313 ± 333 387 ± 369 
  9.0 84.0 ± 45.1 151 ± 81.7 235 ± 38.5 
Control 0 32.4 ± 19.5 102 ± 77.8 134 ± 96.9 

       † PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
 
 
 
Table 2-9.  Mean inorganic phosphorus fractionation data for the 5-10 cm depth interval 

of cores taken from the Orlando Easterly Wetland, (n=3) ± 1 standard 
deviation. 

Treatment Dosage KCl Pi NaOH Pi HCl Pi Total Pi 
  g Al m-2 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
Alum 36.0 2.36 ± 0.82 19.6 ± 11.5 96.3 ± 65.1 394 ± 436 
  18.0 7.33 ± 10.1 19.5 ± 11.2 75.6 ± 61.3 102 ± 82.4 
  9.0 2.98 ± 2.34 27.8 ± 27.7 157 ± 138 188 ± 140 
PAC† 36.0 9.92 ± 8.50 74.7 ± 89.4 63.3 ± 65.2 148 ± 159 
  18.0 2.88 ± 2.21 22.3 ± 17.1 44.2 ± 30.3 69.4 ± 41.7 
  9.0 2.94 ± 1.96 34.2 ± 11.0 186 ± 223 223 ± 232 
Alum residual 36.0 1.05 ± 0.33 26.7 ± 7.09 29.3 ± 9.30 57.0 ± 14.5 
  18.0 2.05 ± 1.52 17.5 ± 19.7 60.3 ± 39.6 81.7 ± 54.6 
  9.0 3.74 ± 0.68 42.1 ± 9.15 96.9 ± 21.7 143 ± 28.4 
PNAS† 36.0 1.54 ± 1.43 17.8 ± 5.36 39.6 ± 25.2 58.9 ± 31.3 
  18.0 2.61 ± 2.42 29.6 ± 17.7 51.2 ± 30.8 83.4 ± 50.5 
  9.0 9.67 ± 7.33 36.5 ± 27.2 109 ± 69.9 155 ± 93.6 
Control 0 1.44 ± 0.99 10.4 ± 6.62 7.58 ± 4.16 19.4 ± 11.7 

       † PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
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corresponding to the low NaOH Pi.  Generally Mg made up 3% of the HCl-extractable 

metals in the surface of Al treated cores, Fe 6%, Al 9-26% and Ca dominated making up 

67-82% of the extracted metals. 

The organic P fractions consisted of NaOH-extractable non-reactive P associated 

with humic and fulvic acids as well as bacteria incorporated P which accounted for 24-

35% of the total P in the surface layer of all cores, while the residue Po representing the 

refractory organic P and any other inert mineral P fractions not extracted with salt, acid, 

or base composed 32-45% of the total P in treated cores and 53% in the control cores.  

Both of these Po fractions were significantly greater than the Ca and Mg bound fraction 

of all four Al treatment types, while the residue Po was significantly greater than the 

NaOH Pi in the PAC, alum residual, and control cores. 

The subsurface layer was once again dominated by organic P averaging 69% Po  

 (Table 2-8) and 31% Pi (Table 2-9) for treated cores and 87% Po and 13% Pi in the 

control cores.  Labile P represented 0.3-2% of the total P, followed by the Al and Fe 

bound P which only made up 5-14% of the subsurface P pool indicating once again that 

the Al treatments remained at the surface.  The dominant inorganic P form in the 

subsurface layer was the Ca and Mg bound P which ranged from 5-33% of the total P 

pool.  Table 2-10 shows the 1M HCl-extractable metal concentrations in the subsurface 

layer.  The Ca concentrations were significantly higher than the Al, Fe, and Mg 

concentrations for all treated and control cores.  Generally Ca made up 88% of the HCl-

extractable metals within the 5-10 cm layer of all cores, Al 5%, Fe 4%, and Mg 3%. 

There were no significant differences in extractable metals within treatment by dosage. 
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The organic acid and bacterial P made up 12-26% of the total P while the residue Po was 

the dominant subsurface P fraction in all cores composing 39-66% of the total P.   

 
Table 2-10.  Mean 1M HCl-extractable metals for the 5-10 cm depth interval of cores 

taken from the Orlando Easterly Wetland, (n=3) ± 1 standard deviation. 
Treatment Dosage Al Ca* Fe Mg 

  g Al m-2 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
Alum 36.0 473.1 ± 156.2 11379 ± 3914 896.2 ± 431.2 353.8 ± 163.3 

  18.0 446.4 ± 158.6 10611 ± 3927 593.0 ± 82.32 296.2 ± 68.89 
  9.0 508.4 ± 251.1 9319 ± 5120 736.9 ± 383.8 313.4 ± 153.0 

PAC† 36.0 1234 ± 1482 11040 ± 9848 870.8 ± 798.3 446.9 ± 332.2 
  18.0 455.3 ± 250.2 9276 ± 7789 240.7 ± 167.5 349.7 ± 267.1 
  9.0 688.7 ± 24.20 15752 ± 2374 497.3 ± 179.0 512.4 ± 65.02 
Alum residual 36.0 579.5 ± 120.5 9385 ± 6418 315.4 ± 140.8 356.6 ± 170.9 
  18.0 495.7 ± 405.2 8244 ± 6440 309.7 ± 244.6 274.2 ± 203.4 
  9.0 755.7 ± 159.5 14951 ± 5212 503.5 ± 232.1 474.3 ± 83.91 

PNAS† 36.0 589.2 ± 43.64 10298 ± 1072 312.4 ± 97.05 358.4 ± 38.02 
  18.0 640.7 ± 154.2 14603 ± 5534 420.7 ± 98.63 515.3 ± 221.5 
  9.0 672.4 ± 419.4 12675 ± 4617 565.7 ± 459.0 498.8 ± 194.1 

Control 0.0 266.7 ± 205.0 3571 ± 2485 122.1 ± 33.74 174.4 ± 90.51 
 † PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
* Significant at the 0.05 probability level. 

 

Water Column Results 

Soluble Reactive Phosphorus – Incubation Study 

The initial Al application rapidly reduced the soluble reactive P (SRP) 

concentrations in the anaerobic water column of cores treated with alum, PAC, and 

PNAS, stabilizing by day three (Figure 2-2).  The SRP concentration in cores treated with 

alum residual gradually decreased over the two week time period, while concentrations 

gradually increased over time in the water column of control cores.  Repeated measures 

analysis of log transformed data determined that all four treatments resulted in 

significantly lower water column SRP concentrations than the control at all three  
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Figure 2-2. Changes in soluble reactive phosphorus concentration in the water column 
under anaerobic conditions at treatment dosage (a) 36.0, (b) 18.0, and (c) 9.0 
mg Al m-2 for soil cores from the Orlando Easterly Wetland (n=6). 
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dosages.  Of the treatments, the alum and PNAS were significantly more effective at 

sequestering P than the PAC, and the alum residual was least effective.  The alum 

residual was a solid amendment, however, while the alum, PNAS, and PAC were liquid 

and thus able to sorb P more readily in the short term than sorption to a solid phase with 

reduced surface area.  There is an apparent diffusion limitation on the P adsorption rate 

because some of the Al in alum residual is already occluded with respect to P access. 

Nevertheless, the solid may prove more effective at a longer time scale as the residual 

breaks down, increasing the surface area available to react and in turn increasing P 

sorption (Dayton and Basta, 2005).   

Additionally, there was no significant difference in water column SRP with 

dosage rate in the alum residual treated cores, averaging 0.17 ± 0.06 mg L-1 over the two 

week time period.  For the cores treated with alum, PNAS, and PAC, however, the SRP 

concentrations were significantly lower in the 36 and 18 mg Al m-2 treated cores than in 

the 9 mg Al m-2.  These differences are apparent when data are log transformed, thus 

from a management and cost benefit perspective, the lowest dosage rate would be 

appropriate. 

The Kruskal-Wallis test was used to determine effects of treatments and dosages 

on the SRP flux rates (Table 2-11).  The SRP uptake rates of all treatments (-78.9 mg m-2 

d-1 to -2.75 mg m-2 d-1) were equal or greater than the mean release rate of the controls 

(2.96 mg m-2 d-1) suggesting once again that any application rate might provide effective 

treatment of soil-released P in the short term.  The net negative flux rates in the treated 

cores indicate that the Al hydroxide floc not only removed P from the water column but 

also intercepted any P fluxing out of the soil, as indicated by the control cores.  There 
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were no significant differences in P flux rates among dosage levels for any of the 

treatments.  At all dosage rates, however, the alum, PNAS, and PAC were more effective 

at sequestering P than the alum residual.   

 
 

Table 2-11.  Mean soluble reactive phosphorus flux from constructed wetland soil under 
anaerobic water column conditions, (n=6) ± 1 standard deviation. 

Treatment 
 

Dosage 
g Al m-2 

Average P Flux  
mg m-2 d-1 

Alum 36.0 -78.9 ± 33.0 
  18.0 -69.0 ± 30.6 
  9.0 -69.6 ± 19.0 
PAC† 36.0 -68.5 ± 19.1 
  18.0 -75.7 ± 22.2 
  9.0 -64.2 ± 14.0 
Alum residual 36.0 -2.75 ± 0.93 
  18.0 -3.42 ± 0.54 
  9.0 -3.61 ± 4.04 
PNAS† 36.0 -71.8 ± 3.47 
  18.0 -62.0 ± 14.7 
  9.0 -66.0 ± 10.4 
Control* 0.00 2.96 ± 1.00 

† PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 
      * Significantly greater than all other flux rates at the 0.05 probability level. 

 
Soluble Reactive Phosphorus – Re-Spiking Study 

After the addition of P at time 0 (day 15 of core incubation study), 8, and 16 days 

soluble reactive P concentrations rapidly decreased in the water column of cores treated 

with alum, PNAS, and PAC, stabilizing by the second day at all dosage rates.  In the 

alum residual treated cores, the SRP concentration continued to decrease over the seven 

day time period, never fully binding the added P (Figure 2-3).  Interestingly the control 

cores also showed some capacity for initial P retention although continuing to release P 

during the prior two-week incubation study.  This indicates that when P levels remain 

high in the water column, the soil does still have the capacity to act as a sink for P.   
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Figure 2-3. Changes in soluble reactive phosphorus concentration in the water column 
during weekly P spiking at treatment dosage (a) 36.0, (b) 18.0, and (c) 9.0 mg 
Al m-2 for soil cores from the Orlando Easterly Wetland (n=3). 
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However, as treatment efficiency of the vegetation and algae increases in the summer 

maintaining a low water column SRP concentration, the soil may then act as a P source.   

Figure 2-3 also shows that cores treated with alum residual did have a 

significantly greater sorption capacity than control cores over time. Additionally, the 

sorption capacity of alum, PNAS, and PAC were significantly greater than that of alum 

residual at all dosage levels over time, while alum and PNAS had greater sorption 

capacities than PAC at the 36 and 18 mg Al m-2 dosage level, similar to the results of the 

incubation study.  At the lowest Al dosage, there was a clear separation among all 

treatment types with PNAS having a superior P uptake capacity and nearly full recovery 

to baseline SRP concentrations even after three spiking events. 

Water Column pH 

The pH tended to remain relatively stable in the anaerobic water columns over the 

two week time period (Figure 2-4).  The alum treated cores always maintained the lowest 

water column pH values which were significantly lower than all other treatments at the 

36 and 18 g Al m-2 dosage rate averaging 2.6 ± 0.2 and 3.2 ± 0.3 respectively (Table 2-

12).  The pH of alum treated cores was also significantly lower than all treatments but 

PNAS in the 9 g Al m-2 dosage rate, averaging 5.1 ± 0.3.  The PNAS treated cores had 

the next most acidic water column with significantly lower values than that of the PAC, 

alum residual, and control cores at all three Al dosage levels averaging 4.1 ± 0.9.  Finally, 

the PAC treated cores had significantly lower values than the alum residual and control 

cores at all three Al dosage levels, averaging 4.9 ± 1.0.   The alum residual and control 

cores maintained the highest pH values at or above 6.0 for the study duration.  The pH 

values of the water column of cores treated with alum, PNAS, and PAC all fell below 6.0 

regardless of Al dosage rate.  Additionally, for all treatments the cores receiving the  
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Figure 2-4. Changes in water column pH under anaerobic conditions at treatment dosage 
(a) 36.0, (b) 18.0, and (c) 9.0 mg Al m-2 for soil cores from the Orlando 
Easterly Wetland (n=3). 
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Table 2-12.  Mean water column data collected over 14 days in soil cores incubated under 
anaerobic conditions, (n=18) ± 1 standard deviation. 
Treatment Dosage Average pH Average soluble  Al

 g Al m-2 pH unit  mg L-1 
Alum 36.0 2.63 ± 0.19 31.4 ± 4.36 

 18.0 3.19 ± 0.29 6.12 ± 2.77 
 9.0 5.14 ± 0.31 0.15 ± 0.01 

PAC† 36.0 3.73 ± 0.71 2.55 ± 1.22 
 18.0 5.26 ± 0.34 0.17 ± 0.02 
 9.0 5.57 ± 0.42 0.16 ± 0.02 

Alum residual 36.0 5.96 ± 0.15 0.13 ± 0.01 
 18.0 6.26 ± 0.13 0.12 ± 0.00 
 9.0 6.15 ± 0.15 0.12 ± 0.00 

PNAS† 36.0 3.14 ± 0.13 25.9 ± 4.79 
 18.0 4.30 ± 0.61 1.88 ± 1.91 
 9.0 5.20 ± 0.25 0.16 ± 0.03 

Control 0 6.09 ± 0.25 0.10 ± 0.01 
† PAC = polyaluminum chloride; PNAS = partially-neutralized aluminum sulfate. 

 

highest Al dosage had significantly lower water column pH values than the mid and low-

level Al dosages.   

The pH values during this study were extremely low which presents two potential 

problems.  First, there is the possibility of aluminum toxicity when pH values are below 

4.0 and second is the remobilization of the Ca-bound soil P.  However, this study was 

done in intact cores, while in a flow through system as in a wetland, the pH would not 

have likely remained low for a long period.  This research also corroborates the assertion 

that the primary benefit of utilizing alternatives to alum such as PNAS and PAC, as 

indicated by Beecroft et al. (1995) and Jiang and Graham (1998), is that they do not 

decrease the water column pH as severely due to their polymerized composition and 

therefore may cause less environmental impact. 
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Water Column Soluble Aluminum 

Soluble or dissolved Al concentrations rapidly peaked in the water column after 

initially dosing the cores, and then slowly decreased over the next ten days (Figure 2-5).  

Due to the close relationship between pH and Al speciation, the low pH of the water 

column in cores treated with alum, PNAS, and PAC resulted in a relatively high release 

of dissolved Al into the water column initially.  Overall, alum (12.6 ± 2.38 mg Al L-1) 

and PNAS (9.32 ± 2.24 mg Al L-1) treated cores had significantly higher water column 

soluble Al concentrations than the PAC (0.96 ± 0.42 mg Al L-1), alum residual (0.12 ± 

0.00 mg Al L-1), and control cores (0.10 ± 0.01 mg Al L-1) over the course of the 

experiment.  The Al concentrations in the alum, PNAS, and PAC treated cores were 

significantly higher at the highest Al dosage rate than at the lower dosage rates, as would 

be expected.  

Regression analysis determined a strong linear relationship between the average 

soluble Al concentration and dosage for both alum (R2 = 0.98) and alum residual (R2 = 

0.99) treated cores and strong logarithmic relationship for the PAC (R2 = 0.92) and PNAS 

(R2 = 0.97) treated cores.  Due to the low pH values (< 6) and high Al concentrations, 

there is potential for aluminum toxicity to occur within the wetland water column 

affecting both fish and benthos.  However, the pH effect does not appear to be of concern 

in mobilizing the Ca-bound P pool since the pH in the soil was not affected as 

dramatically as the water column. 
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Figure 2-5. Changes in water column soluble aluminum concentration under anaerobic 
conditions at treatment dosage (a) 36.0, (b) 18.0, and (c) 9.0 mg Al m-2 for soil 
cores from the Orlando Easterly Wetland (n=6). 
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Conclusions 

 Alum, as well as the three tested alternatives to alum (PAC and PNAS to a greater 

extent than the alum residual) are all effective at short term P sequestration in wetland 

soils.  However, both the surface soil and the water column characteristics show reason 

for concern in utilizing such treatments.  Due to decreased soil pH, as well as low water 

column pH values and high soluble Al concentrations, the minimum dosage necessary for 

effective treatment should be used in treatment wetlands.  Additionally, the spiking of P 

into the water column to mimic loading to the wetland implied that while the treatments 

remained effective at sequestering P in the short term, the long term efficacy of a one 

time treatment may be short lived when utilizing alum or its alternatives in a treatment 

wetland.  Instead, a continuous slow-drip injection system at low dose may prove to be a 

more effective management strategy. 

More research is needed to determine the long term impacts to the microbial 

community as well as potential population shifts.  In the short term, Al amendments 

negatively impact both microbial biomass and activity in the surface soil, however no 

trends were found in the subsurface soil layer.  As the floc layer of Al becomes buried 

through detrital deposition and sedimentation it may in turn influence the subsurface 

microbial pool.  Changes in soil and water column characteristics may also result in Al 

toxicity for aquatic macrophytes present in treatment wetlands.  Finally, the long term 

efficacy of P sequestration by Al amendments in treatment wetlands needs to be 

determined.  

Treatment wetland management generally requires monitoring the outflow of the 

wetland to meet specific discharge criteria.  During the winter months, wetlands in the 

southern United States may become less effective at treating P as plants senesce and 
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microbial activity slows.  Application of alum or Al-containing amendments to soil 

proximal to the outflow regions of the wetland may provide an effective management 

tool to maintain discharge concentrations within permitted values during these inefficient 

wetland treatment times.   
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CHAPTER 3 
INFLUENCE OF ALUM ON WATER QUALITY AND MACROPHYTE GROWTH: A 

MESOCOSM STUDY 

Introduction 

Alum (Al2(SO4)3·14H2O) is the chemical amendment used most often for 

phosphorus (P) inactivation in lakes and coagulation in the water treatment industry.  

When added to water, alum dissociates, forming aluminum ions (Al3+) that are 

immediately hydrated.  An insoluble, gelatinous, poorly crystalline aluminum hydroxide 

(Al(OH)3) floc is formed through several rapid hydrolytic reactions (Ebeling et al., 2003).  

This floc has high P adsorption properties with a surface area greater than 600 m2 g-1 

(Huang et al., 2002).  The size of the floc formed is directly related to the alum dose 

(Chakraborti et al., 2003) and can remove both soluble and particulate P both by 

adsorption and physical entrapment (Galarneau and Gehr, 1997).   

The controlling factor for effectiveness and toxicity of alum is the pH of the 

system.  Alum solution itself has a pH of approximately 2.4 (Beecroft et al., 1995; Lind, 

2003) and therefore tends to decrease the pH of the system to which it is added.  As long 

as the pH of the system remains between 6 and 8, insoluble polymeric Al(OH)3 will 

dominate (May et al., 1979) and P inactivation results.  However, if pH decreases to 

between 4 and 6, soluble intermediates will occur, releasing bound P (Cooke et al., 

1993a).  Below pH 4 soluble Al3+ dominates which may result in Al toxicity (Cooke et 

al., 1993b), and at pH 8 or greater the aluminate ion (Al(OH)4
-) dominates due to its 

amphoteric nature, releasing bound P and increasing soluble Al (Cooke et al, 1993a).  
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Aluminate, similar to Al3+, is associated with Al toxicity in plants (Kinraide, 1990, 

Eleftheriou et al., 1993; Ma et al., 2003).   

While alum has been used for P inactivation in eutrophic lakes since 1968 

(Blomsquist et al., 1971) there has been little research done on its potential effectiveness 

in aging treatment wetlands with reduced P sorption capacities (Simon, 2003; DB 

Environmental, Inc., 2004; Malecki-Brown and White, 2007a).  Additionally, there is not 

a clear comprehension of the impact of increased aluminum (Al) concentrations on the 

aquatic macrophytes in alum-treated ecosystems.   

The speciation of Al determines its mobility, bioavailability, and toxicity in aquatic 

ecosystems (Bertsch, 1990).  In the case of plants, Al(H2O)6
3+ (or simply referred to as 

Al3+), Al(OH)2+, and some complex polymers such as Al13O4(OH)24(H2O)12
7+ are the 

most toxic (Kinraide, 1991; Kochian, 1995), while Al that complexes with organic anions 

is relatively nonphytotoxic (Wickstrøm et al., 2000; Jansen et al., 2002).  Flow paths, 

residence times, temperature, and organic complexations can all affect aluminum 

solubility, thus seasonal variations in Al speciation may also be observed (Van 

Benschoten and Edzwald, 1990; Easthouse, 1993).   

The uptake and retention of bioavailable metals in aquatic macrophytes is largely 

determined by plant physiology and genotypic differences among plants which control 

their ability to accumulate the available forms (Guilizzoni, 1991; Outridge and Noller, 

1991; Jackson, 1998).  Submerged aquatic vegetation (SAV) has a reduced root system, 

absorbing a large portion of soluble nutrients and metals directly from the water column 

into shoots, while rooted floating-leaved and emergent plants tend to obtain most metals 

from the soil (Crowder, 1991; Rai et al., 1995; Sparling and Lowe, 1998; Thiebaut and 
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Muller, 2000).  Submerged plants may uptake more metals than emergents due to a 

higher surface/biomass ratio (Baudo et al., 1981; Guilizzoni, 1991; Albers and 

Camardese, 1993; Rai et al., 1995; Cardwell et al., 2002).  Additionally, emergent species 

with shallow root systems tend to absorb higher metal concentrations than deeply rooted 

plants due to greater exposure at the sediment-water interface (Mudroch and Capobianco, 

1978; Guilizzoni, 1991). 

The uptake of bioavailable metals generally occurs via surface adsorption or 

absorption, followed by passive and active transport across cell membranes, 

incorporating metals into plant biochemical functions or storing metals in a bound form 

(Outridge and Noller, 1991; Rai et al., 1995).  The pH of wetland soils is near neutral 

(6.5-7.5) typically favoring metal immobilization (Gambrell, 1994).  However, several 

studies have shown that wetland acidification can increase the bioavailability of metals, 

resulting in elevated concentrations in aquatic plants (Lehtonen, 1989; Albers and 

Camardese, 1993; Jackson et al., 1993; Vazques et al., 2000; Cardwell et al., 2002; 

Gallon et al., 2004).   

It is important to determine how alum treatment will affect the bioavailability of 

metals and nutrients for aquatic plants.  Available P is an essential nutrient for aquatic 

vegetation growth and the alum floc which settles to the soil surface may not only 

deprive plants of P, but Al may have adverse effects on plants as well, because Al 

concentrations are typically very low (0.02% of total weight) (Hutchinson, 1945).  

Aluminum toxicity in plants is related to the activity of the Al3+ ion which often inhibits 

root elongation and respiration in upland plants resulting in roots that are thickened, 

stubby, brittle, and often inefficient in nutrient absorption (Schier, 1985; Jarvis and 
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Hatch, 1986; Jansen et al. 2002).  However, few studies have looked at the possibility of 

Al toxicity in aquatic macrophytes (Gensemer and Playle, 1999), and even fewer studies 

have specifically looked at the effect of alum on aquatic macrophytes. 

Sparling and Lowe (1998) applied aluminum sulfate (Al2SO4) and or sulfuric acid 

to several constructed wetland ponds, comparing metal concentrations in four plants as 

influenced by soil type, acidification, and life form (rooted emergent or non-rooted 

submerged).  Their results were similar to those of previous studies.  Submerged plants 

tended to have higher metal concentrations than the emergents and emergents growing in 

acidified ponds had higher Al concentrations than those in non-acidified ponds (Sprenger 

and McIntosh, 1989; Jackson et al., 1993).   However, they did not find any significant 

differences in tissue Al concentration between the control and aluminum sulfate treated 

wetlands, nor any increase in aqueous Al in the ponds treated with aluminum sulfate. 

Results were attributed to high dissolved organic carbon (DOC) concentrations which 

may have bound the aqueous Al.   

A wetland mesocosm experiment by Collins et al. (2005) looked at the use of two 

rooted emergents, a rooted floating-leaved, and SAV to treat metal-laden (84 mg Al L-1) 

effluent runoff from coal stockpiles.   Higher concentrations of Al were found in the roots 

than shoots, and metal biomass concentrations increased as the concentration in the soil 

(rooted) or water column (non-rooted) increased.  The shoots of SAV and floating plants 

accumulated higher Al, Fe, and Mn concentrations than those of the emergents which 

was attributed to greater surface area and foliar uptake of these metals. 

An acid intolerance study of the submersed macrophyte Vallisneria americana 

(Grisé et al., 1986) found a significant decrease in biomass at pH 5 or 6 compared to the 
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controls at pH 7.5.  They found tissue Al concentrations to be inversely related to 

biomass production with Al concentrations 2-3 times higher in plants grown at pH 5 

versus those grown at higher pH values.  This suggested Al toxicity as the cause of 

reduced growth, with symptoms of Al toxicity such as the premature browning of leaf 

tips as well as smaller and fewer buds produced. 

Kaggwa et al. (2001) looked at the effects of alum sludge discharge from a water 

treatment plant into a natural swamp in Uganda.  Phragmites, Cladium, and Cyperus 

biomass, shoot productivity and re-growth were monitored and plant tissue analyzed for 

total nitrogen (TN), total P (TP), Al, calcium (Ca), and magnesium (Mg).  There was no 

effect on plant biomass but productivity was hindered, suggesting the alum sludge may 

have affected the root system, reducing nutrient availability to the plants.  Additionally, 

the plant tissue TP did not increase with biomass, indicating the P supply to the plants 

may have been inhibited by the Al (Kaggwa et al., 2001).  Conversely, it has been 

suggested that alum should not interfere in the growth of rooted aquatic macrophytes 

because they are able to access the high P content in the subsurface sediment (Carignan 

and Kalff, 1979; Welch and Schrieve, 1994).   

There are several methods to quantify effects of management techniques on aquatic 

vegetation.  Measurement of biomass is the most sensitive measure of plant abundance 

and therefore is the preferred method in evaluating the effect of management practices, 

such as the application of alum, on target species (Madsen and Bloomfield, 1993).  

Biomass is the mass per unit area of living plant material reported as grams of dry plant 

material per square meter (Madsen, 1993; Brower et al., 1998).  Both the biomass and 
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productivity of aquatic macrophytes may be affected by increased metal concentrations in 

the soil or water column. 

Productivity measurements are another method of quantifying effects on aquatic 

vegetation and is a measure of the net annual growth of vegetative biomass, estimated by 

the rate of increase of biomass over time (Boyd, 1970; Elzinga et al., 2001) or by 

measuring shoot or leaf increments over time (Dickerman and Stewart, 1986; Kirkman, 

1996).  The latter provides a non-destructive, in situ growth rate with low variance such 

that small differences can be detected (Kirkman, 1996).  Williams and Murdock (1972) 

developed a method to estimate plant production in subtropical or tropical regions by 

multiplying the average standing crop by the ratio of the stem growth to the average stem 

biomass.  This was adapted for cattails in a study by Davis (1984) and was used in this 

experiment for both cattails and bulrush.   

The overall goal of this study was to determine the effects of continuous low-

dosage alum treatment on P sequestration, overall water quality, and emergent and SAV 

biomass production in flow through mesocosms receiving advanced secondary treated 

wastewater.  The hypotheses were that alum application would improve P sequestration 

and water quality within all mesocosms, regardless of plant type or continued external 

loading.  Secondly, alum would impact the biomass of both SAV and emergents due to 

nutrient limitations or Al toxicity. 

Materials and Methods 

Site Description 

The Orlando Easterly Wetlands (OEW) Reclamation Project located in Orange 

County, is one of the oldest and largest constructed treatment wetlands in the United 

States, located east of Orlando in Christmas, FL.  The wetland was built in 1986, 
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designed by Post, Buckley, Schuh & Jernigan, Inc. for the City of Orlando’s Iron Bridge 

Regional Water Pollution Control Facility (WPCF) which needed an alternative discharge 

point for its wastewater effluent (Burney et al., 1989).  The main goal in designing the 

system was to use macrophytes to facilitate nutrient removal for an average daily flow of 

up to 132,489 m3d-1 of effluent from the Iron Bridge WPCF before discharging into the 

St. Johns River (Black and Wise, 2003). 

The 494 ha wetland lies on a 664 ha piece of land located 3.2 km west of the main 

channel of the St. Johns River (SJR).  Historically, the land was part of the riparian 

wetland adjacent to the SJR, but was drained for cattle pasture around the turn of the last 

century (Burney et al., 1989).  The site has a natural topographic gradient of 4.6 m 

downward from west to east allowing water to flow by gravity through a series of cells 

with an average elevation drop across each cell of approximately 1 m (Martinez and 

Wise, 2003) (Figure 3-1).  Water exits the wetland through a weir control structure and 

flows into a receiving ditch.   From there water can flow directly to the SJR or by sheet 

flow through Seminole Ranch, a natural marsh adjacent to the OEW owned by the St. 

Johns River Water Management District.  Cells 1 through 12 and 15 are deep marsh, 

designed primarily for nutrient removal, planted with either cattails (Typha spp.), giant 

bulrush (Scirpus californicus), or a combination of the two.  Cells 13, 14, and 16 through 

18 consist of a mixed marsh dominated by submergent and emergent macrophytes 

including Ceratophyllum demersum, Limnobium spongia, Myriophyllum spicatum, Najas 

guadalupensis, Nuphar luteum, Nymphaea odorata, Pontederia cordata, Sagittaria 

lancifolia, and Sagittaria latifolia.  These cells serve as a diverse wildlife habitat while 

continuing to provide nutrient removal (Martinez and Wise, 2003). 
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Figure 3-1.  Site map of Orlando Easterly Wetland, Christmas, Florida.  Plants collected 
in cell 1 (Scirpus californicus), cell 10 (Typha spp.), and cell 13 (Najas guadalupensis). 
Mesocosm location designated by star. 

The overall average influent TP concentration from 1988 to 2005 was 0.22 mg  

L-1, however, annual inflow TP concentrations ranged from 0.02 – 3.30 mg L-1 during the 

same time period.  Since its inception, the OEW has exceeded performance expectations.   

The TP discharge permit limit established by the Florida Department of Environmental 

Protection is 0.2 mg L-1 (Wang et al., 2006).  From 1988 to 1995 the average TP  

discharged was 0.07 mg L-1 (Sees and Turner, 1997), however TP values have been 

considerably higher from December to February in recent years (Wang et al., 2006).   
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Mesocosm Establishment 

Eighteen circular mesocosms, each with a surface area of 1.86 m2 and depth of 0.88 

m, were established in June 2004.  They included triplicate experimental and control 

mesocosms planted with either Typha spp., Scirpus californicus, or SAV (Najas 

guadalupensis dominated) utilizing a randomized block design.  Approximately 0.3 m of 

homogenized soil was added to each mesocosm.  The soil used to initiate the mesocosms 

originated from a dredged spoil pile with a mixture of organic material from cell 1, 3, 4, 7 

and 8 of the OEW (Figure 3-1).  Soil used had a TP content of 111 ± 13.4 mg kg-1, 285 ± 

21.2 mg kg-1 oxalate-extractable Al, 19.9%  ± 0.02 moisture content and soil pH of 5.2 ± 

0.3. 

Each mesocosm contained a polyvinyl chloride (PVC) drain which permitted 

control of water levels to within ± 3 cm.  The water flowing through the mesocosms 

originated from the outflow of cell 15 and was pumped to a head tank and distributed (on 

a one hour timer) via gravity to each mesocosm at a rate of 360 L d-1.  This provided a 

hydraulic loading rate of 9.6 cm d-1, and retention time of approximately 9.5 days, similar 

to the retention time of the SAV cells within the OEW. 

On June 30, 2004, the mesocosms were planted to begin the five month grow-in / 

stabilization period.  The six SAV mesocosms were established with 4.05 ± 0.06 kg wet 

weight (WW)/ mesocosm, or 2.18 kg WW m-2 Najas guadalupensis harvested onsite.  

The stocking density for the Typha spp. and Scirpus californicus mesocosms was 15 

plants / mesocosm, averaging 1.88 kg WW m-2 Typha spp., and 1.04 kg WW m-2 Scirpus 

californicus both harvested onsite (Figure 3-1).  The leaves of the Typha and Scirpus 

plants were cut to a length of 78.7 cm, just above the surface of the mesocosms in order 

to begin with a more uniform biomass.  A 53 cm water column was maintained in the 
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SAV mesocosms throughout the entire grow-in, while in the emergent mesocosms a 28 

cm water column was maintained for the first month to allow the plants to establish 

before raising the water column to 53 cm for the remainder of the study.   

Water quality parameters such as pH, dissolved oxygen (D.O.), temperature, and 

conductivity were monitored weekly using a handheld YSI 85 during the grow-in.  

Additionally, two months prior to the start of the experiment, water samples were 

collected for analyses from the inflow and each mesocosm outflow using a peristaltic 

pump.  These included: unfiltered acidified for TP and total kjeldahl N (TKN) analysis; 

filtered (0.45-μm Whatman polydiscTM AS 50 mm inline filters) acidified for total 

dissolved P (TDP), total dissolved N (TDN), DOC, ammonium-N (NH4-N), and nitrate-N 

(NO3-N); and filtered for soluble reactive P (SRP) and dissolved Al.  Acidified samples 

were refrigerated at 4º C until digested and or analyzed while the non-acidified samples 

were frozen until analyzed.  Water TP and TDP were digested by autoclaving and 

analyzed using automated, colorimetric analysis (Method 365.1, USEPA, 1993) while 

TKN and TDN were digested by the Kjeldahl procedure (Method 351.2, USEPA, 1993). 

Experiment Initiation 

On December 1, 2004, liquid alum was pumped from a head tank via peristaltic 

pumps on an ART-3 repeat cycle timer (120v, 15 amp) to the designated mesocosms 

through black polyethylene tubing at a rate of 0.81 g Al m-2 d-1 for three months resulting 

in a total addition of 68.2 g Al m-2.  Green stem counts were taken six times over the 

course of the experiment.  Plant biomass and tissue nutrient concentrations were 

determined from one 25 cm x 25 cm quadrat harvested from each mesocosm upon 

initiation and completion of the study. Emergent species were clipped at the soil surface 

while all submerged vegetation falling within the quadrat of the water column to the soil 
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surface was collected.  All plants were rinsed thoroughly with tap and then distilled 

water, and all visible algae or epiphytes wiped off.  Emergent plants were then cut into 

roughly 10-cm pieces, and all plant material was placed in paper bags, dried at 40º C at 

least 48 hours or until constant weight was reached (APHA, 1998), and ground using a 

Wiley mill.   

Plant tissue was analyzed for total C (TC) and total N (TN) using an Elemental 

Combustion ECS 4010 CHNS-O Analyzer (Costech Analytical Technologies, Inc., 

Valencia, CA).  Total P and metal analysis involved combustion of 0.2 g oven-dried 

subsamples of plant tissue at 550° C for 4 h in a muffle furnace followed by dissolution 

of the ash in 6 M HCl on a hot plate (Andersen, 1976).  Total P was analyzed using an 

automated ascorbic acid method (Method 365.4, USEPA, 1993).  Total Al, Ca, iron (Fe), 

and Mg were analyzed by inductively coupled argon plasma spectrometry (Vista 

MPX CCD simultaneous ICP-OES manufactured by Varian, Inc., Walnut Creek, CA; 

Method 200.7, USEPA, 1993).    Water samples from each mesocosm were collected 

twice weekly for the first month, and weekly for the remainder of the experiment.  All 

water quality and nutrient variables were collected in the same manner as the grow-in. 

The rate of net annual aboveground production was required to calculate the uptake 

of nutrients by aboveground Typha spp. and Scirpus californicus biomass over the study 

period (Dickerman and Stewart, 1986).  In each Typha and Scirpus mesocosm, triplicate 

newly emerged shoots were tagged loosely around the base.  On each subsequent 

sampling date the individual Typha leaves were tagged and labeled as they emerged.  

Typha leaf and Scirpus shoot lengths were measured from the soil surface to the most 

distal portion of the leaf / shoot weekly during the three month experiment and biweekly 
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thereafter until all tagged plants were dead (within 46 weeks).  A nonlinear regression 

curve of leaf length to dry weight was established for both Typha spp. and Scirpus 

californicus by collecting thirty Scirpus shoots of various sizes from cells 1 (R2 = 0.95) 

and twelve Typha plants (69 leaves) from cell 10 within the OEW (R2 = 0.94), to convert 

the lengths measured during the experiment into weights (Appendix B).  Annual 

production was then calculated by multiplying the mean annual standing crop by the ratio 

of annual leaf growth to mean leaf weight (Davis, 1984).  Annual P and N uptake 

associated with growth were calculated by multiplying the growth to weight ratio by the 

mean P and N storages (g m-2) for each emergent mesocosm (Davis, 1984).  Additionally, 

the relative growth rate (RGR) was calculated for all mesocosms as: RGR = ln(W2)–

ln(W1)/(t2-t1) where W1 and W2 are the initial and final plant dry weights at time 0 (t1) 

and time 84 day (t2) (Forchhammer, 1999; Brix et al., 2002; Hadad et al., 2006).   

Statistical Analysis 

Data normality was determined using the Kolmogorov-Smirnov test (Minitab 

13.32, 2000) and data were transformed to fit a normal distribution (Microsoft Excel, 

2000).  One-way ANOVAs and multiple comparisons by Tukey’s W were used on plant 

tissue and growth variables.  Repeated measure analysis of variance (RMANOVA) using 

a general linear model followed by Tukey’s W multiple comparison was used on water 

column data to determine significant differences (p<0.05) between plant type and 

treatment (Gurevitch and Chester, 1986; Minitab 13.32, 2000).  Linear regression 

analysis and Pearson product correlation coefficients were also used to determine 

significant (p<0.05) relationships (Microsoft Excel, 2000). 
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Results and Discussion 

Water Quality Characteristics 

pH 

The pH of all mesocosms remained above 6.5 and below 10.0 throughout the 

experiment (Figure 3-2).  The SAV mesocosms did have significantly higher pH values 

than those of the emergent mesocosms.  Measurements were taken in each mesocosm at 

approximately the same time of day (mid-morning).  The underwater photosynthesis of  
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Figure 3-2. Water column pH in Orlando Easterly Wetland mesocosms (n=3). 

 
SAV during the day removes dissolved inorganic carbon from the water column which 

can result in an elevated pH (Dennison et al., 1993).  This pH change can affect the 

toxicity and solubility of metals including Al.  The leaves of emergent vegetation are 

primarily above the water surface so the shift in pH would not be expected (Farve et al., 

2004).  Overall, the mesocosm water columns treated with alum had significantly lower 

pH values than the control mesocosms, averaging 8.1 ± 0.6 and 8.8 ± 0.5, respectively.  

Specifically, the SAV and Typha tanks treated with alum had significantly lower pHs 

than their control counterparts.  At a pH value greater than 8, the dominant Al species is 
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Al(OH)- which can result in Al toxicity as well as P release (Entranco, 1986; Cooke et al., 

1993b).  However, when water samples were analyzed for soluble Al, all concentrations 

throughout the experiment were below the practical quantification limit of 20 mg Al L-1.   

These results are similar to the findings of Sparling and Lowe (1998) which were 

attributed to high DOC concentrations binding the available soluble Al.   

Dissolved Oxygen 

Dissolved oxygen levels ranged between 3.4 and 8.8 mg L-1 throughout the 

experiment (Figure 3-3) with an overall average water temperature of 18.8°C ± 4.0 

during the study.  Similar to pH, the SAV mesocosms had significantly higher D.O. 

values than those of the emergent mesocosms due to the underwater photosynthesis of the 

SAV oxygenating the water column.  Overall, the alum-treated mesocosms (5.74 ± 1.41 

mg L-1) had significantly greater D.O. concentrations than the controls (5.08 ± 1.25 mg L-

1).  The alum-treated SAV tanks had significantly higher D.O. levels than the control  
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Figure 3-3.  Water column dissolved oxygen content in Orlando Easterly Wetland 

submerged aquatic vegetation (SAV) and emergent aquatic vegetation (EAV) 
mesocosms (SAV n=3, EAV n=6). 
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SAV tanks, as well as all other Scirpus californicus and Typha spp. alum-treated and 

control tanks.   

Alum is not only used for P removal, but also to clarify turbid lakes by acting as a 

source of positive electrolytes neutralizing negatively-charged soil particles, which 

causes them to settle out of the water column (Davis and Gloor, 1981; Berg and Berns, 

1985).  The increased water clarity may stimulate rapid plant growth and in turn 

increased photosynthesis (Entranco, 1986) which may explain why the SAV tanks treated 

with alum had such high D.O. concentrations.   

Conductivity 

The average conductivity within the mesocosms ranged between 300 and 630 μS 

cm-1.  There were no significant differences between plant type but overall, the alum-

treated mesocosms did have significantly greater conductivities than the controls, 

averaging 505 ± 76.1 and 463 ± 67.4 μS cm-1, respectively, over the three month study.   

The increased conductivity can be attributed to the increased concentration of sulfate ions 

added to the alum-treated tanks.  

Dissolved Organic Carbon 

     Concentrations of DOC remained relatively stable in the control mesocosms over time 

while in the alum-treated mesocosms there was a gradual decreasing trend (Figure 3-4).  

There were no significant differences in DOC due to plant type, however, as Figure 3-4 

shows, the alum-treated tanks did have significantly lower DOC concentrations than the 

controls from December to February as determined by RMANOVA (Table 3-1).  For all 

three plant types, the alum-treated mesocosms were significantly lower than all other 

controls with Typha spp. tanks showing the most removal (23.8%) on average, followed 

by the SAV (18.0%) and Scirpus californicus (14.0%).  As mentioned previously, the 
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positively charged Al3+ and resulting alum floc bind organic matter by neutralizing 

negatively-charged particles (Sparling and Lowe, 1998; Van Hullebusch et al., 2002).   

 

Table 3-1.  Water quality characteristics of inflow water and treated outflow leaving 
mesocosms.   

Parameter   Control Treatment Alum Treatment 
  Inflow† Outflow† Reduction Outflow Reduction 
  mg L-1 mg L-1 % mg L-1 % 
Soluble reactive P 0.25 ± 0.09 0.10 ± 0.06 44.5 ± 31.8 0.03 ± 0.02 83.0 ± 12.5 
Total dissolved P 0.26 ± 0.09 0.13 ± 0.07 41.8 ± 21.8 0.05 ± 0.03 58.7 ± 16.8 
Total P 0.26 ± 0.10 0.14 ± 0.06 41.8 ± 22.4 0.10 ± 0.04 59.1 ± 17.3 
Particulate P 0.01 ± 0.01 0.02 ± 0.01 -2.14 ± 2.47‡ 0.05 ± 0.04 -7.74 ± 6.12 
Ammonium-N 0.03 ± 0.01 0.01 ± 0.01 63.2 ± 20.3 0.01 ± 0.01 62.9 ± 23.7 
Total dissolved N 0.59 ± 0.08 0.58 ± 0.05 1.40 ± 11.5 0.52 ± 0.08 11.3 ± 15.6 
Total kjeldahl N 0.63 ± 0.08 0.64 ± 0.08 16.0 ± 10.7 0.57 ± 0.09 33.6 ± 27.2 
Dissolved organic C 8.71 ± 0.51 8.67 ± 0.51 -0.11 ± 8.10 7.07 ± 1.25 18.6 ± 13.8 
†  Outflow values are means of 18 samplings on 9 control and alum-treated mesocosms,  
     from Dec. 2004 to Feb. 2005.  All mesocosms received the same inflow water,   
     therefore one sample was taken on each sampling trip. 
‡ Negative percent reduction = net increase. 
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Figure 3-4.  Water column dissolved oxygen concentration in Orlando Easterly Wetland 

mesocosms (n=9) and inflow water. 
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In the control mesocosms the SAV were most efficient at removing DOC from 

the inflow water averaging 2.6% removal.  The emergent Scirpus and Typha tanks 

averaged net increases of 0.6 and 2.4% respectively.  The SAV had lower DOC 

concentrations perhaps due to the physical filtration of the water by the dense SAV 

throughout the water column. 

Dissolved Inorganic Nitrogen 

There was no detectable NO3-N entering or leaving the mesocosm water columns 

throughout the study either indicating an inhibition of nitrification due to low D.O. 

concentrations (Malecki et al., 2004) or rapid denitrification converting the NO3-N to 

NH4-N, nitrous oxide (N2O) or dinitrogen gas (N2) (Christian, 1989).  Denitrification 

rates are directly controlled at the microbial level by NO3-N availability, oxygen 

inhibition, organic matter content and temperature (Seitzinger, 1988; Rysgaard et al., 

1994). 

There were very low levels of NH4-N entering the mesocosms and even lower 

concentrations being exported from the mesocosms (Figure 3-5, Table 3-1).  There were  
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Figure 3-5.  Water column ammonium-nitrogen concentrations in Orlando Easterly 

Wetland mesocosms (n=9) and inflow water. 
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no significant differences based on plant type or treatment with both the control and alum 

tanks averaging 0.01 ± 0.01 mg NH4-N L-1 throughout the study.  On average the 

mesocosms were able to remove 63.0% of the inflow NH4-N. 

Total Dissolved Nitrogen 

The total dissolved N includes both the dissolved inorganic N (DIN) discussed 

previously as well as the dissolved organic N (DON).  There was a clear treatment effect 

beginning after eighteen days of slow drip alum application (Figure 3-6).  There were no 

significant differences in TDN concentrations based on plant type, but the alum-treated 

tanks did have significantly lower TDN concentrations as determined by RMANOVA. 

The emergent Scirpus and Typha control mesocosms had significantly more TDN than 

the alum-treated emergent tanks averaging 11.9 and 12.8% removal in the alum-treated 

mesocosms as compared to 0.1 and 1.6% removal in the controls, respectively.  There 

was no significant difference between SAV mesocosms, but those treated with alum did  
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Figure 3-6.  Total dissolved nitrogen concentrations in the water column of Orlando 

Easterly Wetland submerged aquatic vegetation (SAV), emergent aquatic 
vegetation (EAV) mesocosms (SAV n=3, EAV n=6), and inflow water. 
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have greater removal efficiency, averaging 9.2% removal as compared to the controls 

which only averaged 2.5% removal.  While alum did not have any effect on the DIN it 

was able to reduce water column TDN concentrations due to its ability to bind organic 

matter and thus the organically-bound N (Sparling and Lowe, 1998; Van Hullebusch et 

al., 2002). 

Total Kjeldahl Nitrogen 

     The TKN includes all dissolved and particulate organically-bound N and ammonia.  

Similar to the TDN results, there is an eleven day lag time before there is a sufficient 

amount of alum floc to bind the organic matter associated with the TKN (Figure 3-7).  

There was no significant difference in TKN concentrations based on plant type but the 

alum-treated tanks did have significantly lower TKN concentrations than the controls.  

Specifically, the alum-treated Typha tanks had significantly lower TKN concentrations 

than their control counterparts averaging 24.1% removal.   
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Figure 3-7.  Total kjeldahl nitrogen concentrations in the water column of Orlando 

Easterly Wetland mesocosms (n=9) and inflow water. 
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Similar to the DOC results, the SAV control mesocosms were most efficient at 

removing TKN from the inflow water averaging 2.1% removal.  The emergent Typha and 

Scirpus tanks actually averaged net increases of 2.9 and 0.1% respectively most likely 

due to the decomposition of detrital material in the water column.  The SAV control 

mesocosms may have been able to remove TKN due to the physical filtration of the 

particulate organic matter by the dense SAV throughout the water column. 

Soluble Reactive Phosphorus 

The mesocosms treated with alum were much more effective at SRP removal.  The 

alum-treated mesocosms were able to maintain low water column concentrations ranging 

between 0.088 - 0.004 mg L-1 throughout the experiment while SRP concentrations in the 

control mesocosms were highly variable (0.278-0.039 mg L-1), influenced by fluctuations 

in the inflow SRP (Figure 3-8).  Overall, the Scirpus mesocosms did have significantly 

greater water column SRP concentrations than the Typha and SAV mesocosms.  One 

possible reason for this difference could be attributed to the significantly smaller initial  
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Figure 3-8.  Water column soluble reactive phosphorus concentrations in Orlando 

Easterly Wetland mesocosms (n=3) and inflow water. 
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biomass, growth, and productivity of the Scirpus plants as compared to the other two 

vegetation types, which will be discussed later in the text.  The water column of the alum-

treated mesocosms had significantly less SRP than the controls as determined by 

RMANOVA.  For all three plant types, the alum-treated mesocosms had significantly 

lower SRP than their control counterparts with Typha tanks showing the most removal 

(86.4%) on average, followed closely by the SAV (85.2%) and Scirpus (77.3%).  Of the 

controls, the SAV were once again the most efficient at SRP removal averaging 51.0% 

removal while the emergent Typha and Scirpus tanks averaged removals of 48.1 and 

34.3%, respectively. 

Total Dissolved Phosphorus 

The TDP, similar to the TDN, includes both the SRP and dissolved organic P 

(DOP).  Figure 3-8 and 3-9 look very similar due to the dominance of the SRP fraction in 

the water column averaging 73% of the TDP for all mesocosms.  There were no  
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Figure 3-9.  Water column total dissolved phosphorus concentrations in Orlando Easterly 

Wetland mesocosms (n=9) and inflow water. 
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significant differences in TDP concentrations attributed to plant type.  However, the 

water column of alum-treated mesocosms had significantly less TDP than the controls, 

similar to the SRP results. 

For all three plant types the alum-treated mesocosms had significantly lower TDP 

concentrations than all controls, with Typha tanks once again showing the most removal 

(44.7%) on average, followed closely by the SAV (38.1%) and Scirpus (37.9%).  Of the 

controls, the SAV was once again the most efficient at TDP removal, averaging 27.8% 

removal, while the emergent Typha and Scirpus tanks averaged removals of 20.7 and 

10.0%, respectively.   

Total Phosphorus 

The water column TP includes particulate P (PP) in addition to SRP and DOP.  The 

average inflow TP to all mesocosms was composed of 94% SRP, 4% DOP and 2% PP.  

There were no significant differences in TP treatment based on plant type, but the 

mesocosms treated with alum had significantly lower water column TP concentrations 

than those of the controls (Figure 3-10).  In particular, the emergent Typha and Scirpus 

mesocosms treated with alum had significantly lower TP concentrations than all control 

mesocosms, averaging 64.3% and 57.3% removal, respectively.   

The average composition of the outflow TP from emergent tanks treated with alum 

was 60% SRP, 29% PP, and 11% DOP while in the SAV mesocosms outflow TP 

consisted of 46% PP, 39% SRP, and 15% DOP.  In the control mesocosms, SAV was 

most efficient at TP removal, averaging 45.9% removal, while the Typha and Scirpus 

tanks averaged removals of 42.5 and 37.0%, respectively.  The composition of the 
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Figure 3-10.  Total phosphorus concentrations in the water column of Orlando Easterly 

Wetland submerged aquatic vegetation (SAV) and emergent aquatic 
vegetation (EAV) mesocosms (SAV n=3, EAV n=6), and inflow water. 

 
outflow TP from all control mesocosms was similar to that of the inflow, dominated by 

56% SRP, with increased (28%) DOP and (16%) PP. 

Particulate Phosphorus 

The calculated PP was the only water quality parameter for which the alum-treated 

mesocosms had significantly greater concentrations than the control mesocosms (Figure 

3-11, Table 3-1).  This suggests that some of the AlOH3 floc remained suspended in the 

water column and was being exported from the mesocosms in the less bioavailable, 

particulate form.  As indicated by the composition of the outflow TP in the previous 

section, this was particularly true in the dense vegetation of the alum-treated SAV 

mesocosms where PP was, on average, the dominant form exported.   

While total suspended solids (TSS) were not measured in this study, the export of 

PP may have resulted in increased TSS concentrations (Bostan et al., 2000) as well.  This 

may be critical to note in treatment wetlands with permitted PP or TSS discharges.  Both 
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Figure 3-11.  Particulate phosphorus concentration in the water column of Orlando 

Easterly Wetland submerged aquatic vegetation (SAV), emergent aquatic 
vegetation (EAV) mesocosms (SAV n=3, EAV n=6), and inflow water. 

 
the control and alum-treated mesocosms served as net sources of PP as indicated by 

negative percent removal values (Table 3-1).  In addition to the floc-bound P, the 

increased PP can also be attributed to the decomposition of plant material within both the 

control and treated mesocosms.    

Macrophyte Characteristics 

Emergent Growth Study 

         There were no significant differences in winter growth characteristics between those 

emergent macrophytes growing in the control and alum-treated mesocosms (Table 3-2).  

The Typha spp. did have significantly greater total growth and a greater annual growth 

rate than the Scirpus californicus.  This led Typha to have a significantly greater growth / 

weight ratio, annual biomass, and annual production rate than the Scirpus plants.  This 

may explain why, with the exception of DOC and TKN, both the alum and control 

mesocosms planted with Typha always performed better than the Scirpus mesocosms.  

The Typha plants were able to uptake more P and N since the plants grew larger, quicker, 
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and produced more biomass (61190 ± 14949 g m-2 yr-1) than the Scirpus plants (3489 ± 

1638 g m-2 yr-1).   

 
Table 3-2.  Emergent macrophyte growth characteristics within mesocosms at the 

Orlando Easterly Wetland.  Values are means ± 1 standard deviation (n = 9). 
Plant 
Type Treatment 

Total 
growth 

Annual 
growth 

Growth / 
Weight ratio 

Annual 
biomass 

Annual 
production 

    g plant-1 g yr-1   g m-2  g m-2 yr-1 
Scirpus Alum 5.42 ± 0.41 8.69 ± 2.73 2.25 ± 0.39 1496 ± 574.9 3470 ± 1798 
  Control 5.18 ± 2.33 7.89 ± 3.26 2.15 ± 0.32 1600 ± 585.1 3508 ± 1478 
             
Typha* Alum 32.7 ± 7.26 40.7 ± 8.05 4.34 ± 0.79 15637 ± 2171 68636 ± 21274 
  Control 25.4 ± 7.66 34.2 ± 9.01 3.77 ± 0.89 14468 ± 1385 53744 ± 8625 

* All Typha parameters significantly greater than Scirpus at the 0.05 probability level. 

 
Each Typha plant on average had at least four living leaves, producing 

approximately seventeen leaves per year (Table 3-3).  Leaf growth and mortality 

occurred on a continuum throughout the lifespan of the Typha plants with young leaves 

emerging and increasing weight while older leaves decreased in weight and died, 

exhibiting a unimodal pattern of growth (Figure 3-12).  This resulted in annual 

production far exceeding annual biomass (Table 3-2) similar to the findings of Davis 

(1984).  The average Typha leaf weighed over twice as much as the average Scirpus  

 
Table 3-3.  Scirpus californicus shoot and Typha spp. leaf characteristics within 

mesocosms at the Orlando Easterly Wetland.  Values are means ± 1 standard 
deviation (n = 9 plants). 

Plant 
Type Treatment 

Live 
Leaves 

Live leaf 
production

Leaf 
turnover  

Shoot/Leaf 
weight 

Shoot/Leaf 
longevity 

    
leaves  
plant-1 

leaves  
yr-1 

leaves  
leaf-1 yr-1 g plant-1 weeks 

Scirpus Alum na na na 3.77 ± 0.56b 34.7 ± 9.07 
  Control na na na 3.70 ± 1.42b 33.9 ± 5.70 
             
Typha Alum 4.44 ± 0.57 16.2 ± 0.48 3.70 ± 0.54 9.13 ± 0.39a 38.8 ± 6.48 
  Control 4.18 ± 0.28 17.0 ± 0.40 4.08 ± 0.35 8.88 ± 0.39a 37.6 ± 7.53 

a,b Significantly different at the 0.05 probability level. 



81 

 

300

500

700

900

0 5 10 15 20 25 30 35 40 45

Time (weeks)
Bi

om
as

s 
(g

 m
-2

)

Alum
Control

 
Figure 3-12.  Unimodal growth pattern exhibited in Typha spp. leaves in Orlando 

Easterly Wetland mesocosms (n=9). 

 
shoot with both averaging 84% moisture, however, there was no significant difference in 

Typha leaf and Scirpus shoot longevity, on the whole, averaging slightly over 36 weeks.   

 There was a significantly greater number of living Scirpus plants per mesocosm 

than there were Typha throughout the study (Figure 3-13).  Additionally, despite the 

variability in Scirpus control mesocosms, repeated measure analysis found there to be a 

significantly greater number of live plants in the control mesocosms than in the Scirpus 

mesocosms treated with alum while there were no significant differences in the number 

of Typha plants per mesocosm.  This suggests that while alum application may not have  

0

50

100

150

200

0 14 28 42 56 70 84

Time (d)

G
re

en
 S

te
m

 C
ou

nt

Typha control
Typha alum
Scirpus control
Scirpus alum

 
Figure 3-13.  The number of live plants in each Orlando Easterly Wetland mesocosm 

throughout the experiment (n=3 ± standard error). 
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.affected the growth characteristics of the Scirpus californicus that were able to get 

established, it may have hindered the overall quantity of emerging shoots. 

Destructive Biomass and Growth 

At the initiation of the experiment, there were no significant differences in biomass 

between alum and control mesocosms, however, there were differences among 

macrophyte type (Table 3-4).  The SAV mesocosms had significantly greater biomass 

than both emergents, and the Typha had significantly more biomass than the Scirpus 

mesocosms at the start of the experiment.  By the end of the experiment, there were no 

significant differences in biomass based on plant type, however, the biomass in the SAV 

tanks treated with alum was significantly less than the biomass of the SAV growing in 

the control mesocosms.  This suggests that alum may have negatively impacted the SAV 

due to its life form, while the emergent plants remained relatively unaffected.   

Submerged aquatic vegetation absorbs a large portion of its nutrients and metals 

directly from the water column into the shoots, while emergent plants tend to obtain them 

from the soil (Crowder, 1991; Rai et al., 1995; Sparling and Lowe, 1998; Madsen and 

Cedergreen, 2002).  The reduced biomass in the alum-treated SAV mesocosms may be 

attributed to the significantly lower P concentration in the water column, or possibly to 

Al toxicity because the SAV mesocosms treated with alum did have significantly lower 

pH values than their control counterparts (Grisé et al., 1986). 

To compare the SAV growth with the emergents, the RGR was calculated for each 

mesocosm (Table 3-4).  Alum treatment did not significantly affect the RGR of any of the 

aquatic macrophytes, however the SAV and Scirpus mesocosms treated with alum did 

have lower RGRs than the controls.  The Scirpus mesocosms had significantly greater 

RGRs than both the SAV and Typha planted mesocosms as indicated by the  
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Table 3-4.  Biomass and relative growth rates (RGR) based on total dry weight of plants 
harvested from the Orlando Easterly Wetland mesocosms.  Values are means 
± 1 standard deviation (n=3). 

Plant  Biomass (g m-2) RGR (g g-1 d-1) 
  Time 0 d Time 84 d     
  Alum Control Alum Control Alum Control 

SAV† 706 ± 12.7 898 ± 71.1 209 ± 56.7 537 ± 312 -0.006 ± 0.002a -0.003 ± 0.002a 

Scirpus 85.3 ± 38.6 91.9 ± 31.7 367 ± 245 748 ± 625 0.016 ± 0.004b 0.023 ± 0.014b 

Typha 349 ± 161 436 ± 353 392 ± 55.3 322 ± 211 0.002 ± 0.004a -0.004 ± 0.008a 

† SAV = submerged aquatic vegetation 
a,b Significantly different at the 0.05 probability level. 

 
significantly greater Scirpus biomass on day 84 than day 0.  In the SAV mesocosms as 

well as the Typha control mesocosms growth actually declined from December to 

February corresponding to the decrease in biomass.  

Total Carbon, Nitrogen, Phosphorus Concentrations and Storage  

       Throughout the study, the SAV had significantly less C than the emergent macrophytes 

(Table 3-5).  This can be attributed to the importance of structural C relative to plant life 

form development (Duarte, 1992; Pompêo et al., 1999).  Emergents must use C toward 

structural cell wall carbohydrates as well as support structures to maintain the shape and 

elevation of aerial stems and leaves as compared to the SAV which are supported by the 

water and thus do not require as much C for structural components (Sterner and Elser, 

2002).  There were no significant differences in C tissue content due to alum application, 

nor were there differences over time.  While the SAV C tissue concentrations were low, 

their C storage capacity was equivalent to that of Typha at experiment initiation due to 

the high biomass of the SAV while the C storage in the Scirpus plants was significantly 

lower than the Typha and SAV due to the low biomass (Table 3-6).  By experiment 

completion there were no significant differences in C storage among plants, however, the 
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SAV growing in mesocosms treated with alum did have a significantly lower amount of 

C stored than the controls corresponding to the decrease in biomass. 

 
Table 3-5.  Carbon, nitrogen, and phosphorus tissue concentrations in aquatic 

macrophytes harvested from the Orlando Easterly Wetland mesocosms.  
Values are means ± 1 standard deviation (n=3). 

      Time 0 d     Time 84 d   
Treatment Nutrient SAV† Scirpus Typha SAV Scirpus Typha 
     mg g-1 DW  mg g-1 DW  mg g-1 DW  mg g-1 DW  mg g-1 DW  mg g-1 DW 

Alum Total C 316 ± 43.3 381 ± 1.52 417 ± 10.3 341 ± 12.3 404 ± 17.4 421 ± 4.43 
  Total N 18.3 ± 4.08a 13.8 ± 5.21ab 9.60 ± 2.35b 16.2 ± 0.38a 9.32 ± 2.52b 7.60 ± 0.86b 

  Total P 14.2 ± 8.21 16.9 ± 4.25 8.16 ± 2.27 27.3 ± 7.98 15.5 ± 1.91 14.4 ± 1.61 
  TC:TN 15 ± 5.8 31 ± 14 33 ± 23 21 ± 1.2 46 ± 17 56 ± 6.5 
  TC:TP 27 ± 13 23 ± 5.3 54 ± 15 13 ± 3.7 26 ± 3.6 30 ± 3.7 
  TN:TP 1.6 ± 0.7 0.8 ± 0.3 1.3 ± 0.5 0.8 ± 0.2 0.8 ± 0.1 0.7 ± 0.2 

Control Total C 310 ± 30.1 375 ± 30.9 398 ± 25.8 330 ± 3.08 399 ± 10.9 406 ± 12.0 
  Total N 16.2 ± 3.35 12.3 ± 2.26 8.11 ± 5.56 15.4 ± 3.27 7.43 ± 0.46 9.00 ± 1.99 
  Total P 13.5 ± 6.41 17.5 ± 4.72 11.4 ± 4.73 23.8 ± 6.67 20.7 ± 9.68 15.8 ± 1.55 
  TC:TN 16 ± 4.3 31 ± 4.6 64 ± 34.1 22 ± 4.3 54 ± 4.9 47 ± 11 
  TC:TP 26 ± 10 22 ± 4.7 39 ± 16 15 ± 3.5 22 ± 7.9 26 ± 1.9 
  TN:TP 1.3 ± 0.4 0.7 ± 0.3 0.7 ± 0.2 0.7 ± 0.1 0.8 ± 0.2 0.7 ± 0.2 

† SAV = submerged aquatic vegetation. 
a,b Significantly different at the 0.05 probability level. 

 
Table 3-6.  Carbon, nitrogen, and phosphorus storage in aquatic macrophytes harvested 

from the Orlando Easterly Wetland mesocosms.  Values are means ± 1 
standard deviation (n=3). 

Time Nutrient Treatment SAV† Scirpus Typha 
       g m-2  g m-2  g m-2 

0 days Total C Alum 223 ± 32.5 32.4 ± 14.6 146 ± 67.9 
    Control 280 ± 49.5 35.0 ± 13.9 172 ± 140 
  Total N Alum 12.9 ± 2.78 1.05 ± 0.15 3.16 ± 0.89 
    Control 14.7 ± 4.18 1.17 ± 0.57 4.75 ± 6.33 
  Total P Alum 10.0 ± 5.72 1.37 ± 0.39 3.09 ± 2.24 
    Control 12.4 ± 6.85 1.63 ± 0.76 5.78 ± 6.60 
84 days Total C Alum 145 ± 31.2 151 ± 107 165 ± 23.3 

    Control 230 ± 26.2 297 ± 247 132 ± 86.8 
  Total N Alum 6.84 ± 1.1 3.05 ± 1.24 2.99 ± 0.56 
    Control 10.8 ± 2.45 5.67 ± 4.87 2.67 ± 1.61 
  Total P Alum 12.4 ± 5.45 5.66 ± 3.93 5.58 ± 0.48 
    Control 16.5 ± 4.44 13.5 ± 9.48 5.12 ± 3.38 
† SAV = submerged aquatic vegetation. 
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Nitrogen tissue concentrations were significantly higher in the SAV than Typha at 

time 0 and higher than both emergents by the end of the experiment (Table 3-5).  This 

may reflect the ability of SAV to efficiently uptake available N from the water column or 

a lack of bioavailable N in the soil for the emergents to utilize (Madsen and Cedergreen, 

2002).  There were no significant differences in tissue N concentration due to alum 

application, nor were there differences between start and end concentrations.  The SAV  

also had significantly greater N storage (10.06 ± 3.32 g m-2) than the Typha (3.11 ± 1.14 

g m-2) and Scirpus (3.55 ± 2.36 g m-2) throughout the experiment related to both the high 

N concentration and biomass (Table 3-6).  Additionally, the N storage in the Scirpus 

plants significantly increased over time (1.16 - 4.36 g m-2) which can be attributed to the 

significant increase in Scirpus biomass over time.  Alum application did not affect the N 

tissue storage. 

 At the start of the experiment there were no significant differences in tissue P 

concentration among plants, however due to the high initial biomass, the SAV did store 

significantly more P (11.2 ± 5.79 g m-2) than both the Scirpus (1.50 ± 0.56 g m-2) and 

Typha (4.43 ± 4.65 g m-2) plants (Table 3-5, Table 3-6).  By then end of the experiment 

the SAV tissue had a significantly higher P concentration than Typha as well as storage.  

Overall, both P storage and tissue P concentrations were significantly higher at 

experiment completion than at its initiation.  However, there were no significant 

differences in P storage or tissue concentrations of plants growing in the alum-treated 

mesocosms as compared to the controls.  This is a surprising result considering the 

significant sequestration of P from the water column by the alum floc which should have 

limited P availability to the SAV. In the short-term, however, it confirms the findings of 
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Welch and Schrieve (1994) as well as the assertion by Carignan and Kalff (1979) that 

alum would not interfere with rooted aquatic macrophytes because they are able to access 

P from the soil.   

Using the annual growth to mean weight ratios from the emergent growth 

experiment N and P uptake rates were calculated for the emergent plants.  There were no 

significant differences with treatment or plant type.  The average Typha and Scirpus N 

uptake rates were 14.4 ± 11.9 and 5.87 ± 3.70 g m-2 yr-1 respectively while the P uptake 

rates were slightly higher at 20.2 ± 14.3 and 11.5 ± 8.07 g m-2 yr-1.   

Overall, TC:TN ratios within the plant tissue significantly increased with time 

suggesting a reduction in N availability, while the TC:TP ratios significantly decreased 

with time indicating an increase in P availability (Table 3-5) (Sterner and Elser, 2002).  

This corresponds to the significant increase in plant tissue P over the course of the 

experiment while there was no corresponding increase in tissue N.  The TN:TP ratios also 

significantly decreased with time overall, once again suggesting system nutrient 

enrichment (Downing, 1997) as well as a trend in N limitation with time rather than P 

(Guildford and Hecky, 2000).   

When analyzing the data by plant type, the SAV tissue had significantly lower 

TC:TN ratios than both the Typha and Scirpus tissue, influenced by the reduced need for 

C-rich structural biomass in the SAV tissue.  Throughout the study, the SAV had 

significantly less TC than the emergent macrophytes (Table 3-7).  This can be attributed 

to the importance of structural C relative to plant life form development (Duarte, 1992; 

Pompêo et al., 1999).  Emergents must use C toward structural cell wall carbohydrates as 

well as support structures to maintain the shape and elevation of aerial stems and leaves 
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as compared to the SAV which are supported by the water and thus do not require as 

much C for structural components (Sterner and Elser, 2002).  Additionally, the TC:TP 

ratio significantly increased between the start and end of the experiment in the SAV 

tissue which suggests P availability was limited, possibly due to Al toxicity, resulting in 

the decreased biomass.  However, there were no significant differences in any of the 

ratios specifically due to alum application.  

Other Macronutrient and Micronutrient Concentrations 

Upon starting the experiment there were no significant differences in tissue Al 

concentrations between the alum and control mesocosms for each plant, however, the 

SAV plant tissue had a significantly greater Al concentration than both emergent plants 

(Table 3-7).  As previously mentioned, submerged plants are thought to take up higher 

metal concentrations generally due to a higher surface/biomass ratio and foliar uptake 

(Baudo et al., 1981; Guilizzoni, 1991; Albers and Camardese, 1993; Rai et al., 1995; 

Sparling and Lowe, 1998; Cardwell et al., 2002; Collins et al., 2005).  By the end of the 

experiment there was significantly more Al in the plants growing in the alum-treated 

tanks than in the controls.  Specifically, the SAV growing in the alum-treated mesocosms 

had significantly higher Al concentrations than the SAV growing in the control tanks as 

well as all emergent plant tissue sampled from both alum and control tanks.  This 

hyperaccumulation of Al suggests that the significant decrease in SAV biomass can be 

attributed to Al toxicity rather than nutrient deficiencies, similar to the findings of Grisé 

et al. (1986). 

There were no significant differences in Ca concentrations between the alum and 

control mesocosms for each plant, however, the SAV plant tissue had a significantly 

greater Ca concentration than both emergents, similar to the Al concentration.  Typha had  
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Table 3-7.  Mean tissue concentrations of metals in aquatic macrophytes harvested from 
the Orlando Easterly Wetland mesocosms.  Values are means ± 1 standard 
deviation (n=3). 

      Time 0 d   Time 84 d   
Treatment Element SAV† Scirpus Typha SAV Scirpus Typha 

    mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 
Alum Al 60.8 ± 4.92 29.7 ± 16.3 41.0 ± 7.26 3315 ± 1823 59.2 ± 33.2 176 ± 52.9 

  Ca 37989 ± 28847 1438 ± 153 6591 ± 859 13372 ± 6390 1516 ± 154 5337 ± 604 
  Cu 1.11 ± 0.20 1.68 ± 1.00 1.07 ± 0.24 1.14 ± 0.08 1.09 ± 0.05 1.19 ± 0.03 
  Fe 308 ± 196 24.1 ± 8.86 70.7 ± 49.0 532 ± 289 69.8 ± 79.7 85.4 ± 54.7 
  Mg 2222 ± 112 509 ± 99.5 466 ± 30.1 2949 ± 749.7 412 ± 75.1 485 ± 49.5 
  Mn 38.6 ± 1.88 35.5 ± 10.5 20.4 ± 5.70 43.1 ± 5.34 55.1 ± 16.5 27.9 ± 9.45 
  Mo 2.00 ± 1.06 2.61 ± 2.66 1.70 ± 0.59 1.79 ± 0.93 2.31 ± 1.02 2.15 ± 0.61 
  Ni 0.45 ± 0.04 0.81 ± 0.42 1.35 ± 1.39 0.69 ± 0.06 1.28 ± 1.30 0.52 ± 0.18 
  Zn 124 ± 146 18.1 ± 6.06 60.8 ± 66.2 55.5 ± 26.1 21.2 ± 8.31 39.5 ± 22.1 

Control Al 65.8 ± 56.2 38.9 ± 24.0 41.9 ± 14.8 66.3 ± 32.6 25.6 ± 13.7 44.6 ± 19.4 
  Ca 30108 ± 14407 2071 ± 1322 6840 ± 802 28989 ± 6771 1474 ± 486 4466 ± 804 
  Cu 0.96 ± 0.10 1.16 ± 0.21 1.65 ± 0.86 0.95 ± 0.12 1.23 ± 0.14 1.68 ± 0.33 
  Fe 290 ± 129 117 ± 49.2 132 ± 125 371 ± 134 75.8 ± 44.6 155 ± 117 
  Mg 1757 ± 351 484 ± 97.6 603 ± 81.8 1853 ± 167.3 373 ± 32.8 559 ± 67.5 
  Mn 53.1 ± 15.4 27.0 ± 2.91 18.4 ± 4.44 46.2 ± 6.92 42.6 ± 17.0 25.7 ± 1.31 
  Mo 1.90 ± 1.17 1.63 ± 0.95 1.20 ± 0.10 0.88 ± 0.01 2.20 ± 0.58 2.59 ± 1.47 
  Ni 0.90 ± 0.80 0.73 ± 0.40 1.33 ± 1.23 0.80 ± 0.15 1.32 ± 1.12 0.38 ± 0.16 
  Zn 94.2 ± 73.9 69.6 ± 40.9 73.8 ± 97.9 58.7 ± 18.1 33.4 ± 18.2 31.1 ± 12.2 

† SAV = submerged aquatic vegetation. 

 
significantly greater Ca concentrations than Scirpus throughout the study as well (Table 

3-7).  At study completion, the SAV in the alum-treated mesocosms had significantly 

lower Ca concentrations than the SAV growing in the control tanks.  Aluminum has been 

shown to interfere with Ca absorption and transport in terrestrial plants, resulting in 

reduced Ca concentrations in both the roots and shoots of Al stressed plants (Bennet et 

al., 1987; Thornton et al., 1987).  The relationship between Ca availability and Al toxicity 

is complex, involving a variety of physiological mechanisms which continue to be 

debated (Matsumoto, 2000; Barcelo and Poschenrieder, 2002; Rengel and Zhang, 2003). 

Similar to Al and Ca tissue concentrations, Fe and Mg concentrations were also 

significantly higher in the SAV tissue than the Typha and Scirpus throughout the study 

(Table 3-7).  There were no differences in Fe concentrations based on alum application, 
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however by the end of the experiment control SAV tissue had significantly lower Mg 

concentrations than those grown in the alum-treated tanks.  The addition of either Ca or 

Mg to upland plants has been shown to alleviate symptoms of Al toxicity (Silva et al., 

2001).  Perhaps the increased SAV Mg uptake is a defensive physiological response to 

the elevated Al concentration and Ca deficiency, since Ca and Mg are the two major 

divalent cations able to compete with Al at exchange sites (Rufyikiri et al., 2002). 

Overall, the emergent tissues as well as the control SAV contained significantly 

more Ca followed by Mg than all other metals.  In the SAV tissue from the alum-treated 

mesocosms there was no significant difference between the Ca and Mg concentrations 

and while the Ca concentrations were significantly greater than the Al concentrations, the 

Mg concentrations were not, once again indicative of the Al toxicity within the SAV.  

Additionally, the Al concentrations were significantly higher than the Fe concentrations 

in the alum-treated SAV tissue.  Alum may have also influenced Scirpus plant nutrients 

with Fe concentrations being significantly greater than Al concentrations in the controls 

while not in the alum-treated tissue due to the elevated Al levels.   

Conclusion 

Alum was effective at P sequestration within the water column of treatment 

wetland mesocosms.  The ability of alum to bind not only P, but organic molecules as 

well, resulted in improved SRP, TDP, TP, TDN, TKN, and DOC wetland treatment 

efficiency.  However, there was an overall increase in PP being exported from the 

wetlands which can be attributed to P bound to the settling alum floc, thus remaining 

unavailable upon settling downstream. 

During the winter months, wetlands in the southern United States may become 

less effective at treating P as plants senesce and microbial activity slows.  Constructed 
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treatment wetland permits require outflow effluent to meet specific discharge criteria 

regardless of season.  This study showed that application of alum proximal to the outflow 

regions of the wetland may provide an effective management tool to maintain discharge 

concentrations within permitted values during the inefficient winter treatment times as 

long as total suspended solids are monitored due to the increase in flocculent particulates.    

This is one of the first studies to specifically investigate the effect of alum on 

wetland macrophytes which play a critical function in nutrient removal within treatment 

wetlands.  The research showed that Typha spp. remained relatively unimpacted by the 

use of alum while Scirpus californicus shoot emergence was reduced in the short term.  It 

has been noted that over time the alum floc migrates downward in the soil profile due to 

sediment and detrital deposition.  This may result in even greater adverse impacts on the 

plants due to reduced nutrient availability and increased Al concentrations in the root 

zone.  Submerged aquatic vegetation were immediately impacted by alum application 

resulting in decreased biomass attributed to Al toxicity although the P concentration of 

the tissue was no affected.  Therefore the use of alum should be restricted to treatment 

wetland areas dominated by emergent vegetation.  The long term efficacy of alum P 

sequestration as well as its long term impact on aquatic macrophytes in treatment 

wetlands needs further investigation. 
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CHAPTER 4 
INFLUENCE OF ALUM ON TREATMENT WETLAND SOIL PHYSICOCHEMICAL 

AND MICROBIAL CHARACTERISTICS  

Introduction 

Alum (Al2(SO4)3·14H2O) is the chemical amendment used most often for 

phosphorus (P) inactivation in lakes and coagulation in the wastewater treatment 

industry.  When added to the water column alum dissociates, forming aluminum ions 

(Al3+) that are immediately hydrated. Through several rapid hydrolytic reactions an 

insoluble, gelatinous, poorly crystalline aluminum hydroxide (Al(OH)3) floc is formed 

(Ebeling et al., 2003). This floc has high P adsorption properties and can remove both 

soluble and particulate P both by adsorption and physical entrapment (Galarneau and 

Gehr, 1997).   

The controlling factor in the effectiveness and toxicity of alum is the pH of the 

system.  Alum itself has a pH of approximately 2.4 (Beecroft et al., 1995; Lind, 2003) 

and therefore tends to decrease the pH of the system to which it is added.  If the pH of the 

system remains between 6 and 8, insoluble polymeric Al(OH)3 will dominate (May et al., 

1979) and P inactivation results.  However, if the pH decreases to between 4 and 6 

soluble intermediates will occur, releasing bound P(Cooke et al., 1993a).  Below pH 4 

soluble Al3+ dominates which may result in Al toxicity (Cooke et al., 1993b), and at pH 8 

or greater the aluminate ion (Al(OH)4
-) dominates due to its amphoteric nature, releasing 

bound P and increasing soluble Al (Cooke et al, 1993a).  Aluminate, similar to Al3+, is 
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associated with Al toxicity in plants (Kinraide, 1990, Eleftheriou et al., 1993; Ma et al., 

2003, Malecki-Brown and White, 2007b).  

The rate of microbial activity and structure of the microbial community is largely 

dependent on environmental factors.  Both size and activity of the microbial pool 

influences the nutrient removal of a wetland (White and Reddy, 1999; White and Reddy 

2003) as well as the removal of other emerging contaminants (White et al., 2006a).  

Microbes are generally sensitive to both soil acidity (Degens et al., 2001) and soluble Al 

(Illmer et al., 1995; Robert, 1995; Pina and Cervantes, 1996).  The microbial biomass, 

therefore, has the potential of being a sensitive indicator of impact to soil nutrient 

dynamics (Powlson and Jenkinson, 1981) due to alum application.  This is due to the 

close relationship between microbial biomass nutrients and levels of mineralizable 

nutrients available in the soil (Jenkison and Ladd, 1981; Illmer et al., 1995; Gutknecht et 

al., 2006).   

An alum study by Connor and Martin (1989) on a shallow New Hampshire lake 

suggested that the dissolved oxygen (D.O.) concentrations within the lake may have been 

affected by suppression in activity or reduction in the population of BOD-producing 

organisms, however neither was measured.  Malecki-Brown and White (2007) carried out 

a laboratory core study utilizing various Al amendments and determined an inverse 

relationship existed between Al dose and microbial biomass and activity.  Bacterial cells 

are colloidal particulates, and may therefore be aggregated by the alum floc (Eriksson and 

Axberg, 1981).  This bacterial removal may delay the reestablishment of essential 

nutrient cycling (Bulson et al., 1984).  Therefore, the size and activity of the microbial 
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pool needs to be assessed with respect to alum application to fully understand effects on 

P cycling within a treatment wetland.  

 Additionally, the characterization of soil P is necessary to determine shifts in 

exchangeable, metal oxide, hydroxide bound, and organically bound P pools due to alum 

application which can not only influence soil microbial mineralization, but also nutrient 

availability to the aquatic macrophytes.  The aquatic macrophytes selected for use in 

treatment wetlands can significantly impact the P treatment efficiency and overall 

nutrient budget (Tanner, 1996; Reckhow & Chapra 1999; Thiebaut and Muller, 2000; 

Allen et al., 2002).  Macrophyte species composition can alter the soil biogeochemistry as 

well (Wigand et al. 1997; White et al., 2004; Neubauer et al. 2005; White et al., 2006b).   

While alum has been used for P inactivation in eutrophic lakes since 1968 

(Blomquist et al., 1971) there has been little research done on its potential effectiveness 

in aging treatment wetlands with reduced P sorption capacities (Simon, 2003; DB 

Environmental, Inc., 2004; Malecki-Brown and White, 2007).  Additionally, there is not a 

clear comprehension of the impact of increased Al concentrations on the biomass and 

activity of the microbial community, and therefore nutrient cycling of alum-treated 

ecosystems.  The goal of this study was to investigate the effects of alum application on 

the physicochemical soil characteristics, P forms available, microbial biomass pool size, 

and microbial activity of treatment wetlands dominated by differing aquatic macrophytes. 

Materials and Methods 

Site Description 

The Orlando Easterly Wetlands (OEW) Reclamation Project located in Orange 

County, Florida is one of the oldest and largest constructed treatment wetlands in the 

United States, located east of Orlando in Christmas, FL.  The wetland was built in 1986, 
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designed by Post, Buckley, Schuh & Jernigan, Inc. (PBS&J) for the City of Orlando’s 

Iron Bridge Regional Water Pollution Control Facility (WPCF) which needed an 

alternative discharge point for its wastewater effluent (Burney et al., 1989).  The main 

goal in designing the system was to use macrophytes to facilitate additional nutrient 

removal for an average daily flow of up to 132,489 m3d-1 of effluent from the Iron Bridge 

WPCF before discharging into the St. Johns River (Black and Wise, 2003). 

The 494 ha wetland rests on a 664 ha piece of land located 3.2 km west of the main 

channel of the St. Johns River (SJR).  Historically, the land had been part of the riparian 

wetland adjacent to the SJR, but was drained for cattle pasture around the turn of the last 

century (Burney et al, 1989).  The site has a natural topographic gradient of 4.6 m 

downward from west to east allowing water to flow by gravity through a series of cells 

with an average elevation drop across each cell of approximately 1 m (Martinez and 

Wise, 2003) (Figure 4-1).  Water exits the wetland through a weir control structure and 

flows into a receiving ditch.   From there water can flow directly to the SJR or by sheet 

flow through Seminole Ranch, a natural marsh adjacent to the OEW owned by the St. 

Johns River Water Management District (SJRWMD).  Cells 1 through 12 and 15 are deep 

marsh, designed primarily for nutrient removal, planted with either cattails  (Typha spp.), 

giant bulrush (Scirpus californicus), or a combination of the two.  Cells 13, 14, and 16 

through 18 consist of a mixed marsh dominated by submergent and emergent 

macrophytes including Ceratophyllum demersum, Limnobium spongia, Myriophyllum 

spicatum, Najas guadalupensis, Nuphar luteum, Nymphaea odorata, Pontederia cordata, 

Sagittaria lancifolia, and Sagittaria latifolia.  These cells serve as a diverse wildlife 

habitat while continuing to provide nutrient removal (Martinez and Wise, 2003). 
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Figure 4-1.  Site map of Orlando Easterly Wetland, Christmas, Florida.  Plants collected 
in cell 1 (Scirpus californicus), cell 10 (Typha spp.), and cell 13 (Najas guadalupensis). 
Mesocosm location designated by star. 

 
 The overall average influent total P (TP) concentration from 1988 to 2005 was 

0.22 mg L-1, however, annual inflow TP concentrations range from 0.02 – 3.30 mg L-1 

during the same time period.  Since its inception, the OEW has exceeded performance 

expectations.  The TP discharge permit limit established by the FDEP is 0.2 mg L-1 

(Wang et al., 2006).  From 1988 to 1995 the average TP discharged was 0.07 mg L-1 

(Sees and Turner, 1997), however TP values are considerably higher from December to 

February in recent years (Wang et al., 2006).   

Mesocosm Establishment 

Eighteen circular mesocosms, each with a surface area of 1.86 m2 and depth of  
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0.88 m were established in June 2004.  They included triplicate experimental and control 

units for Typha spp., Scirpus californicus, and SAV (Najas guadalupensis dominated) 

utilizing a randomized block design.  Approximately 0.3 m of homogenized soil was 

added to each mesocosm.  The soil used to initiate the mesocosms originated from a 

dredged spoil pile with a mixture of organic material from cell 1, 3, 4, 7 and 8 of the 

OEW (Figure 4-1).  Initial soil characteristics included a TP content of 111 ± 13.4 mg kg-

1, 285 ± 21.2 mg kg-1 oxalate-extractable Al, 19.9% ± 0.02 moisture content and soil pH 

of 5.2 ± 0.3.   

Each mesocosm contained a polyvinyl chloride (PVC) drain which permitted 

control of water levels to within ± 3 cm.  The water flowing through the mesocosms 

originated from the outflow of cell 15 and was pumped to a head tank and distributed (on 

a one hour timer) via gravity to each mesocosm at a rate of 360 L d-1 with a hydraulic 

loading rate of 9.6 cm d-1, providing a retention time of approximately 9.5 days, similar 

to the retention time of the SAV cells within the OEW. 

On June 30, 2004, the mesocosms were planted to begin the five month grow-in / 

stabilization period.  The six SAV mesocosms were established with 4.05 ± 0.06 kg (wet 

weight) WW/ mesocosm, or 2.18 kg WW m-2 Najas guadalupensis harvested onsite.  The 

stocking density for the Typha spp. and Scirpus californicus mesocosms was 15 plants / 

mesocosm, averaging 1.88 kg WW m-2 Typha spp., and 1.04 kg WW m-2 Scirpus 

californicus both harvested onsite (Figure 4-1).  A 53 cm water column was maintained 

in the SAV mesocosms throughout the entire grow-in, while in the emergent mesocosms 

a 28 cm water column was maintained for the first month to allow the plants to establish 

before raising the water column to 53 cm for the remainder of the study.   
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Experiment Initiation 

On December 1, 2004, liquid alum was pumped from a head tank via peristaltic 

pumps on ART-3 repeat cycle timer (120v, 15 amp) to the designated mesocosms 

through black polyethylene tubing at a rate of 0.81 g Al m-2 d-1 for three months resulting 

in a total addition of 68.2 g Al m-2.  Soil physicochemical and microbial characteristics 

were determined from a core collected from each mesocosm upon initiation and 

completion of the study.  Cores were sectioned into 0-5 cm and 5-10 cm intervals in the 

field and placed in labeled Ziploc bags in coolers of ice for transportation back to the 

laboratory.  Samples were then transferred to polyethylene containers and stored at 4° C 

for analysis. 

Laboratory Analysis 

The following physicochemical variables were measured on the sectioned soil 

samples: pH, bulk density (Blake and Hartge, 1986), mass loss on ignition (LOI), TP and 

total Al (AlT), oxalate-extractable Al (Alox) (McKeague and Day, 1966), microbial 

biomass P (MBP), soil oxygen demand (SOD) (APHA, 1992; Fisher and Reddy, 2001; 

Malecki et al., 2004), potentially mineralizeable P (PMP), inorganic P fractionation 

(Reddy et al., 1998), 1N HCl – extractable metals.  Microbial biomass P was determined 

by a 24 h chloroform fumigation-extraction (CFE) technique (Brookes et al., 1982; 

Hedley and Stewart, 1992; Ivanoff et al., 1998).  The PMP rate was determined using an 

anaerobic, waterlogged incubation at 40º C (Chua, 2000; Malecki-Brown and White, 

2007).   

Total P analysis involved combustion of 0.5 g oven-dried subsamples at 550° C for 

4 h in a muffle furnace followed by dissolution of the ash in 6 M HCl on a hot plate 

(Andersen, 1976).  Total P was analyzed using an automated ascorbic acid method 
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(Method 365.4, USEPA, 1993) while AlT was determined by inductively coupled argon 

plasma spectrometry (model Vista MPX CCD simultaneous ICP-OES manufactured by 

Varian, Inc., Walnut Creek, CA) at λ= 396.152 nm (Barnes, 1975; Campbell et al., 1983; 

Easthouse et al., 1993; Rydin and Welch, 1999; Rydin et al., 2000; Method 200.7, 

USEPA, 1993).  Ash content was calculated to determine mass loss on ignition (LOI), 

indicating the organic matter content in the wetland soil (Lim and Jackson, 1982).  The 

amount of Al present in crystalline form was calculated as the difference between the AlT 

and Alox (Dolui and Chakraborty, 1998).  Acid-extractable Ca, Mg, Fe, and Al 

concentrations were determined from oven-dried soil treated with 25 mL of 1.0 M HCl 

and placed on a reciprocal shaker for 3 h.  The supernatant was filtered through 0.45-μm 

membrane filters and analyzed by inductively coupled argon plasma spectrometry 

(DeBusk et al., 1994; Reddy et al., 1998; Malecki et al., 2004).   

Statistical Analysis 

Paired t-tests were used to determine significant differences (p<0.05) among soil 

properties in the 0-5 cm and 5-10 cm sectioned intervals (Microsoft Excel, 2000).  

Additionally, Pearson product-moment correlation coefficients among variables were 

calculated (Microsoft Excel, 2000) to determine significant relationships (p<0.05).  Data 

normality was determined using the Kolmogorov-Smirnov test (Minitab 13.32, 2000) and 

data were transformed to fit a normal distribution (Microsoft Excel, 2000).  One-way 

ANOVAs and multiple comparisons by Tukey’s W were used on soil variables to 

determine significant differences (p<0.05) among mesocosm plant types and treatment 

(Minitab 13.32, 2000).   
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Results and Discussion 

Soil Physicochemical Characteristics 

There were no significant differences in bulk density or organic matter content 

among mesocosms at the initiation of the study.  The bulk density was greater in the 

subsurface 5-10 cm layer (Table 4-2) than in the surface 0-5 cm (Table 4-1) while the 

opposite was true of the organic matter content as indicated by LOI.  Organic matter 

deposition and decomposition at the soil surface resulted in the higher LOI.   The 

increased organic matter in the surface layer allows the soil to remain porous, thereby 

decreasing the bulk density (Brady and Weil, 1999).  Overall, the organic matter content 

remained constant over the course of the experiment which may be attributed to slower 

plant growth and less organic deposition during the winter months. 

Similar to the organic matter, TP concentrations were generally greater in the 

surface layer (Table 4-1) than subsurface layer (Table 4-2).  Nutrient content typically 

increased with an increase in organic matter (Farnham and Finney, 1965).  Total soil Al 

on the other hand was generally greater in the subsurface layer at the start of the 

experiment, however by the conclusion of the experiment AlT tended to be greater in the 

surface layer.  There were no significant differences in the TP or AlT concentrations 

among mesocosm plant types in either layer throughout the experiment.  Furthermore, 

soil TP remained unaffected by alum application while AlT concentrations significantly 

increased in the surface layer of alum-treated mesocosms by the end of the study as 

would be expected. 

The ammonium oxalate extraction was used to quantify the poorly crystalline 

amorphous and organically bound Al oxides, hydroxides, and oxy-hydroxides in the soil  

(McKeague and Day, 1966; McKeague et al., 1971; Kodama and Ross, 1991), excluding
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Table 4-1.  Mean soil physicochemical characterization data for the 0-5 cm depth of Orlando Easterly Wetland mesocosms.  Values 
are means ± 1 standard deviation (n=3). 

Treatment Parameter Units   Time 0d    Time 84d   
      SAV† Scirpus Typha SAV Scirpus Typha 
Alum Bulk Density g cm-3 0.89 ± 0.16 0.89 ± 0.15 0.89 ± 0.09 0.94 ± 0.26 0.91 ± 0.31 0.83 ± 0.07 
  pH pH units 5.95 ± 0.43 5.73 ± 0.76 6.17 ± 0.02 5.56 ± 1.09 5.61 ± 0.58 3.83 ± 0.63 
  LOI† % 8.24 ± 0.77 12.0 ± 3.45 10.6 ± 3.20 5.77 ± 2.34 4.56 ± 1.73 9.20 ± 3.94 
  Total P mg kg-1 196 ± 155 241 ± 133 175 ± 9.44 161 ± 42.9 173 ± 79.1 201 ± 44.0 
  Total Al mg kg-1 1871 ± 731.8 2356 ± 879.0 2839 ± 370.8 3544 ± 2290 1989 ± 247.3 4214 ± 1126 
  Oxalate Al mg kg-1 418 ± 16.6 610 ± 252 688 ± 126 1148 ± 477 916 ± 355 2157 ± 546 
  HCl Ca mg kg-1 1468 ± 328.6 4156 ± 2500 3220 ± 871.6 3383 ± 766.1 8395 ± 6379 10620 ± 6486 
  HCl Mg mg kg-1 26.0 ± 13.6 46.1 ± 19.8 57.5 ± 36.6 64.9 ± 54.6 69.5 ± 12.7 104 ± 55.7 
  HCl Fe mg kg-1 587 ± 314 791 ± 112 793 ± 218 706 ± 430 972 ± 402 826 ± 244 
  HCl Al mg kg-1 431 ± 114 588 ± 32.3 528 ± 102 566 ± 335 672 ± 127 531 ± 154 
Control Bulk Density g cm-3 0.92 ± 0.08 0.94 ± 0.19 0.94 ± 0.11 0.98 ± 0.1 0.81 ± 0.31 0.99 ± 0.03 
  pH pH units 6.06 ± 0.42 6.01 ± 0.51 6.07 ± 0.30 5.79 ± 0.05 5.72 ± 0.28 5.87 ± 0.36 
  LOI % 9.71 ± 3.55 9.26 ± 1.81 12.0 ± 4.81 4.17 ± 2.19 7.01 ± 3.08 4.14 ± 1.42 
  Total P mg kg-1 118 ± 25.1 128 ± 28.5 220 ± 91.6 155 ± 31.3 235 ± 77.8 146 ± 39.6 
  Total Al mg kg-1 2058 ± 539.3 1579 ± 494.9 2299 ± 500.2 1823 ± 498.7 2455 ± 1986 2210 ± 884.8 
  Oxalate Al mg kg-1 580 ± 156 536 ± 162 588 ± 127 611 ± 62.9 612 ± 360 751 ± 207 
  HCl Ca mg kg-1 3967 ± 3309 6335 ± 3419 3092 ± 1202 2432 ± 788.7 4205 ± 4179 1778 ± 332.1 
  HCl Mg mg kg-1 36.5 ± 17.2 133 ± 149 38.7 ± 41.5 68.6 ± 82.2 63.8 ± 58.3 10.6 ± 16.0 
  HCl Fe mg kg-1 934 ± 86.1 561 ± 320 843 ± 191 891 ± 324 676 ± 82.9 718 ± 301 
  HCl Al mg kg-1 559 ± 78.5 394 ± 116 564 ± 86.5 1158 ± 830 612 ± 688 1002 ± 438 

  † SAV = submerged aquatic vegetation; LOI = loss on ignition.
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Table 4-2.  Mean soil physicochemical characterization data for the 5-10 cm depth of Orlando Easterly Wetland mesocosms.  Values 
are means ± 1 standard deviation (n=3). 

Treatment Parameter Units   Time 0d    Time 84d   
      SAV† Scirpus Typha SAV Scirpus Typha 
Alum Bulk Density g cm-3 1.06 ± 0.07 1.01 ± 0.13 1.04 ± 0.04 1.08 ± 0.08 1.02 ± 0.17 1.07 ± 0.30 
  pH pH units 6.06 ± 0.63 5.67 ± 0.66 5.90 ± 0.18 6.87 ± 0.34 7.10 ± 0.07 5.15 ± 0.99 
  LOI† % 11.5 ± 6.24 10.5 ± 1.54 7.17 ± 3.49 5.72 ± 4.36 3.91 ± 1.18 4.51 ± 3.47 
  Total P mg kg-1 227 ± 134 190 ± 21.8 123 ± 16.4 129 ± 65.6 161 ± 23.9 112 ± 38.1 
  Total Al mg kg-1 2001 ± 1235 2555 ± 266 2071 ± 626 1506 ± 285.4 1673 ± 668.1 1705 ± 516.6 
  Oxalate Al mg kg-1 672 ± 90.2 747 ± 96.4 567 ± 252 635 ± 107 567 ± 202 690 ± 243 
  HCl Ca mg kg-1 1467 ± 318.6 2724 ± 164.9 2434 ± 245.4 1710 ± 462.1 2192 ± 1739 2210 ± 603.3 
  HCl Mg mg kg-1 23.1 ± 7.78 65.9 ± 43.2 47.2 ± 20.8 53.8 ± 30.5 31.4 ± 46.0 41.7 ± 29.2 
  HCl Fe mg kg-1 444 ± 179 864 ± 332 899 ± 166 546 ± 269 641 ± 392 761 ± 261 
  HCl Al mg kg-1 345 ± 73.2 519 ± 153 607 ± 35.7 380 ± 143 1173 ± 1102 574 ± 118 
Control Bulk Density g cm-3 1.09 ± 0.04 1.06 ± 0.05 1.16 ± 0.05 0.97 ± 0.27 1.21 ± 0.21 1.19 ± 0.20 
  pH pH units 6.10 ± 0.28 5.75 ± 0.30 6.12 ± 0.47 6.76 ± 0.16 6.76 ± 0.46 6.39 ± 0.59 
  LOI % 8.18 ± 3.46 9.12 ± 0.88 11.0 ± 3.19 6.64 ± 2.30 6.48 ± 2.45 2.68 ± 1.77 
  Total P mg kg-1 124 ± 26.1 100 ± 15.3 231 ± 135 194 ± 162 209 ± 110 114 ± 39.9 
  Total Al mg kg-1 1699 ± 766.5 1556 ± 587.8 2382 ± 291.9 2699 ± 2165 1706 ± 421.7 1568 ± 109.4 
 Oxalate Al mg kg-1 631 ± 241 527 ± 181 588 ± 269 613 ± 279 501 ± 174 576 ± 177 
  HCl Ca mg kg-1 3221 ± 1357 3998 ± 2772 4569 ± 2196 3051 ± 2931 6305 ± 5199 10193 ± 7784 
  HCl Mg mg kg-1 72.1 ± 54.4 58.9 ± 65.1 38.0 ± 12.8 43.2 ± 44.6 41.7 ± 25.7 71.4 ± 59.7 
  HCl Fe mg kg-1 869 ± 344 764 ± 457 742 ± 196 923 ± 345 655 ± 404 774 ± 130 
  HCl Al mg kg-1 581 ± 208 566 ± 328 520 ± 105 873 ± 531 472 ± 153 744 ± 297 

    † SAV = submerged aquatic vegetation; LOI = loss on ignition.
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all crystalline forms (Parfitt and Childs, 1988).  At the initiation of the experiment the 

Alox concentrations tended to vary between the surface (Table 4-1) and subsurface layer 

(Table 4-2) with no significant difference between layers, averaging 595 ± 167 mg kg-1 

overall.  However, by the end of the experiment amorphous Al concentrations were 

significantly higher, with nearly twice as much Al in the 0-5 (1032 ± 634 mg kg-1) than 5-

10 cm layer (593 ± 200 mg kg-1).  This was expected in the mesocosms receiving alum 

due to the surface application of Al, but it was also true of the control mesocosms due to 

the natural Al associated with organic matter.   

There were no differences in Alox due to plant type upon study completion.  Similar 

to the AlT, however, the alum-treated mesocosms did have significantly higher Alox 

concentrations in the surface layer, containing more than double the amorphous Al as the 

controls.  Specifically, the alum-treated Typha tanks had significantly higher surface Alox 

concentrations than the controls of all three plant type.  Oxalate-extractable Al 

concentrations did not differ between experimental and control mesocosms in the 5-10 

cm layer similar to the AlT, indicating the Al(OH)3 floc remained at the soil surface.     

Similar to the Alox, soil pH was variable between the surface and subsurface layer 

(Table 4-1, Table 4-2) at the start of the experiment with no significant differences in 

either layer nor among mesocosms.  By the end of the experiment, the pH was 

significantly lower in the surface soil, averaging 5.9 ± 0.2 in the controls and 5.0 ± 1.1 in 

the alum-treated mesocosms.  In contrast, the subsurface soil pH was significantly higher 

than at the start of the experiment.   

Corresponding to the high oxalate-extractable Al in the surface soil of the alum-

treated Typha tanks, the pH was significantly lower than in the Typha control 
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mesocosms.  Unlike the trend in Al, however, the subsurface soil pH of the alum-treated 

Typha tanks was also significantly lower than the controls suggesting that while the floc 

itself may not have penetrated down through the soil profile, the effects of alum may 

have.  The pH was negatively correlated to the Alox in both the surface (p<0.01) and 

subsurface (p<0.05) of the emergent mesocosms while this relationship was not evident 

in the SAV mesocosms.  The thick stands of SAV may have intercepted the settling alum 

floc resulting in irregular alum coverage on the soil surface.  This could in turn lead to 

reduced alum effectiveness (Welch and Schrieve, 1994; Welch and Cooke, 1999).   

There was no initial trend in crystalline Al with depth, however by the end of the 

study there was generally more in the surface layer than subsurface.  Crystalline Al 

concentrations within the soil did not vary with plant type nor treatment in either layer 

throughout the experiment, averaging 1483 ± 813 mg Al kg-1 overall.  Using the change 

in ratio of Alox / AlT over time however, the crystallization of soil Al was detected in the 

surface layer of the control mesocosms as indicated by a significant decrease in the Alox / 

AlT ratio (Mahaney et al., 1991; Bera et al., 2005).  This suggests that the Al(OH)3  floc 

at the surface of the alum-treated mesocosms may hinder natural soil development due to 

an increasing amount of amorphous material which inhibits crystallization.   

All HCl-extractable metals were significantly higher in the surface than subsurface, 

similar to the TP and LOI, and there were no differences due to plant type throughout the 

study.  Calcium was the dominant HCl-extractable metal at time 0 in both the soil surface 

and subsurface for all plant types making up 72% of the metals extracted on average, 

which was significantly higher than the Al, Fe, and Mg extracted.  There was 

significantly more Fe (17%) and Al (10%) than Mg (1%) present in the mesocosms as 
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well.  By the completion of the study there was significantly more Ca in the surface layer 

of the alum-treated mesocosms while in the subsurface layer Ca was significantly lower 

than in the controls.  Calcium remained the dominant acid-extractable metal composing 

73% of the total metals extracted compared to 15% Fe, 11% Al, and 1% Mg. 

Soil Microbial Characteristics 

There were no significant differences in MBP with depth throughout the study 

(Table 4-3, Table 4-4).  However general trends at the start indicated the microbial 

biomass was greater in the subsurface of the SAV mesocosms and the surface layer in the 

emergent mesocosms.  By the end of the study there was a significant decrease in 

microbial biomass in all mesocosms which is attributed to the cold winter season during 

which the experiment was carried out.  The mesocosms treated with alum had 

significantly lower MBP concentrations than the controls in both the surface (66% lower) 

and subsurface (50% lower) soil layers.  These results are similar to the pH findings, 

indicating once again that while the floc itself remained at the surface, the effects of the 

alum penetrated down through the soil profile.  Additionally, similar to the soil pH, MBP 

was inversely related to the Alox present in both soil layers (p<0.05).  While there were no  

 
Table 4-3.  Mean soil microbial characterization data for the 0-5 cm depth in Orlando 

Easterly Wetland mesocosms.  Values are means ± 1 standard deviation (n=3). 
Treatment Plant   Time 0d    Time 84d  
    MBP† PMP† SOD† MBP PMP SOD 
    mg kg-1 mg kg-1 d-1 mg kg-1h-1 mg kg-1 mg kg-1 d-1 mg kg-1h-1 

Alum SAV† 25.7 ± 15.0 0.60 ± 0.29 6.33 ± 1.03 1.62 ± 0.93 1.67 ± 1.41 7.36 ± 1.64 
  Scirpus 30.8 ± 12.3 0.62 ± 0.35 3.43 ± 2.03 1.51 ± 1.05 0.32 ± 0.19 5.25 ± 2.13 
  Typha 25.2 ± 3.10 0.72 ± 0.08 10.1 ± 4.45 0.38 ± 0.44 0.60 ± 0.21 6.21 ± 0.69 

Control SAV 24.6 ± 4.91 0.52 ± 0.32 5.15 ± 1.79 1.99 ± 0.87 1.18 ± 0.21 10.8 ± 2.84 
  Scirpus 37.1 ± 8.58 0.93 ± 0.53 6.71 ± 2.71 5.73 ± 1.15 1.46 ± 0.10 8.95 ± 1.68 
  Typha 32.9 ± 9.95 0.64 ± 0.08 5.16 ± 3.72 2.86 ± 1.53 1.88 ± 1.30 7.51 ± 4.39 
† MBP = microbial biomass P; PMP = potentially mineralizable phosphorus; SOD = soil oxygen demand; 
SAV = submerged aquatic vegetation. 
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Table 4-4.  Mean soil microbial characterization data for the 5-10 cm depth of Orlando 
Easterly Wetland mesocosms.  Values are means ± 1 standard deviation (n=3). 

Treatment Plant   Time 0d    Time 84d  
    MBP† PMP† SOD† MBP PMP SOD 
    mg kg-1 mg kg-1 d-1 mg kg-1h-1 mg kg-1 mg kg-1 d-1 mg kg-1h-1 

Alum SAV† 50.7 ± 37.5 0.85 ± 0.34 3.66 ± 0.90 2.28 ± 1.64 2.46 ± 3.35 5.26 ± 1.15 
  Scirpus 33.5 ± 8.70 0.38 ± 0.17 3.41 ± 0.81 2.20 ± 0.20 1.65 ± 2.36 3.70 ± 1.36 
  Typha 20.2 ± 1.77 1.98 ± 1.52 3.66 ± 1.06 0.89 ± 0.85 0.61 ± 0.02 4.42 ± 1.22 

Control SAV 34.4 ± 14.3 0.46 ± 0.27 2.80 ± 0.95 2.93 ± 2.07 1.09 ± 0.68 5.13 ± 1.74 
  Scirpus 20.8 ± 6.69 1.13 ± 1.02 3.91 ± 1.15 5.45 ± 3.33 0.96 ± 0.92 3.79 ± 2.42 
  Typha 35.8 ± 13.3 0.72 ± 0.43 3.50 ± 1.82 2.48 ± 0.43 1.61 ± 0.55 4.52 ± 1.42 
† MBP = microbial biomass P; PMP = potentially mineralizable phosphorus; SOD = soil oxygen demand; 
SAV = submerged aquatic vegetation. 
 

 
significant differences with depth, there was a clear trend of higher MBP in the 0-5 cm 

layer of the controls while in the alum-treated mesocosms the 5-10 cm layer had a greater 

MBP.  This suggests the microbes either migrated downward in an attempt to avoid the 

effects of alum such as the low pH, high Al, or nutrient limitations (Table 4-1) (Koepple 

et al., 1997; Zhou, 2002), which would explain the increased MBP in the subsurface of 

the alum-treated mesocosms as compared to their surface soil; or alum reduced the 

microbial population present in the surface soil.  

Microbial activity, as indicated by SOD rates was generally greater in the surface 

than subsurface layer at the start of the study while the PMP rates were variable (Table 4-

3, Table 4-4).  There were no significant differences in SOD or PMP among mesocosms 

at the start of the experiment in either soil layer.  At the end of the experiment there were 

no significant differences based on plant type for either SOD or PMP, however both 

parameters indicated significantly greater microbial activity in the 0-5 cm layer of the 

control mesocosms than in the alum-treated mesocosms.  This suppression in activity 

corresponds to the significant decrease in microbial biomass due to alum application.   
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There were no significant differences between control and alum-treated mesocosms 

in microbial activity in the subsurface layer, nor were there significant differences 

between depths.  Similar to the trend in MBP however, the PMP rates were greater in the 

surface of the controls while in the alum-treated mesocosms the subsurface layer had 

higher rates.  The surface soil PMP rates were positively correlated (p<0.05) with soil pH 

similar to the MBP concentrations.  This suggests that alum indirectly impacted both the 

microbial biomass and activity due to the sensitivity of microbes to the increased soil 

acidity (Degens et al., 2001). 

Soil Phosphorus Forms 

Organic and inorganic P were essentially equivalent in all mesocosms throughout 

the study averaging 55% organic P (Po) (Table 4-6) and 45% inorganic P (Pi) (Table 4-5) 

in the 0-5 cm layer.  There were no significant differences with treatment or plant type.  

All P fractions were greater in the surface layer than in the subsurface (Table 4-7, Table 

4-8) similar to the TP values previously discussed.  The overall decrease in P storage  

 
Table 4-5.  Mean inorganic phosphorus fractionation data from the 0-5 cm layer of 

Orlando Easterly Wetland mesocosms. Values are means ± 1 standard 
deviation (n=3). 

Treatment Fraction   Time 0d    Time 84d   
  mg kg-1 SAV† Scirpus Typha SAV Scirpus Typha 

Alum KCl Pi 0.43 ± 0.07 0.41 ± 0.07 0.38 ± 0.04 0.23 ± 0.11 0.16 ± 0.08 0.26 ± 0.16 

 NaOH Pi 27.3 ± 6.39 28.4 ± 12.6 41.8 ± 7.03 32.8 ± 5.30 35.4 ± 2.25 66.7 ± 6.56 

 HCl Pi 31.6 ± 39.1 64.1 ± 60.9 21.6 ± 1.85 29.4 ± 33.9 53.2 ± 55.1 6.42 ± 2.50 

 Total Pi 59.3 ± 43.6 92.9 ± 49.7 63.8 ± 6.81 62.4 ± 30.0 88.8 ± 57.1 73.4 ± 7.95 

Control KCl Pi 0.42 ± 0.09 0.49 ± 0.13 0.45 ± 0.13 0.26 ± 0.20 0.31 ± 0.20 0.20 ± 0.03 

  NaOH Pi 27.9 ± 6.96 29.3 ± 11.0 25.0 ± 7.39 31.5 ± 9.90 45.8 ± 27.3 41.3 ± 16.5 

  HCl Pi 26.0 ± 10.8 33.2 ± 25.2 38.5 ± 26.4 53.2 ± 56.0 71.4 ± 82.8 21.2 ± 0.97 

  Total Pi 54.3 ± 5.05 63.0 ± 17.9 64.0 ± 23.6 85.0 ± 47.7 117 ± 62.9 62.7 ± 16.0 
† SAV = submerged aquatic vegetation. 
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Table 4-6.  Mean organic phosphorus derived from inorganic phosphorus fractionation 
data from the 0-5 cm layer of Orlando Easterly Wetland mesocosms. Values 
are means ± 1 standard deviation (n=3). 

Treatment Fraction   Time 0d    Time 84d   

  mg kg-1 SAV† Scirpus Typha SAV Scirpus Typha 

Alum NaOH Po 33.5 ± 5.24 29.6 ± 12.3 44.7 ± 7.73 37.5 ± 8.37 37.9 ± 3.03 69.3 ± 5.12 

 Residue Po 34.1 ± 20.4 48.0 ± 14.3 59.5 ± 4.02 53.7 ± 19.8 44.0 ± 14.5 48.9 ± 4.61 

 Total Po 67.6 ± 23.2 77.6 ± 26.5 104 ± 11.5 91.2 ± 11.5 82.0 ± 16.9 118 ± 6.58 

Control NaOH Po 32.7 ± 8.23 45.8 ± 12.5 78.5 ± 20.7 34.9 ± 10.3 49.4 ± 28.6 45.2 ± 15.4 

  Residue Po 35.1 ± 12.3 39.9 ± 4.74 75.0 ± 16.9 47.8 ± 8.21 66.4 ± 38.9 50.1 ± 18.7 

  Total Po 36.6 ± 11.4 46.4 ± 9.06 83.0 ± 20.5 82.7 ± 17.7 116 ± 66.6 95.3 ± 33.9 
† SAV = submerged aquatic vegetation. 

 

Table 4-7.  Mean inorganic phosphorus fractionation data from the 5-10 cm layer of 
Orlando Easterly Wetland mesocosms. Values are means ± 1 standard 
deviation (n=3). 

Treatment Parameter   Time 0d    Time 84d   
  mg kg-1 SAV†  Scirpus Typha SAV Scirpus Typha 

Alum KCl Pi 0.40 ± 0.06 0.39 ± 0.10 0.31 ± 0.10 0.21 ± 0.03 0.22 ± 0.10 0.20 ± 0.05 

 NaOH Pi 20.0 ± 5.87 33.6 ± 8.57 33.8 ± 6.87 23.1 ± 2.36 26.6 ± 4.18 36.1 ± 12.7 

 HCl Pi 86.4 ± 72.2 24.0 ± 19.5 11.1 ± 3.68 66.0 ± 81.5 61.1 ± 26.0 11.5 ± 0.38 

 Total Pi 107 ± 73.3 58.0 ± 12.5 45.1 ± 6.67 89.2 ± 81.5 87.9 ± 21.9 47.8 ± 12.4 

Control KCl Pi 0.43 ± 0.14 0.38 ± 0.10 0.41 ± 0.16 0.20 ± 0.09 0.18 ± 0.07 0.19 ± 0.07 

  NaOH Pi 25.9 ± 6.72 32.0 ± 7.13 24.2 ± 8.81 36.9 ± 21.0 30.7 ± 17.9 30.7 ± 12.2 

  HCl Pi 25.0 ± 18.6 16.0 ± 9.61 90.3 ± 97.0 20.0 ± 1.49 93.8 ± 138 19.5 ± 13.6 

  Total Pi 51.3 ± 12.1 48.4 ± 3.04 115 ± 88.3 57.2 ± 20.6 125 ± 120 50.4 ± 16.2 
† SAV = submerged aquatic vegetation. 

 
 
Table 4-8.  Mean organic phosphorus derived from inorganic phosphorus fractionation 

data from the 5-10 cm layer of Orlando Easterly Wetland mesocosms.  Values 
are means ± 1 standard deviation (n=3). 

Treatment Fraction   Time 0d    Time 84d   
  mg kg-1 SAV† Scirpus Typha SAV Scirpus Typha 

Alum NaOH Po 26.3 ± 8.21 37.9 ± 7.38 37.9 ± 5.49 27.4 ± 4.33 28.4 ± 4.65 38.9 ± 14.1 

 Residue Po 42.4 ± 20.4 48.0 ± 2.85 35.9 ± 7.31 37.0 ± 8.52 41.9 ± 9.37 36.3 ± 7.27 

 Total Po 68.7 ± 24.0 85.8 ± 4.88 73.8 ± 12.7 64.4 ± 10.7 70.3 ± 14.0 75.1 ± 20.2 

Control NaOH Po 29.6 ± 7.39 35.6 ± 5.76 26.1 ± 9.39 42.1 ± 22.8 32.0 ± 17.7 32.9 ± 10.3 

 Residue Po 39.8 ± 12.1 37.4 ± 4.16 41.5 ± 17.2 56.2 ± 30.4 43.8 ± 10.8 38.8 ± 0.91 

  Total Po 69.4 ± 16.4 72.9 ± 6.90 67.6 ± 25.3 98.3 ± 51.9 75.8 ± 26.7 71.8 ± 9.44 
† SAV = submerged aquatic vegetation. 
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capacity with depth may be attributed to the significant decrease in metal concentrations 

(Al, Ca, Fe, Mg) with depth (Table 4-1, Table 4-2).   

In the surface layer, the KCl–extractable Pi, consisting of labile, readily 

bioavailable P, made up the significantly smallest portion (0.1 – 0.4%) of the total P pool 

(Figure 4-2).  The NaOH-extractable reactive Al and Fe bound Pi comprised 17-25 % of 

the total P in the mesocosms initially.  Due to alum application this percentage increased 

to 21-35% in the treated mesocosms while in the controls fractions remained similar to 

the initial values.  The HCl-extractable Ca and Mg bound Pi made up 12-38% of the total  

P pool initially and remained relatively stable averaging 3-32% at the end of the study.  

There was very little HCl-extractable Mg in the soil (Table 4-1) indicating most of the P 

in the HCl Pi fraction was associated with Ca from the buffered wetland soil, rather than 

Mg.  Additionally, because this Ca bound P fraction did not increase with time it suggests 

that although the water column pH was relatively high and Ca concentrations increased 

over time, photosynthetically driven Ca-P precipitation (Dierberg et al., 2002) did not 

occur. 

The organic P fractions consisted of NaOH-extractable non-reactive Po associated 

with humic and fulvic acids as well as bacteria incorporated P which accounted for 17-  

27% of the total P in the surface layer of all mesocosms at the start of the experiment.   

Alum application resulted in an increase in this percentage to 22-36% in the treated 

mesocosms (Figure 4-2), nearly equivalent to the amount of NaOH Pi, while the control 

mesocosms once again remained similar to the initial values.  The residue Po representing 

the refractory organic P and any other inert mineral P fractions not extracted with salt, 
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acid, or base composed 26-35% of the total P, remaining relatively constant throughout 

the study.    

  TIME 0 d     TIME 84 d 
0-5 cm  KCl Pi 0.41 ± 0.06 (0.0%)      KCl Pi 0.22 ± 0.11 (0.0%) 

   NaOH Pi 32.2 ± 11.3 (21%)  NaOH Pi 39.0 ± 13.6 (23%) 
   HCl Pi 41.1 ± 43.4 (26%)  HCl Pi 44.9 ± 58.7 (26%) 
   NaOH Po 36.0 ± 11.0 (23%) 

 

   
 NaOH Po 43.0 ± 13.6 (25%) 

   Residue Po 47.2 ± 17.6 (30%)      Residue Po 44.8 ± 8.49 (26%) 
   Total P 155 ± 42.8 (100%)      Total P 172 ± 45.8 (100%) 
              
5-10 cm  KCl Pi 0.37 ± 0.09 (0.0%)      KCl Pi 0.23 ± 0.12 (0.0%) 
   NaOH Pi 29.1 ± 9.23 (20%)  NaOH Pi 28.3 ± 8.97 (20%) 
   HCl Pi 40.5 ± 51.2 (28%)  HCl Pi 42.4 ± 38.6 (30%) 
   NaOH Po 34.0 ± 8.45 (23%) 

 

   
 NaOH Po 31.1 ± 9.14 (22%) 

   Residue Po 42.1 ± 12.1 (29%)      Residue Po 38.4 ± 8.41 (27%) 
  Total P 146 ± 49.9 (100%)    Total P 145 ± 49.3 (100%) 

Figure 4-2.  Inorganic and organic phosphorus forms in the surface and subsurface soil of 
alum-treated Orlando Easterly Wetland mesocosms at the start and end of the 
study.  Values are means (mg kg-1) ± 1 standard deviation (n=9) with percent 
of total P pool in parenthesis. 

 
The initial subsurface 5-10 cm soil had nearly equal amounts of organic and 

inorganic P similar to the surface layer averaging 52% Po (Table 4-7) and 48% Pi (Table 

4-8) while it was dominated by organic P by the end averaging 64% Po versus 36% Pi.  

Labile P once again represented 0.1-0.4% of the total P, identical to the surface soil 

(Figure 4-2).  The Al and Fe bound P made up 11-28% of the subsurface P pool initially, 

and only increased slightly in the alum-treated mesocosms (15-29%).  This indicates once 

again that the alum floc remained primarily at the surface of the soil where substantial 

shifts in the NaOH Pi and Po pools were evident.  The dominant inorganic P form in the 

subsurface layer of most mesocosms was the Ca and Mg bound P which ranged from 9-

50% of the total P pool which, similar to the surface soil, can be primarily attributed to 
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the significantly high Ca concentration (Table 4-2).  The organic acid and bacterial P 

fraction made up 15-32% of the total P throughout the study in the subsurface, while the 

recalcitrant Po composed 22-36% of the total P.   

Mass Balance of Phosphorus 

Utilizing the soils data presented here as well as the water quality and aquatic 

macrophyte data presented in the previous chapter (Malecki-Brown and White, 2007b) a 

P mass balance can be calculated.  The seven components of the mass balance calculated 

included the inflow TP, 0-5 cm surface soil, 5-10 cm subsurface soil, microbial-bound P 

in surface soil, microbial-bound P in subsurface soil, aboveground plant biomass, and 

outflow TP (Figure 4-3, Figure 4-4).  All mesocosms received the same inflow water but 

the mesocosms treated with alum removed on average 0.058 g P d-1 from the water 

column while the control mesocosms averaged approximately 0.043 g P d-1 removal.  

Both water column and microbial biomass P storage were insignificant, comprising less 

than 1% of the total P within both the alum-treated and control mesocosms. 

The largest component within the SAV mesocosms was the aboveground biomass 

averaging 44% of the TP in the alum-treated SAV tanks and 52% in the controls (Figure 

4-3).  This is nearly double the amount of biomass P present in the Scirpus and Typha 

emergent aquatic vegetation (EAV) and may result in a reduction in P treatment with 

time.  As the SAV detritus accumulates and undergoes mineralization a substantial 

amount of P will be released back into the water column which may decrease treatment 

efficiency.  In the EAV mesocosms, on the other hand, P was primarily present in the soil 

components averaging approximately 35% of the total P in each layer for both the alum 

and control mesocosms (Figure 4-4).  
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Figure 4-3.  Phosphorus mass balance in the submerged aquatic vegetation mesocosms 

after three months.  Values are percent of total mesocosm P, with mean value 
(g) ± 1 standard deviation in parenthesis (n=3).  Inflow and outflow P values 
are in g d-1. 

 
Figure 4-4.  Phosphorus mass balance in emergent aquatic vegetation mesocosms (Typha 
and Scirpus) after three months.  Values are percent of total mesocosm P, with mean 
value (g) ± 1 standard deviation in parenthesis (n=6).  Inflow and outflow P values are in 
g d-1. 

Alum:     0.1% (0.04±0.01) 
Control: 0.1% (0.05±0.03) 

Alum:     29% (14.5±7.32) 
Control: 23% (14.0±2.20) 

5-10 cm Alum:     27% (13.3±7.81) 
Control: 25% (14.9±8.13) 

0-5 cm 

Alum:     0.2% (0.09±0.03) 
Control: 0.2% (0.09±0.03) 

Alum:     44% (22.1±10.3)
Control: 52% (30.8±8.26)

Alum:     0.3% (0.09±0.03) 
Control: 0.2% (0.09±0.03) 

5-10 cm Alum:     35% (13.3±4.49) 
Control: 35% (18.0±13.1) 

0-5 cm 

Alum:     0.1% (0.03±0.01) 
Control: 0.1% (0.05±0.02) 

Alum:     38% (14.4±3.22) 
Control: 31% (15.8±4.63) 

Alum:     27% (10.5±4.65)
Control: 34% (17.3±14.6)



112 

 

 
Interestingly, there was approximately 8% less P stored in the alum-treated SAV 

biomass than in the controls which corresponded to the alum-treated tanks containing 

approximately 6% more P in the surface soil as a result of the Al(OH)3 floc and 2% more  

in the subsurface soil than the control mesocosms.  Similarly, there was approximately 

7% less P stored in the alum-treated EAV biomass than in the controls which directly 

corresponded to 7% more P present in the surface soil as a result of the surface floc in the 

alum-treated EAV mesocosms.  Therefore, while there was little evidence of alum 

affecting the emergent macrophytes in Malecki-Brown and White (2007b) on a mass 

basis it appears that there may have been a reduction in P availability to the plants from 

the soil.  The reduction in alum-treated SAV biomass P resulted from the Al toxicity that 

occurred in the SAV (Malecki-Brown and White, 2007b). 

Conclusions 

The use of alum is prolific in many areas of the United States to manage eutrophic 

water bodies.  The findings of this research suggest a closer look is needed at the 

resulting changes that may be occurring in the biogeochemistry of the soil or sediment 

treated with alum.  The P mass balance suggests ecosystems dominated by SAV will 

primarily see alum impacts associated with the vegetation while in systems dominated 

with emergent macrophytes, the soil and associated microbes will be most impacted.  

This directly corresponds to the largest P compartments in each system, thus the use of 

alum may completely alter the P nutrient dynamics of a system in the short term and it is 

critical that treatment wetland managers understand the short and possibly long term 

implications when using alum in wetland systems.   
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The increase in amorphous Alox within the surface layer of the soil was directly 

associated with a decrease in soil pH throughout the upper 10 cm of soil.  The increased 

Alox concentration and reduced pH both in turn negatively impacted the microbial 

biomass as well as activity.  Furthermore, the addition of alum seemed to hinder Al 

crystallization processes within the surface soil, leading to reduced development in the 

alum-treated mesocosms when compared to the controls.  More research is needed to 

determine the long-term impacts of low-dose alum application on the microbial 

community as well as overall nutrient cycling within treatment wetlands.
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CHAPTER 5 
SPATIAL AND TEMPORAL EFFECTS OF CONTINUOUS LOW-DOSAGE ALUM 

ON FIELD SOIL CHARACTERISTICS 

Introduction 

Alum (Al2(SO4)3·14H2O) is the chemical amendment used most often for 

phosphorus (P) inactivation in lakes and coagulation in the wastewater treatment 

industry.  When added to the water column alum dissociates, forming aluminum ions 

(Al3+) that are immediately hydrated. Through several rapid hydrolytic reactions an 

insoluble, gelatinous, poorly crystalline aluminum hydroxide (Al(OH)3) floc is formed 

(Ebeling et al., 2003). This floc has high P adsorption properties, able to remove both 

soluble and particulate P both by adsorption and physical entrapment (Galarneau and 

Gehr, 1997).   

The controlling factor in the effectiveness and toxicity of alum is the pH of the 

system.  Alum itself has a pH of approximately 2.4 (Beecroft et al., 1995; Lind, 2003) 

and therefore tends to decrease the pH of the system to which it is added.  As long as the 

pH of the system remains between 6 and 8, insoluble polymeric aluminum hydroxide 

(Al(OH)3) will dominate (May et al., 1979) and P inactivation results.  If the pH 

decreases to between 4 and 6 soluble intermediates will occur, releasing bound P(Cooke 

et al., 1993a).  Below pH 4 soluble Al3+ dominates which may result in Al toxicity 

(Cooke et al., 1993b), and at pH 8 or greater the aluminate ion (Al(OH)4
-) dominates due 

to its amphoteric nature, releasing bound P and increasing soluble Al (Cooke et al, 
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1993a).  Aluminate, similar to Al3+, is associated with Al toxicity in plants (Kinraide, 

1990, Eleftheriou et al., 1993; Ma et al., 2003; Malecki-Brown and White, 2007b).   

While alum has been used for P inactivation in eutrophic lakes since 1968 

(Blomquist et al., 1971) there has been little research done on its potential effectiveness 

in aging treatment wetlands with reduced P sorption capacities (Simon, 2003; DB 

Environmental, Inc., 2004; Malecki-Brown and White, 2007a; Malecki-Brown and 

White, 2007b; Malecki-Brown et al., 2007a).  Additionally, there is not a clear 

comprehension of the impact of increased Al concentrations on the biomass and activity 

of the microbial community, and therefore nutrient cycling of alum-treated ecosystems.   

The rate of microbial activity and structure of the microbial community is largely 

dependent on environmental factors.  Both size and activity of the microbial pool 

influences the nutrient removal of a wetland (White and Reddy, 1999; White and Reddy 

2003) as well as the removal of other emerging contaminants (White et al., 2006a).  

Microbes are generally sensitive to both soil acidity (Degens et al., 2001) and soluble Al 

(Illmer et al., 1995; Robert, 1995; Pina and Cervantes, 1996).  The microbial biomass, 

therefore, has the potential of being a sensitive indicator of impact to soil nutrient 

dynamics (Powlson and Jenkinson, 1981) due to alum application.  This is due to the 

close relationship between microbial biomass nutrients and levels of mineralizable 

nutrients available in the soil (Jenkison and Ladd, 1981; Illmer et al., 1995; Gutknecht et 

al., 2006).   

An alum study by Connor and Martin (1989) on a shallow New Hampshire lake 

suggested that the dissolved oxygen (D.O.) concentrations within the lake may have been 

affected by suppression in activity or reduction in the population of microorganisms, 
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however neither was measured.  Malecki-Brown and White (2007a) carried out a 

laboratory core study utilizing various Al amendments and determined an inverse 

relationship existed between Al dose and microbial biomass and activity.  In contrast, 

several studies of phytoplankton in acidic lakes have shown increased phosphatase 

production to compete for phosphate in the presence of high Al concentrations (Jansson, 

1981; Bittl et al., 2001).  It is possible that alum application may cause similar results 

within the water column or surface soil, stimulating microbial activity or enzyme 

production in order to compete for the organically-bound P.   

Therefore, the objective of this study was to assess the size and activity of the 

microbial pool, with respect to alum application, to better understand effects of alum on P 

cycling both spatially and temporally within a treatment wetland.  Additionally the 

characterization of soil P was necessary to determine shifts in exchangeable, metal oxide, 

hydroxide-bound, and organically-bound P pools due to alum application which may not 

only influence soil microbial mineralization, but also nutrient availability to aquatic 

macrophytes.  The hypothesis was that long-term application of low-dose alum would 

affect the bioavailability of metals and nutrients within the soil, and in turn impact 

microbial biomass and activity within a constructed wastewater treatment wetland.  

Materials and Methods 

Site Description 

The Orlando Easterly Wetlands (OEW) Reclamation Project located in Orange 

County, is one of the oldest and largest constructed treatment wetlands in the United 

States, located east of Orlando in Christmas, FL.  The wetland was built in 1986, 

designed by Post, Buckley, Schuh & Jernigan, Inc. for the City of Orlando’s Iron Bridge 

Regional Water Pollution Control Facility (WPCF) which needed an alternative discharge 
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point for its wastewater effluent (Burney et al., 1989).  The main goal in designing the 

system was to use macrophytes to facilitate additional nutrient removal for an average 

daily flow of up to 132,489 m3d-1 of effluent from the Iron Bridge WPCF before 

discharging into the St. Johns River (Black and Wise, 2003). 

The 494 ha wetland rests on a 664 ha piece of land located 3.2 km west of the main 

channel of the St. Johns River (SJR).  Historically, the land had been part of the riparian 

wetland adjacent to the SJR, but was drained for pasture by a cattle ranch around the turn 

of the last century (Burney et al., 1989).  The site has a natural topographic gradient of 

4.6 m downward from west to east allowing water to flow by gravity through a series of 

cells with an average elevation drop across each cell of approximately 1 m (Martinez and 

Wise, 2003) (Figure 5-1).  Water exits the wetland through a weir control structure and 

flows into a receiving ditch.   From there water can flow directly to the SJR or by sheet 

flow through Seminole Ranch, a natural marsh adjacent to the OEW owned by the St. 

Johns River Water Management District. 

 The overall average influent TP concentration from 1988 to 2005 was 0.22 mg  

L-1, however, annual inflow TP concentrations ranged from 0.02 – 3.30 mg L-1 during the 

same time period.  Since its inception, the OEW has exceeded performance expectations.  

The TP discharge permit limit established by the Florida Department of Environmental  

Protection is 0.2 mg L-1 (Wang et al., 2006).  From 1988 to 1995 the average TP 

discharged was 0.07 mg L-1 (Sees and Turner, 1997), however TP values have been 

considerably higher from December to February in recent years (Wang et al., 2006).   

 

 



118 

 

 

 

 

 

Figure 5-1.   

 

 

 

 

 

 

 

 

Figure 5-1.  Site map of Orlando Easterly Wetland, Christmas, Florida.  Typha spp. 
dominated cell 9 served as the control, and cell 10 was treated with alum for one year.  

 
Transect Establishment 

May 23, 2005 duplicate belt transects 2.5 m wide were established in each cell 

stretching from the inflow weir on the southwest of each cell to the two outflow weirs on 

the northeast end.  Each transect was divided into four plots spaced to capture any 

resultant gradients formed from alum application.  The plots were established at 0-10 m, 

10-35 m, 35-80 m, and 80-150 m from the inflow and marked using 2.5 m polyvinyl 

chloride poles that were pounded into the soil using dead-blow mallets and remained 

throughout the study (Figure 5-2). 

 

Project 
Location 

Created by: Lynette Malecki 
Dated: 12/30/04 

2 

1 

3 

4 

5 

6

7 

8 

9 

10 

11 

12 
15

13 

14

16

17

18
Lake



119 

 

 
Figure 5-2.  Map of study transects established in cell 9 and 10 of the Orlando Easterly 

Wetland, Christmas, Florida. 

 
Experiment Initiation 

Beginning August 3, 2005, commercial grade liquid alum (General Chemical 

Corp.) was pumped via a solar-charged chemical injection pump to the inflow of cell 10 

through volume regulated black polyethylene tubing at an average rate of 0.24 g Al m-2 d-

1 for one year resulting in a total addition of 88.6 g Al m-2.  Water samples were collected 

weekly for the first three months, then every other week for the remainder of the study.  

Created by: Lynette Malecki Brown 
Dated: 12/11/06 
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In addition, plant and soil samples were collected at time 0 (Aug. 2005), 4 mo. (Dec. 

2005), 8 mo. (April 2006), and 12 mo. (Aug. 2007).   

Triplicate soil cores were collected from each transect plot and sectioned into 0-5 

cm and 5-10 cm intervals for a total of 96 samples.  Soil was placed in labeled Ziploc 

bags within ice-filled coolers for transport to the laboratory.  Samples were then 

transferred to polyethylene containers and refrigerated at 4° C for characterization.  The 

following physicochemical variables were measured on the sectioned soil samples: pH, 

bulk density (Blake and Hartge, 1986), mass loss on ignition (LOI), TP and total Al 

(AlT), oxalate-extractable Al (Alox) (McKeague and Day, 1966), microbial biomass P 

(MBP), soil oxygen demand (SOD) (APHA, 1992; Fisher and Reddy, 2001; Malecki et 

al., 2004), potentially mineralizeable P (PMP), inorganic P fractionation (Reddy et al., 

1998; Reddy et al., 1995), and 1N HCl – extractable metals.  Microbial biomass P was 

determined by a 24 h chloroform fumigation-extraction (CFE) technique (Brookes et al., 

1982; Hedley and Stewart, 1992; Ivanoff et al., 1998).  The PMP rate was determined 

using an anaerobic, waterlogged incubation at 40º C (Chua, 2000; Malecki-Brown and 

White, 2007a).  

 Total P analysis involved combustion of 0.5 g oven-dried subsamples at 550° C for 

4 h in a muffle furnace followed by dissolution of the ash in 6 M HCl on a hot plate 

(Andersen, 1976).  Total P was analyzed using an automated ascorbic acid method 

(Method 365.4, USEPA, 1993) while AlT was determined by inductively coupled argon 

plasma spectrometry (model Vista MPX CCD simultaneous ICP-OES manufactured by 

Varian, Inc., Walnut Creek, CA) at λ= 396.152 nm (Barnes, 1975; Campbell et al., 1983; 

Easthouse et al., 1993; Rydin and Welch, 1999; Rydin et al., 2000; Method 200.7, 
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USEPA, 1993).   Ash content was calculated to determine mass loss on ignition (LOI), 

indicating the organic matter content in the wetland soil (Lim and Jackson, 1982).  The 

amount of Al present in crystalline form was calculated as the difference between the AlT 

and Alox (Dolui and Chakraborty, 1998).  Acid-extractable Ca, Mg, Fe, and Al 

concentrations were determined from oven-dried soil treated with 25 mL of 1.0 M HCl 

and placed on a reciprocal shaker for 3 h.  The supernatant was filtered through 0.45-μm 

membrane filters and analyzed by inductively coupled argon plasma spectrometry 

(DeBusk et al., 1994; Reddy et al., 1998; Malecki et al., 2004).   

X-ray Diffraction Analysis 

Soil fractionation is often required to simplify the complexity of mineralogical data 

so that isolation and identification of specific phases can be determined (Amonette, 

2002).  It is often used to isolate the silt and clay minerals for use in x-ray diffraction 

(XRD).  Triplicate soil samples originating from the first plot of each transect (~10 m 

from inflow) in the control and alum-treated cell after 12 mo. of alum application were 

selected for analysis.   

The first step in the process was to remove all excess porewater and associated salts 

from soil samples by centrifuging soil for 10 minute at 6000 rpm and removing the 

supernatant via syringe.  Next, the sand fraction was separated from the silt and clay by 

wet sieving the soil through a 270 mesh sieve using distilled water.  The silt+clay fraction 

was collected and used for XRD to identify the minerals present (Whitting and Allardice, 

1986), and in particular any crystalline sulfate or Al forms present in the alum-treated 

soil.  Suspension mounts were dewatered by suction onto ceramic tiles that were then 

stored in desiccators to prevent cracking or contamination until run on the x-ray 

diffractometer.   
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Statistical Analysis 

Data normality was determined using the Kolmogorov-Smirnov test (Minitab 

13.32, 2000) and data were transformed to fit a normal distribution (Microsoft Excel, 

2000).  One-way ANOVAs and multiple comparisons by Tukey’s W were used on all 

soil characterization variables to determine significant differences (p<0.05) between the 

control and treated cell (Minitab 13.32, 2000).  Linear regression analysis and Pearson 

product correlation coefficients were used to determine significant (p<0.05) relationships 

(Microsoft Excel, 2000).   

Results and Discussion 

Soil Physicochemical Characteristics 

Bulk Density and LOI 

There were no significant differences in bulk density or organic matter content 

between cells at the initiation of the study at either soils depth (Table 5-1, Table 5-2).  

During the winter sampling the subsurface soil in the control cell had significantly greater 

organic matter content as indicated by LOI and significantly (p<0.005) lower bulk 

density than the subsurface soil in the alum-treated cell.  By the end of the experiment the 

surface soil of the alum-treated cell had significantly (p<0.005) more organic matter and 

lower bulk density than the control cell.  Alum is not only used for P removal, but also to 

clarify turbid lakes by acting as a source of positive electrolytes, causing them to settle 

out of the water column (Davis and Gloor, 1981; Berg and Berns, 1985).  Thus the ability 

of the positively charged alum floc to bind organic matter by neutralizing the negatively-

charged particles (Sparling and Lowe, 1998; Van Hullebusch et al., 2002) may have 

resulted in the higher soil LOI.   
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Table 5-1.  Soil physicochemical characterization data for the 0-5 cm depth in the Orlando Easterly Wetland.  Values are means ± 1 
standard deviation (n=3). 

Parameter 
Distance 

from   
Alum 

     
Control 

  
   inflow (m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 
Bulk Density 0-10 1.22 ± 0.49 0.95 ± 0.29 1.00 ± 0.45 0.03 ± 0.03 0.11 ± 0.14 0.77 ± 0.56 0.70 ± 0.46 0.11 ± 0.09 

g cm-3 10-35 0.13 ± 0.17 0.15 ± 0.10 0.08 ± 0.06 0.07 ± 0.04 0.06 ± 0.04 0.06 ± 0.07 0.13 ± 0.11 0.22 ± 0.26 
  35-80 0.04 ± 0.01 0.13 ± 0.12 0.12 ± 0.15 0.05 ± 0.05 0.05 ± 0.03 0.04 ± 0.05 0.04 ± 0.02 0.06 ± 0.02 
  80-150 0.02 ± 0.01 0.11 ± 0.17 0.02 ± 0.00 0.01 ± 0.01 0.10 ± 0.15 0.16 ± 0.33 0.04 ± 0.01 0.06 ± 0.05 

Soil pH 0-10 6.5 ± 0.5 5.1 ± 0.4 4.8 ± 0.1 5.8 ± 0.1 5.9 ± 0.2 6.0 ± 0.9 6.7 ± 0.3 6.8 ± 0.1 
  10-35 7.1 ± 0.6 6.8 ± 0.1 6.8 ± 0.1 6.8 ± 0.1 6.2 ± 0.6 6.2 ± 0.5 6.6 ± 0.3 6.7 ± 0.1 
  35-80 7.0 ± 0.5 6.7 ± 0.2 6.8 ± 0.1 6.9 ± 0.1 6.2 ± 0.4 6.8 ± 0.1 6.7 ± 0.1 6.8 ± 0.1 
  80-150 6.8 ± 0.5 6.8 ± 0.1 7.0 ± 0.1 7.0 ± 0.0 6.4 ± 0.4 6.8 ± 0.1 6.9 ± 0.1 6.9 ± 0.1 

LOI† 0-10 12.5 ± 13.1 3.18 ± 3.23 4.3 ± 3.64 72.4 ± 22.2 62.3 ± 20.5 16.7 ± 25.6 12.9 ± 19.2 39.3 ± 21.2 
% 10-35 69.9 ± 21.3 57.1 ± 23.1 65.3 ± 10.1 68.1 ± 8.35 54.3 ± 28.8 63.4 ± 19.2 47.5 ± 27.2 45.9 ± 24.0 
  35-80 85.1 ± 1.52 66.7 ± 21.8 68.5 ± 21.2 72.5 ± 12.2 76.4 ± 2.90 67.9 ± 21.2 77.5 ± 4.34 60.6 ± 11.5 

  80-150 87.2 ± 2.41 74.6 ± 26.2 89.5 ± 2.63 64.5 ± 22.9 71.5 ± 27.1 67.9 ± 30.2 70.0 ± 8.18 57.9 ± 25.5 
  † LOI = loss on ignition. 
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Table 5-2.  Soil physicochemical characterization data for the 5-10 cm depth in the Orlando Easterly Wetland.  Values are means ± 1 
standard deviation (n=3). 

Parameter 
Distance 

from   Alum    Control   

  
 inflow 

(m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 
Bulk 

Density 0-10 1.44 ± 0.24 1.40 ± 0.31 1.40 ± 0.30 0.56 ± 0.58 0.32 ± 0.21 0.60 ± 0.55 0.60 ± 0.34 0.39 ± 0.31 
g cm-3 10-35 0.59 ± 0.34 0.65 ± 0.21 0.52 ± 0.27 0.39 ± 0.29 0.35 ± 0.18 0.47 ± 0.45 0.38 ± 0.19 0.44 ± 0.33 

  35-80 0.18 ± 0.12 0.45 ± 0.28 0.41 ± 0.32 0.32 ± 0.15 0.05 ± 0.01 0.12 ± 0.15 0.06 ± 0.04 0.23 ± 0.27 
  80-150 0.10 ± 0.05 0.48 ± 0.44 0.14 ± 0.12 0.62 ± 0.61 0.41 ± 0.52 0.17 ± 0.22 0.30 ± 0.31 0.41 ± 0.35 

Soil pH 0-10 5.7 ± 0.3 4.9 ± 0.5 4.8 ± 0.1 5.7 ± 0.1 5.4 ± 0.6 5.9 ± 0.8 6.6 ± 0.3 6.8 ± 0.2 
  10-35 6.2 ± 0.6 6.7 ± 0.1 6.8 ± 0.2 6.9 ± 0.1 5.4 ± 0.4 6.3 ± 0.4 6.3 ± 0.6 6.7 ± 0.1 
  35-80 6.5 ± 0.5 6.6 ± 0.2 6.7 ± 0.2 6.8 ± 0.2 6.5 ± 0.6 6.9 ± 0.3 6.8 ± 0.0 6.8 ± 0.0 
  80-150 6.0 ± 0.1 6.7 ± 0.2 6.9 ± 0.1 7.0 ± 0.1 6.1 ± 0.2 6.9 ± 0.2 6.9 ± 0.1 6.9 ± 0.1 

LOI† 0-10 2.62 ± 3.21 1.53 ± 1.86 2.16 ± 3.62 39.8 ± 40.1 34.2 ± 28.5 20.2 ± 15.4 13.4 ± 6.99 21.4 ± 0.13 
% 10-35 40.2 ± 22.7 13.8 ± 5.75 28.9 ± 15.7 38.1 ± 27.2 38.5 ± 15.4 35.3 ± 30.4 22.3 ± 14.9 18.5 ± 0.13 

  35-80 82.4 ± 3.55 35.9 ± 27.0 51.1 ± 32.3 38.4 ± 22.1 73.6 ± 11.5 54.6 ± 28.5 62.3 ± 16.4 44.5 ± 0.26 
  80-150 79.6 ± 3.46 35.1 ± 25.3 68.9 ± 21.3 34.3 ± 40.6 35.0 ± 28.5 53.0 ± 31.6 32.2 ± 30.8 31.4 ± 0.33 

     † LOI = loss on ignition. 
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Overall, bulk density was significantly greater (p<0.05 all year) in the subsurface 

5-10 cm layer (Table 5-2) than in the surface 0-5 cm (Table 5-1) while the opposite was 

true of the organic matter content (p<0.01 all year) throughout the entire study.  Organic 

matter deposition and decomposition at the soil surface most likely resulted in the higher 

surface LOI.   The increased organic matter in the surface layer allows the soil to remain 

porous, thereby decreasing the bulk density (Brady and Weil, 1999) as indicated by a 

significant inverse correlation between the two variables for all four sampling events.   

During the first three sampling events there were also significant differences in 

bulk density and LOI spatially within the cells.  The bulk densities in the surface soil of  

plots closest to the inflow were significantly higher than all those further from the inflow 

while the opposite was true of LOI at the 4 and 8 mo. sampling events, and at time 0 the 

10 m plot had significantly less organic matter than the 80 and 150 m plots, 

corresponding to the inverse relationship between the two variables.  This result was 

expected because the inflow culverts of both cells have a very high rate of hydraulic 

loading which only allows the heavy sand particles to settle out in close proximity.  

Vegetation is primarily dominated by seasonal SAV within a 1-2 m radius of inflows, 

with detrital accumulation typically being carried downstream for deposition, while dense 

Typha stands dominate the remainder of the cells, explaining the higher LOI and lower 

bulk densities. 

Soil pH 

As discussed previously, one concern when dosing an aquatic system with alum is 

the possible reduction in water column or soil pH.  At experiment initiation, the alum cell 

(10) had significantly greater surface soil pH values (Table 5-1) than the control cell 

while in the following three samplings there were no significant differences in pH 
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between the cells in either the surface or subsurface (Table 5-2).  This would suggest 

alum application did not impact the soil pH, however, average surface soil pH values did 

drop below 6 in the plots closest to the alum inflow during the 4, 8, and 12 mo. 

samplings.  At a pH between 4 and 6, soluble Al intermediates may occur releasing 

bound P, altering the toxicity and solubility of metals (Cooke et al., 1993b).   

Overall, soil pH was significantly greater (p<0.001) in the surface than subsurface 

at time 0, specifically in the plots closest to the inflow in both cells and the farthest plot 

in the experimental cell.  There were no significant differences with depth throughout the 

rest of the study, however the general trend was 0-5 cm ≤ 5-10 cm.  This was significant 

in the 35 m plot of alum cells during the 4 mo. winter sampling and 150 m plots of both 

cells during the 8 mo. spring sampling. 

There were no significant spatial differences in the surface soil pH at experiment 

initiation, while subsurface values in the farthest two plots were significantly greater than 

the plots closest to inflow in the control cell.  This was also the case for both cells in the 

0-5 and 5-10 cm layer during the 4 mo. sampling, and again for both layers in the alum 

cell during the last sampling event (Figure 5-3).  Soil pH was directly correlated (p<0.01) 

to organic matter content and inversely related to bulk density during the 4 and 8 mo. 

sampling events. 

Soil Total Phosphorus 

There were no significant differences in TP between cells with respect to both 

surface and subsurface soil layers, at initiation of the experiment (Table 5-3, Table 5-4).  

After four months of alum application, the subsurface soil in the alum-treated cell had 

significantly (p<0.005) lower P concentrations than the subsurface of the control cell.  At 

8 and 12 months after alum initiation the surface soil of the alum-treated cell had  
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Table 5-3a.  Soil nutrient data for the 0-5 cm depth in alum-treated cell 10 of the Orlando 
Easterly Wetland.  Values are means ± 1 standard deviation (n=3). 

Parameter Distance from   Time after alum initiation (mo)    
   inflow (m) 0 4 8 12 

Total P 0-10 188.5 ± 181.1 100.8 ± 76.57 648.5 ± 703.3 19658 ± 12781
mg kg-1 10-35 4790 ± 2364 3369 ± 2025 7985 ± 6827 17046 ± 13265

  35-80 9685 ± 1335 5075 ± 4944 10749 ± 10986 13202 ± 8634
  80-150 13050 ± 3028 8968 ± 5922 15879 ± 9267 11149 ± 9576

Total Ca 0-10 16587 ± 15896 1514 ± 1398 1476.9 ± 1201 36247 ± 8465
mg kg-1 10-35 95593 ± 27598 42893 ± 29858 45674 ± 17707 38800 ± 10028

  35-80 113773 ± 20432 71651 ± 61527 58476 ± 37843 40397 ± 6662
  80-150 89817 ± 4545 84749 ± 54151 132154 ± 37665 42861 ± 8280

Total Fe 0-10 7610 ± 4363 504.1 ± 712 222.2 ± 138 3152 ± 937 
mg kg-1 10-35 15835 ± 5662 7308 ± 4961 7366 ± 1762 5905 ± 1994 

  35-80 14552 ± 8983 9175 ± 8951 7758 ± 6134 4028 ± 1806 
  80-150 7517 ± 2902 7359 ± 3325 10601 ± 4303 3974 ± 436 

Total Mg 0-10 1725 ± 1583 145.1 ± 127 116.6 ± 97.1 3247 ± 910 
mg kg-1 10-35 7577 ± 2429 3398 ± 2233 3836 ± 1505 3165 ± 863 

  35-80 8324 ± 793.6 5486 ± 4666 4956 ± 3276 3219 ± 447 
  80-150 8039 ± 680.3 6674.6 ± 4249 12171 ± 3928 3935 ± 827 

 

 

Table 5-3b.  Soil nutrient data for the 0-5 cm depth in control cell 9 of the Orlando 
Easterly Wetland.  Values are means ± 1 standard deviation (n=3). 

Parameter Distance from   
Time after alum initiation 

(mo)    
   inflow (m) 0 mo 4 mo 8 mo 12 mo 

Total P 0-10 5467 ± 3364 622.9 ± 949.4 397 ± 680.3 2446 ± 1562 
mg kg-1 10-35 4324 ± 3801 4789 ± 3730 2584 ± 2736 2008 ± 1607 

  35-80 6322 ± 1119 4549 ± 2211 5194 ± 1493 2717 ± 1128 
  80-150 8399 ± 4078 6722 ± 3373 3713 ± 418 4331 ± 3711 

Total Ca 0-10 69435 ± 33267 10114 ± 17091 5219 ± 8537 27922 ± 9493 
mg kg-1 10-35 70309 ± 21370 51668 ± 36877 28024 ± 28762 23020 ± 11010

  35-80 118696 ± 42119 65585 ± 31791 72115 ± 19312 33159 ± 7981 
  80-150 88951 ± 33616 72169 ± 35248 54841 ± 21992 33508 ± 18950

Total Fe 0-10 19401 ± 6968 2452 ± 4501 2001 ± 2858 6747 ± 1413 
mg kg-1 10-35 24451 ± 17212 13583 ± 8789 6593 ± 4948 7690 ± 4658 

  35-80 21330 ± 7260 12830 ± 6482 17401 ± 4440 7235 ± 1322 
  80-150 21915 ± 9150 10356 ± 4822 9190 ± 2605 5254 ± 2485 

Total Mg 0-10 6038 ± 2920 794.2 ± 1255 449.8 ± 698 2550 ± 807 
mg kg-1 10-35 5960 ± 2326 4115 ± 3210 2535 ± 2694 1969 ± 1028 

  35-80 8445 ± 1216 5505 ± 2679 6132 ± 1500 2826 ± 724 
  80-150 7321 ± 2879 5660 ± 2771 4515 ± 1695 2600 ± 1209 
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Table 5-4a.  Soil nutrient data for the 5-10 cm depth in alum-treated cell 10 of the 
Orlando Easterly Wetland.  Values are means ± 1 standard deviation (n=3). 

Parameter Distance from  Time after alum initiation (mo)  
   inflow (m) 0 4 8 12 

Total P 0-10 35.72 ± 25.9 43.45 ± 39.13 128.4 ± 176.0 2756 ± 2911 
mg kg-1 10-35 922.7 ± 741.3 160.9 ± 65.36 895.5 ± 683.9 5280 ± 10663

  35-80 7854 ± 1585 2233 ± 3885 2778 ± 2792 571.7 ± 289.2
  80-150 6113 ± 1032 1001 ± 843.6 4318 ± 2340 1819 ± 3404 

Total Ca 0-10 3939 ± 1797 3790 ± 6802 20020 ± 16938 18689 ± 16240
mg kg-1 10-35 50459 ± 23500 4276 ± 1448 37159 ± 44534 19883 ± 13101

  35-80 77144 ± 10559 23494 ± 43944 37061 ± 47337 35467 ± 50298
  80-150 79076 ± 3442 14784 ± 12989 48417 ± 34845 17687 ± 19250

Total Fe 0-10 1849 ± 1015 569.6 ± 734.1 3053 ± 2471 2215 ± 1958 
mg kg-1 10-35 12502 ± 10454 663 ± 269.4 5835 ± 6701 3146 ± 2150 

  35-80 13663 ± 17062 3069 ± 5984 6377 ± 7700 2847 ± 2395 
  80-150 10274 ± 1679 2192 ± 1568 6839 ± 3955 2417 ± 1264 

Total Mg 0-10 408.4 ± 244.3 136.4 ± 119.3 1541 ± 1242 1412 ± 1333 
mg kg-1 10-35 4009 ± 2209 353.2 ± 119.2 3248 ± 3862 1714 ± 1097 

  35-80 5811 ± 1472 1989 ± 3659 3251 ± 4066 2823 ± 3646 
  80-150 6399 ± 492 1122 ± 910.2 3900 ± 2758 1573 ± 1500 

 

 

Table 5-4b.  Soil nutrient data for the 5-10 cm depth in control cell 9 of the Orlando 
Easterly Wetland.  Values are means ± 1 standard deviation (n=3). 

Parameter Distance from   Time after alum initiation (mo)   
   inflow (m) 0 mo 4 mo 8 mo 12 mo 

Total P 0-10 1392 ± 1528 458.6 ± 378.7 242.6 ± 136.6 589.0 ± 404.6 
mg kg-1 10-35 935.9 ± 539.3 2814 ± 3954 461.8 ± 384.3 415.5 ± 319.8 

  35-80 6179 ± 2747 3233 ± 2685 3270 ± 1810 1737 ± 1411 
  80-150 1524 ± 1707 3901 ± 3230 1172 ± 2030 1891 ± 2873 

Total Ca 0-10 38635 ± 20350 5907 ± 34800 3237 ± 2313 10541 ± 5760 
mg kg-1 10-35 39918 ± 19628 27209 ± 36130 5815 ± 5810 9130 ± 6336 

  35-80 86492 ± 11178 45968 ± 39577 53988 ± 29881 24544 ± 14569
  80-150 45664 ± 32839 49263 ± 40065 33637 ± 27367 20121 ± 19455

Total Fe 0-10 50310 ± 53546 4062 ± 6596 2016 ± 2142 4436 ± 3323 
mg kg-1 10-35 17528 ± 6722 8013 ± 10451 2079 ± 929 4218 ± 1966 

  35-80 21232 ± 16328 9982 ± 8375 12425 ± 6849 5551 ± 3077 
  80-150 15215 ± 5434 7600 ± 5352 5639 ± 3954 4031 ± 2780 

Total Mg 0-10 3934 ± 2075 557.8 ± 2896 284.1 ± 159.5 1127 ± 671.9 
mg kg-1 10-35 3089 ± 1250 2228 ± 3042 552.8 ± 554.9 802.7 ± 576.7 

  35-80 7039 ± 815.3 3859 ± 3348 4514 ± 2524 2118 ± 1262 
  80-150 3761 ± 2670 3804 ± 3046 2813 ± 2313 1533 ± 1390 
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significantly more P than that of the control, while there were no significant differences 

in the 5-10 cm layer.  An increase in soil TP was expected in the alum-treated cell since 

the alum floc should continually bind P from the water column, eventually settling to the 

soil surface.  The P- enriched alum floc then acts to retard P release from the sediment to 

the water column (Peterson et al., 1973; Connor and Martin, 1989), not only binding 

mobile P but also P bound to Fe (Rydin and Welch, 1998).  This may explain why after 4 

months of alum application the subsurface P was significantly lower, as the mobile and 

Fe-bound P migrated upward due to the high P adsorption properties (Huang et al., 2002) 

of the alum floc.  However, once all Al adsorption sites were occupied on the initial 

settled floc layer, P diffusing upward replenished the available sites on the Fe (Rydin et 

al, 2000) resulting in no significant differences between cell subsurface layers in the last 

two sampling events.   

Total P concentrations were significantly greater (p<0.005) in the surface soil 

(Table 5-3) than subsurface (Table 5-4) throughout the entire study, similar to the organic 

matter content.  Loss on ignition and TP were significantly positively correlated with 

each other at time 0, 4 and 8 months.  Nutrient content typically increases with an 

increase in organic matter (Farnham and Finney, 1965).  Additionally, TP concentrations 

were significantly greater (p<0.001) during both August samplings (time 0 and 12 mo.) 

than during the December and April samplings which may be attributed to seasonal 

uptake and release by Typha spp.  During maximum growth in the spring Typha spp. 

uptakes nutrients primarily from the soil (Crowder, 1991; Rai et al., 1995; Sparling and 

Lowe, 1998; Thiebaut and Muller, 2000), however during senescence in late July through 
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August P is translocated to the rhizomes or released by decomposition (Davis, 1984; 

Emery and Perry, 1995) increasing soil TP concentrations. 

Similar to the spatial pattern in LOI and soil pH there were significantly lower 

(p<0.001) TP concentrations in the first two plots closest to the inflow than in the back 

two plots for both cells at both depths at the start of the experiment.  This was also the 

case in the surface soil at the 0-10 m plot during the 4 and 8 mo. samplings while in the 

final sampling TP values were so variable there were no significant spatial differences at 

either depth. 

Total Calcium and Magnesium 

There were no significant differences in surface soil Ca or Mg concentrations 

throughout the first three sampling events (Table 5-3).  During the 12 mo. sampling 

however, the alum-treated cell had significantly more Ca and Mg than the control cell.  

During the winter, 4 mo. sampling subsurface Ca and Mg concentrations were both 

significantly greater in the control cell than in the alum cell, while there were no 

significant differences in the other three samplings (Table 5-4). 

Throughout the entire study both Ca and Mg concentrations were significantly 

greater (p<0.005) in the surface soil (Table 5-3) than subsurface (Table 5-4) similar to the 

organic matter and TP content of the soil.  Surface soil Ca and Mg concentrations were 

consistently correlated (p<0.05) with each other throughout the study.  Both variables 

were also directly correlated with LOI and TP (p<0.01) throughout.  Additionally, in both 

cells Ca and Mg concentrations were significantly greater at the start of the study than in 

the latter three samplings while the 12 mo. summer sampling had significantly higher 

concentrations than during the 4 and 8 mo., winter and spring samplings.  This seasonal 
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pattern may be attributed to the growth and decomposition of Typha since the same trend 

was also seen in soil TP. 

Spatially, Ca and Mg concentrations were significantly lower (p<0.001) in the first 

plot closest to the inflow than in the back two plots for both cells at both depths at the 

start of the experiment, as well as the subsurface soil in the 10-35 m plot having lower 

(p<0.001) quantities than the 35-80 m plot.  During the 4 and 8 mo. samplings both 

variables were significantly lower in the plot closest to the inflow than at all other plots 

along the transect in both the surface and subsurface soil.  In the final sampling, similar to 

TP values, Ca and Mg concentrations were so variable there were no significant spatial 

differences at either depth. 

Total Iron 

Total Fe concentrations were significantly greater (p<0.05) in both the surface and 

subsurface soil layers of the control cell throughout the entire study as compared to 

concentrations in the alum-treated cell (Table 5-3, Table 5-4), possibly due to natural 

mineralogical variations.  There was no significant difference in Fe concentrations with 

depth initially, but Fe was significantly greater (p<0.05) in the surface 0-5 cm soil than 

subsurface 5-10 cm layer in the remaining three samplings.  In both cells initial Fe 

concentrations were significantly greater than during all other samplings, similar to the 

trend in Ca and Mg concentrations as well.  Surface soil Fe concentrations were directly 

correlated to Ca and Mg concentrations during the winter and spring samplings. 

Spatial differences in Fe concentrations were not as pronounced as those of other 

variables with no differences in either soil layer at the initiation or completion of the 

study.  At the 4 and 8 mo. samplings surface soil Fe concentrations were significantly 
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lower in the 0-10 m plot, closest to the inflow, than in all other plots along the transect.  

The same was true of the subsurface soil during the 8 mo. sampling. 

Soil Aluminum Characterization 

Total Aluminum 

Surface soil AlT concentrations increased five times or more in the alum-treated 

cell from experiment start to finish while in the control cell AlT decreased to 33% of the 

original concentration (Table 5-5).  Thus at time 0 the control cell had significantly more 

Al in both the 0-5 and 5-10 cm soil layers than the designated cell to be treated with 

alum.  After four months of alum application (~ 29 g Al m-2) there was no longer a 

difference in surface soil AlT concentrations but the control cell still had significantly 

more Al in the subsurface (Table 5-6).  By the 8 and 12 mo. samplings the alum-treated 

cell had significantly higher surface soil AlT concentrations than the control and there 

were no significant differences in subsurface concentrations.  The surface soil AlT 

concentrations were directly correlated (p<0.01) to both the amorphous Alox and 

calculated crystalline Al throughout the study with all Al forms showing good agreement.  

Additionally AlT was positively correlated to soil TP in all but the first sampling 

suggesting a direct relationship between the amount of Al present and TP bound. 

There were no significant differences in AlT concentration with depth at the start of 

the study but from the 4 mo. sampling on, concentrations were significantly greater 

(p<0.005) in the surface than subsurface.  As mentioned, the control cell AlT 

concentrations were significantly greater at the start of the experiment than during all 

other samplings while the opposite was true in the alum-treated cell where the 12 mo. AlT 

concentrations were significantly greater than the previous three. 
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Spatial differences in AlT were highly variable resulting in no significant 

differences in the first or last sampling.  At the 4 and 8 mo. samplings surface soil AlT 

concentrations were significantly lower in the 0-10 m plot, closest to the inflow, than in 

all other plots along the transect.  The same was true of the subsurface soil during the 8 

mo. sampling similar to the spatial pattern in total Fe. 

Amorphous Aluminum 

Initially and in the 4 mo sampling there was significantly more Alox in both the surface 

and subsurface soil of the control cell as compared to the alum-treated cell (Table 5-5, 

Table 5-6).  However, in the last two samplings the alum-treated surface soil had 

significantly higher amorphous Al than the control with no significant differences in the 

subsurface similar to the AlT results.  The increased amorphous Al can be attributed to 

the addition of alum in the treated cell which took over 4 months of continuous low 

dosage application to exceed the natural mineralogical source of Alox in the control cell. 

Throughout the entire study Alox concentrations were significantly greater (p<0.005) in 

the surface soil (Table 5-5) than subsurface (Table 5-6) similar to the LOI and TP 

concentrations.  This was expected in the cell receiving alum due to the settling floc, but 

it was also true of the control cell due to the natural Al associated with organic matter.  

Interestingly, surface soil TP concentrations were not directly correlated (p<0.01) to Alox 

concentrations until the 8 and 12 mo. samplings, similar to the time period it took for the 

addition of Al in the form of alum to exceed the natural Al concentration present in the 

control cell, providing further evidence that the alum floc was effectively binding P. 

Additionally, when comparing samplings the initial samples from the alum-treated 

cell had significantly less (p<0.001) Alox than concentrations during the remaining



134 

 

Table 5-5a.  Aluminum characterization for the 0-5 cm depth interval in alum-treated cell 
10 of the Orlando Easterly Wetland.  Values are means ± 1 standard deviation 
(n=3). 

Parameter Distance from   Time after alum initiation (mo)   
   inflow (m) 0 4 8 12 

Total Al† 0-10 7962 ± 8412 1273 ± 1926 2261 ± 2122 57706 ± 62904
mg kg-1 10-35 19497 ± 8520 14736 ± 7984 64270 ± 71435 90036 ± 77158

  35-80 11845 ± 3498 15067 ± 15218 47071 ± 56929 58500 ± 61525
  80-150 4915 ± 742.6 11478 ± 5408 30321 ± 9558 89262 ± 88539

Oxalate Al† 0-10 38.81 ± 54.29 409.7 ± 332.5 1441 ± 1875 26796 ± 32545
mg kg-1 10-35 444.5 ± 191.8 2807 ± 1970 14892 ± 12706 39489 ± 35905

  35-80 414.0 ± 183.9 1412 ± 1256 10089 ± 12368 25848 ± 28398
  80-150 234.3 ± 90.39 1089 ± 515.9 2955.8 ± 1079.6 37635 ± 36995

Crystalline Al† 0-10 5974 ± 7725 5229 ± 7950 93.21 ± 98.23 31010 ± 30491
mg kg-1 10-35 19052 ± 8357 2720 ± 4644 49378 ± 59032 50548 ± 42692

  35-80 11432 ± 3494 6718 ± 7926 36982 ± 44683 32652 ± 33203
  80-150 4680 ± 692.3 1407 ± 1451 27992 ± 10331 51627 ± 52891
† Total Al extracted via acid digestion (Andersen, 1976); oxalate Al extracted using acid oxalate 
(McKeague and Day, 1966); crystalline Al calculated as total – oxalate (Dolui and Chakraborty, 
1998). 

 

Table 5-5b.  Aluminum characterization for the 0-5 cm depth interval in control cell 9 of 
the Orlando Easterly Wetland.  Values are means ± 1 standard deviation 
(n=3). 

Parameter Distance from   Time after alum initiation (mo)   
   inflow (m) 0 4 8 12 

Total Al 0-10 30033 ± 14861 2980 ± 3898 2405 ± 3459 9213 ± 920.8
mg kg-1 10-35 27027 ± 11784 20213 ± 15353 9843 ± 10165 8584 ± 3156 

  35-80 24209 ± 3687 16416 ± 7931 18825 ± 3875 8935 ± 2354 
  80-150 14754 ± 4285 11257 ± 5511 9455 ± 4763 5469 ± 2878 

Oxalate Al 0-10 3501 ± 2109 337.5 ± 258.9 623.8 ± 734.2 1528 ± 186.3
mg kg-1 10-35 2955 ± 1276 2672 ± 1081 1647 ± 1022 1760 ± 716.7

  35-80 2011 ± 156.8 1757 ± 576.4 1931 ± 145.5 1560 ± 503.7
  80-150 1331 ± 574.7 1334 ± 601.8 1203 ± 364.7 977.9 ± 386.0

Crystalline Al 0-10 26532 ± 12904 5596 ± 4595 1780.8 ± 2727 7685 ± 786.8
mg kg-1 10-35 24072 ± 10631 14956 ± 12642 8196 ± 9184 6823 ± 2471 

  35-80 22198 ± 3700 15674 ± 7433 16711 ± 4443 7375 ± 1861 
  80-150 13423 ± 3823 5952 ± 7350 8252 ± 4429.5 4491 ± 2550 
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Table 5-6a.  Aluminum characterization for the 5-10 cm depth interval in the alum-
treated cell 10 of the Orlando Easterly Wetland.  Values are means ± 1 
standard deviation (n=3). 

Parameter Distance from   Time after alum initiation (mo)   
   inflow (m) 0 4 8 12 

Total Al 0-10 1520 ± 1985 1241 ± 2300 2507 ± 2686 5367 ± 4030 
mg kg-1 10-35 10360 ± 7443 842.3 ± 404.8 2563 ± 2633 26523 ± 51213

  35-80 11323 ± 6313 4170 ± 8362 11006 ± 14215 6040 ± 5050 
  80-150 12625 ± 2092 2748 ± 1846 8152 ± 3795 8398 ± 4766 

Oxalate Al 0-10 48.45 ± 42.77 129.1 ± 70.60 347.8 ± 633.5 1416 ± 2005 
mg kg-1 10-35 166.4 ± 121.7 204.9 ± 70.38 800.9 ± 856.8 12487 ± 27669

  35-80 389.6 ± 303.0 318.0 ± 293.2 10010 ± 1043 1267 ± 1427 
  80-150 595.6 ± 112.2 457.6 ± 166.2 785.3 ± 263.4 2478 ± 2448 

Crystalline Al 0-10 1471 ± 1950 2540 ± 3097 200.1 ± 150.2 3951 ± 2486 
mg kg-1 10-35 10194 ± 7330 11704 ± 13486 1762 ± 1838 14036 ± 23608

  35-80 12086 ± 6529 10109 ± 9330 10005 ± 13225 4773 ± 4087 
  80-150 12029 ± 2045 3171 ± 5451 7367 ± 3597 6264 ± 2454 

 

 

Table 5-6b.  Aluminum characterization for the 5-10 cm depth interval in control cell 9 of 
the Orlando Easterly Wetland.  Values are means ± 1 standard deviation 
(n=3). 

Parameter Distance from   Time after alum initiation (mo)   
   inflow (m) 0 4 8 12 

Total Al 0-10 26863 ± 15340 4003 ± 8661 2097 ± 1174 7121 ± 4251 
mg kg-1 10-35 16232 ± 6133 12303 ± 16175 2434 ± 1645 4174 ± 1556 

  35-80 18288 ± 3167 11956 ± 10254 13649 ± 8489 6628 ± 3778 
  80-150 11008 ± 7735 8193 ± 6867 6215 ± 5465 5185 ± 4875 

Oxalate Al 0-10 1183 ± 683.8 899.4 ± 579.3 580.5 ± 278.9 944.0 ± 559.6
mg kg-1 10-35 650.7 ± 250.7 2049 ± 1865 661.8 ± 402.5 750.9 ± 313.3

  35-80 1559 ± 205.0 1339 ± 861.0 1536 ± 612.4 1117 ± 705.3
  80-150 677.3 ± 674.0 971.9 ± 640.2 812.4 ± 673.0 673.1 ± 617.1

Crystalline Al 0-10 24380 ± 16079 5458 ± 11919 1517 ± 929.9 6176 ± 3721 
mg kg-1 10-35 15581 ± 5922 11383 ± 14214 1772 ± 1252 3423 ± 1245 

  35-80 16729 ± 3005 11328 ± 8481 10443 ± 6121 5510 ± 3081 
  80-150 10330 ± 7075 6470 ± 5738 5731 ± 5689 4512 ± 4300 
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three sampling events.  At 4 months, the alum-treated soil Alox was significantly less than 

at 8 and 12 months, and in the final sampling the alum-treated soil had a significantly 

greater Alox than at all other sampling times.  Thus while control surface Alox remained  

stable throughout the study averaging 1.70 ± 0.87 g kg-1 the amorphous Al continued to 

increase in the surface soil of the experimental cell due to the continuous alum 

application. 

There were no significant differences in either the surface or subsurface soil at the 

initial, 4, or 12 mo. sampling due to high spatial variability between transects.  Only in 

the April, 8 mo. sampling event was the Alox in the 0-10 m plot significantly less than the 

35 and 80 m plots in the surface soil, and less than that in the 80 m plot in the subsurface 

soil.  This, suggests that the alum floc did not readily settle out until flow velocity 

decreased away from the inflow, carrying the alum through the cell. 

Crystalline Aluminum 

Crystalline Al concentrations followed the same temporal trend as that of AlT.  At 

time 0 the control cell had significantly more crystalline Al in both soil layers than cell 

10.  After four months of alum application there was no longer a difference in surface soil 

crystalline Al concentrations but the control cell still had significantly more Al in the 

subsurface (Table 5-6).  By the 8 and 12 mo. samplings the alum-treated cell had 

significantly higher surface soil crystalline Al concentrations than the control and there 

were no significant differences in subsurface concentrations.  Similar to Alox 

concentrations, surface soil TP concentrations were not directly correlated (p<0.01) to the 

crystalline Al concentrations until the 8 and 12 mo. samplings, suggesting not only that 

the Al hydroxide floc was binding P but also may have been transforming into a more 

crystalline phase able to incorporate P into the structure.   
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However, when the change in ratio of Alox / AlT over time was calculated, 

crystallization, or the significant decrease in the Alox / AlT ratio (Mahaney et al., 1991; 

Bera et al., 2005), did not occur.  Rather, the ratio increased in both cells with the time 0 

ratio significantly less than at all other sampling periods.  Additionally, the change in Alox 

/ AlT ratio was significantly greater in the alum-treated cell than the control as would be 

expected due to the increase in amorphous Al.   

Similar to the AlT, there were no significant differences in crystalline Al 

concentration with depth at the start of the study but from the 4 mo. sampling on, 

concentrations were significantly greater (p<0.005) in the surface than subsurface.  Also, 

the control cell crystalline Al concentrations were significantly greater at the start of the 

experiment than during all other samplings while the opposite was true in the alum-

treated cell where the 12 mo. Al concentrations were significantly greater than the 4 and 

8 mo. sample concentrations. 

Spatial differences in crystalline Al were highly variable with no significant 

differences in either soil layer during the first or last sampling.  At the 4 and 8 mo. 

samplings surface soil Al concentrations were significantly lower in the 0-10 m plot, 

closest to the inflow, than in all other plots along the transect. 

Soil Microbial Characteristics 

Microbial Biomass Phosphorus 

Measurements of MBP are used to assess the importance of the microbial pool in P 

cycling, measuring the P immobilized in microbes, thus serving as an indicator of 

microbial pool size in the system as well as indicating organic P removal efficiency 

(Kunc, 1994; Powlson, 1994).  At the start of the experiment microbial biomass was 

significantly greater in the surface layer of the control cell than in the experiment cell 
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while there were no significant differences in the subsurface soil (Table 5-7, Table 5-8).  

During the winter and spring samplings there were no significant differences between 

cells in the surface soil, however the control had significantly greater microbial biomass 

in the subsurface layer than the alum-treated cell.  Additionally, microbial biomass levels 

were significantly lower in December and April than they were during the two summer 

August sampling events for both cells which can be attributed to the cold seasonal 

temperatures which reduce biological processes (McDonnell and Hall, 1969).   

Surprisingly, by the final sampling there was significantly more microbial biomass 

in the surface soil of the alum-treated cell than the control with no significant differences 

in the subsurface. Previous short-term studies had indicated decreased soil pH and 

increased Al due to alum application had significantly reduced MBP (Malecki-Brown 

and White, 2007a; Malecki-Brown et al., 2007a).  Recall, by the final sampling event the 

surface soil of the alum-treated cell had significantly greater TP (bound in the floc layer) 

than the control cell which may have stimulated the increase in biomass if the microbes 

were able to access the Al-bound nutrients (Jansson, 1981; Bittl et al., 2001).  Increased 

microbial biomass with increased nutrient concentrations has been documented in other 

systems (Reddy et al., 1999b; White and Reddy, 2000; Malecki et al., 2004) however 

those systems were not alum-treated. 

There were no significant differences in MBP with depth at experiment initiation, 

however in all three remaining sampling events MBP was significantly greater (p<0.05) 

in the surface than subsurface (Table 5-7, Table 5-8).  This may be explained by the 

decrease in TP and LOI with depth as well, decreasing nutrient availability to the 

microbial pool.  There were also no spatial differences in MBP at time 0 however during  
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Table 5-7.  Microbial characterization of the 0-5 cm surface soil in cell 9 and 10 of the Orlando Easterly Wetland.  Values are means ± 
1 standard deviation (n=3). 

Parameter 
Distance 

from   Alum    
Control 

  
   inflow (m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 

MBP† 0-10 6.16 ± 8.62 1.25 ± 2.63 0.46 ± 0.92 150 ± 92.0 72.4 ± 77.9 10.8 ± 11.7 3.46 ± 2.46 79.7 ± 57.3 
mg kg-1 10-35 32.5 ± 49.5 26.5 ± 32.7 57.6 ± 33.7 53.8 ± 31.8 52.9 ± 50.9 83.0 ± 77.4 36.7 ± 40.5 69.2 ± 47.8 

  35-80 68.9 ± 46.1 78.6 ± 71.5 60.7 ± 42.1 82.3 ± 58.5 146 ± 35.3 80.2 ± 53.6 73.7 ± 29.9 57.6 ± 29.5 
  80-150 28.1 ± 26.0 70.0 ± 48.5 177 ± 89.5 227 ± 103 82.0 ± 67.9 133 ± 68.9 131 ± 87.1 82.7 ± 50.9 

SOD† 0-10 6.71 ± 4.11 3.59 ± 2.41 5.04 ± 9.16 76.1 ± 108 58.0 ± 28.3 5.62 ± 6.84 8.24 ± 9.49 38.2 ± 30.1 
mg kg-1hr-1 10-35 34.7 ± 24.0 34.4 ± 28.3 50.6 ± 27.1 21.6 ± 21.0 60.7 ± 38.1 33.6 ± 10.3 37.6 ± 20.1 40.1 ± 34.2 

  35-80 72.5 ± 15.8 36.7 ± 16.5 44.7 ± 18.2 23.1 ± 14.7 124 ± 40.5 32.3 ± 18.4 45.6 ± 11.6 25.0 ± 9.06 
  80-150 119 ± 51.0 63.1 ± 54.3 87.1 ± 27.4 29.4 ± 43.0 102 ± 81.0 55.4 ± 29.1 65.0 ± 35.6 21.5 ± 14.6 

PMP† 0-10 1.10 ± 0.74 0.44 ± 0.32 0.91 ± 1.16 41.4 ± 35.7 19.3 ± 20.1 1.56 ± 2.79 2.02 ± 2.10 39.6 ± 33.6 
mg kg-1d-1 10-35 16.4 ± 11.8 8.02 ± 9.24 29.5 ± 26.1 62.0 ± 87.1 12.2 ± 9.12 11.1 ± 6.89 21.3 ± 16.4 22.7 ± 11.8 

  35-80 33.2 ± 17.4 10.9 ± 9.58 14.5 ± 10.3 40.3 ± 28.4 15.1 ± 10.2 10.9 ± 6.80 16.7 ± 4.72 14.4 ± 10.3 
  80-150 24.9 ± 12.5 8.22 ± 11.2 36.8 ± 14.1 35.6 ± 23.0 27.0 ± 14.9 28.5 ± 18.3 22.2 ± 10.3 13.1 ± 11.0 

  † MBP = microbial biomass phosphorus; PMP = potentially mineralizeable phosphorus; SOD = soil oxygen demand. 
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Table 5-8.  Microbial characterization of the 5-10 cm subsurface soil in cell 9 and 10 of the Orlando Easterly Wetland.  Values are 
means ± 1 standard deviation (n=3). 

Parameter Distance from   Alum    Control   
   inflow (m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 

MBP† 0-10 6.70 ± 11.1 0.68 ± 1.28 0.13 ± 0.21 16.5 ± 11.3 50.7 ± 61.9 2.59 ± 2.93 3.29 ± 1.80 13.8 ± 6.56 
mg kg-1 10-35 67.5 ± 45.9 3.20 ± 1.98 5.50 ± 5.66 13.4 ± 12.2 36.4 ± 47.2 44.2 ± 69.2 8.81 ± 11.8 12.1 ± 12.8 

  35-80 203 ± 161 15.1 ± 29.7 9.74 ± 17.6 19.4 ± 17.7 149 ± 111 28.3 ± 26.5 32.0 ± 17.1 38.0 ± 28.3 
  80-150 5.67 ± 2.83 18.0 ± 13.9 36.3 ± 29.6 74.1 ± 81.7 13.6 ± 12.8 76.7 ± 81.5 47.4 ± 59.8 18.3 ± 29.5 

SOD† 0-10 3.21 ± 0.77 3.61 ± 5.60 2.19 ± 3.44 57.3 ± 60.8 24.1 ± 16.7 9.17 ± 7.64 5.66 ± 4.89 11.3 ± 5.42 
mg kg-1hr-1 10-35 6.90 ± 5.10 5.77 ± 2.84 6.24 ± 3.26 24.8 ± 23.7 18.3 ± 7.29 16.7 ± 23.6 12.8 ± 9.87 11.2 ± 8.37 
  35-80 19.1 ± 11.7 11.8 ± 12.4 13.1 ± 9.32 35.5 ± 42.4 103 ± 15.1 24.2 ± 14.4 29.3 ± 11.7 13.1 ± 8.31 
  80-150 31.6 ± 14.6 9.07 ± 4.80 25.0 ± 15.3 102 ± 129 18.4 ± 16.4 32.9 ± 25.8 24.2 ± 18.5 13.8 ± 15.5 

PMP† 0-10 0.10 ± 0.06 0.12 ± 0.15 0.41 ± 0.67 2.88 ± 3.93 1.30 ± 1.19 0.99 ± 0.65 1.01 ± 0.94 6.80 ± 4.94 
mg kg-1d-1 10-35 1.82 ± 1.55 0.87 ± 0.99 0.85 ± 0.87 4.22 ± 4.31 1.15 ± 0.89 5.98 ± 9.06 2.06 ± 3.48 4.16 ± 4.61 

  35-80 5.00 ± 5.33 3.06 ± 5.79 4.64 ± 9.14 4.45 ± 5.92 16.9 ± 11.9 15.8 ± 14.4 8.07 ± 4.01 7.73 ± 6.29 
  80-150 10.8 ± 4.77 1.95 ± 3.26 7.64 ± 8.30 6.01 ± 8.24 5.27 ± 7.87 20.3 ± 16.1 6.70 ± 6.33 4.35 ± 7.59 

  † MBP = microbial biomass phosphorus; PMP = potentially mineralizeable phosphorus; SOD = soil oxygen demand. 
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the 4 and 8 mo. samplings MBP 0-10 m from the inflow was significantly lower than 

MBP at plots farthest from the inflow in both cells at both depths corresponding to the 

spatial differences in LOI and TP during the same time periods.  Both LOI and TP were 

directly correlated (p<0.05) to MBP in the surface layer at time 4 and 8 mo. as well as in 

the subsurface during the first three samplings.   During the last sampling only LOI was 

correlated to subsurface MBP. 

Soil Oxygen Demand 

Soil oxygen demand is used as an indicator of the activity of the microbial 

population.  Soil oxygen demand was significantly greater in the control cell than 

experimental cell at the start of the experiment in both the surface and subsurface soil and 

continued to be the case in the subsurface soil after 4 and 8 months (Table 5-7, Table 5-

8).  This corresponds to the greater microbial biomass as indicated by MBP in the control 

cell.  The SOD was significantly (p<0.05) correlated to MBP in the surface soil during 

the first three samplings and in the subsurface during the 4 and 8 mo. samplings.  Soil 

oxygen demand was also correlated to TP and LOI during the first three sampling events 

in both soil layers indicating not only population growth but also microbial activity is 

dependant upon available nutrients.  In the final sampling however, the 5-10 cm soil layer 

in the alum-treated cell had significantly greater SOD than the control cell and was not 

correlated with any of the parameters. 

 Throughout the first 8 months of the experiment SOD rates were significantly 

greater (p<0.005) in the surface soil (Table 5-7) than subsurface (Table 5-8) similar to the 

MBP concentrations during the winter and spring samplings.  Generally microbes in the 

surface layer are able to use the available labile substrates while more recalcitrant 

material is left for microbes in the subsurface layer resulting in lower levels of activity 
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(Henrichs and Reeburgh, 1987).   Soil oxygen demand rates were also significantly lower 

in the 4 mo., December sampling than during the two summer August sampling events 

for both cells which can be attributed to the cold seasonal temperatures which reduce 

biological activity (McDonnell and Hall, 1969).  Similar to the spatial pattern in MBP, 

LOI, and TP, SOD rates closest to the inflow were significantly lower (p<0.001) than 

SOD rates farthest from the inflow in surface soil at time 0, 4 and 8 mo. and in the 

subsurface at 4 and 8 months.   

Potentially Mineralizable Phosphorus 

Potentially mineralizable P rates serve as another indicator of microbial activity 

although in this experiment results were highly variable.  There were no significant 

differences in PMP rates between cells at either the beginning or end of the experiment in 

either soil layer (Table 5-7, Table 5-8).  During the December sampling surface soil in 

the control cell had greater PMP rates than in the alum-treated cell, and the same was true 

of the subsurface soil during the April sampling.  There were significant (p<0.01) 

positive correlations between PMP rates, LOI, and TP in both soil layers at the start of the 

experiment.  During the December sampling PMP rates were directly correlated (p<0.01) 

with LOI and MBP in both the surface and subsurface, while subsurface rates were also 

correlated with TP concentrations.   

April PMP rates were significantly correlated to LOI, TP, soil pH, and MBP in 

both layers, excluding soil pH in the subsurface.  In the final summer sampling PMP rates 

were significantly correlated to surface soil TP and subsurface LOI, TP, and MBP.  

Additionally there was significant correlations (p<0.01) between PMP and SOD rates in 

the surface soil at time 4 and 8 mo. as well as in the subsurface during the first three 
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samplings indicating good agreement between the two measures of microbial activity 

used in this experiment. 

Throughout the entire study PMP rates were significantly greater (p<0.05) in the 

surface than subsurface, similar to trends in MBP, SOD, TP, and LOI.  As previously 

mentioned, microbes in the surface layer are able to use the available labile substrates 

while more recalcitrant material is left for microbes in the subsurface layer resulting in 

lower levels of activity (Henrichs and Reeburgh, 1987).   Similar to the SOD rates, PMP 

rates were also significantly lower in the December sampling than during the two 

summer sampling events which can be attributed to the cold seasonal temperatures which 

reduce biological activity (McDonnell and Hall, 1969).  Spatially similar to most other 

soil variables, PMP rates in the sandy area closest to the cell inflow were significantly 

lower than PMP rates farthest from the inflow in both cells at both depths during the first 

three samplings (Figure 5-8).  There were no significant differences with distance for the 

12 mo. sampling due to increased transect variability. 

Soil Phosphorus Forms 

Overall averages of organic P (Po) and inorganic P (Pi) were essentially equivalent 

in the cell treated with alum averaging 46% Pi and 54% Po in the 0-5 cm surface soil 

while in the control cell there was substantially less Pi averaging 24% and substantially 

more Po averaging 76%.  Of even greater importance is the change in Pi versus Po in the 

surface soil over the course of the experiment.  At time 0 both cells had the majority of P 

bound organically, both averaging 32% Pi and 68% Po.  However, after receiving twelve 

months of alum, 60% of the P in cell 10 was inorganically bound and only 40% remained 

in the organic form while Pi in the control cell remained constant at 32% and 68% Po.   



144 

 

Surprisingly, alum effects were also observed in the subsurface 5-10 cm layer 

despite both physical and microbial parameters suggesting that the Al hydroxide floc 

remained at the surface.  At the start of the experiment subsurface Pi averaged 28% and 

Po 72% in both cells, very similar to the surface soil.  By the 12 mo. sampling subsurface 

Pi was nearly equal to Po averaging 46% in the alum-treated cell while in the control cell 

Pi remained constant at 28% similar to the surface soil.  All P fractions were significantly 

greater (p<0.05) in the surface layer than subsurface (Table 5-9 through Table 5-12) 

similar to the TP values previously discussed.  The overall decrease in P storage capacity 

with depth can be attributed to the decrease in metal concentrations (Al, Ca, Fe, Mg) 

available for P sorption with depth (Table 5-3 to Table 5-5).   

Soluble Phosphorus 

In the surface layer, KCl–extractable Pi consisting of labile, readily bioavailable P 

consistently made up the smallest fraction (0.02 – 12%) of the total P pool, remaining 

significantly lower than all other P fractions throughout the year (Table 5-9).  Soluble P 

concentrations were significantly greater in the surface soil of cell 10 at the start of the 

study, however there were no significant differences in surface KCl Pi concentrations 

between cells for the remainder of the study.  During the 4 mo. winter sampling, 

subsurface soil in the control cell had significantly greater KCl Pi concentrations than in 

the alum-treated cell but once again, there were no significant differences between cells 

for the remainder of the study (Table 5-10).  Overall, KCl Pi concentrations were 

significantly higher during the first sampling than the last in both cells, and the 4 mo. 

sampling was greater than both the 8 and 12 mo. samplings in the control cell. 

 In both surface and subsurface soil a spatial gradient in soil soluble P 

concentrations was apparent in both the alum-treated and control cell.  At the start of the 
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Table 5-9.  Mean inorganic phosphorus fractionation data from the 0-5 cm soil layer in cell 9 and 10 of the Orlando Easterly Wetland. 
Values are means ± 1 standard deviation (n=3). 

Parameter 
Distance 

from   Alum     Control   
   inflow (m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 

KCl Pi 0-10 3.18 ± 4.04 1.88 ± 2.75 0.15 ± 0.15 29.0 ± 33.5 11.0 ± 7.03 3.75 ± 3.58 2.94 ± 4.56 9.14 ± 6.27 
mg kg-1 10-35 12.0 ± 10.5 6.02 ± 4.44 1.73 ± 1.51 1.64 ± 1.93 9.19 ± 6.89 19.3 ± 19.5 6.31 ± 6.90 5.48 ± 5.01 

  35-80 31.0 ± 18.5 25.1 ± 15.6 7.56 ± 12.9 2.67 ± 2.17 16.1 ± 8.81 22.9 ± 17.1 13.2 ± 8.02 6.50 ± 4.13 
  80-150 121 ± 53.1 65.0 ± 40.6 80.0 ± 35.3 25.9 ± 23.1 30.9 ± 15.5 40.0 ± 30.4 18.0 ± 7.86 27.7 ± 39.5 
NaOH Pi 0-10 8.673 ± 7.271 35.65 ± 52.58 185.5 ± 262.4 3047 ± 3909 368.5 ± 268.8 51.28 ± 59.32 39.17 ± 46.76 116.8 ± 18.80 
mg kg-1 10-35 75.16 ± 35.93 381.7 ± 378.9 2215 ± 2208 4818 ± 5719 262.0 ± 172.3 266.7 ± 135.4 134.6 ± 110.2 150.0 ± 133.0 

  35-80 126.4 ± 14.17 242.3 ± 176.6 1261 ± 1684 2439 ± 2686 152.2 ± 31.46 133.5 ± 55.70 117.2 ± 21.68 92.57 ± 37.96 
  80-150 118.4 ± 24.05 153.0 ± 88.32 537.6 ± 278.3 3841 ± 3444 158.1 ± 77.92 144.6 ± 67.19 146.5 ± 42.18 103.6 ± 49.69 

HCl Pi 0-10 10.15 ± 5.995 17.82 ± 35.74 82.30 ± 168.1 126.0 ± 68.78 85.42 ± 49.99 26.75 ± 35.22 20.79 ± 16.50 273.2 ± 231.5 
mg kg-1 10-35 85.00 ± 61.55 96.46 ± 50.56 304.5 ± 239.2 257.7 ± 77.38 60.30 ± 38.29 93.07 ± 41.94 61.50 ± 55.07 66.46 ± 47.18 

  35-80 113.7 ± 45.02 187.4 ± 197.7 95.33 ± 84.74 119.0 ± 67.34 105.4 ± 86.31 149.0 ± 204.1 63.52 ± 18.07 85.14 ± 30.55 
  80-150 197.7 ± 87.82 173.1 ± 169.0 297.6 ± 112.4 161.9 ± 36.35 135.6 ± 79.46 157.9 ± 126.0 207.7 ± 192.1 196.5 ± 158.0 

TPi 0-10 22.01 ± 12.07 55.35 ± 90.93 268.0 ± 348.3 3202 ± 3944 464.9 ± 319.2 81.78 ± 97.14 62.90 ± 66.85 399.2 ± 224.7 
mg kg-1 10-35 172.2 ± 88.17 484.1 ± 408.6 2521 ± 2267 5077 ± 5741 331.5 ± 204.9 379.0 ± 187.2 202.4 ± 170.7 221.9 ± 169.1 

  35-80 271.1 ± 32.77 454.8 ± 305.8 1363 ± 1764 2561 ± 2727 273.7 ± 118.5 305.3 ± 250.3 193.9 ± 40.20 184.2 ± 55.43 
  80-150 437.4 ± 138.3 391.1 ± 262.1 915.3 ± 229.6 4028 ± 3448 321.2 ± 141.5 342.5 ± 202.9 372.1 ± 233.9 327.9 ± 190.2 
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Table 5-10.  Mean inorganic phosphorus fractionation data from the 5-10 cm soil layer in cell 9 and 10 of the Orlando Easterly 
Wetland. Values are means ± 1 standard deviation (n=3). 

Parameter 
Distance 

from   Alum     Control   
   inflow (m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 

KCl Pi 0-10 0.22 ± 0.30 1.30 ± 2.01 0.36 ± 0.25 3.10 ± 2.11 4.09 ± 6.16 1.99 ± 1.69 1.47 ± 0.83 2.04 ± 1.02 
mg kg-1 10-35 4.40 ± 4.60 1.17 ± 1.02 1.78 ± 1.40 0.57 ± 0.21 0.91 ± 0.47 12.1 ± 18.8 1.09 ± 1.27 1.04 ± 0.78 

  35-80 17.1 ± 11.0 9.82 ± 14.5 3.31 ± 3.29 1.12 ± 1.18 15.6 ± 6.44 22.5 ± 13.9 8.89 ± 4.12 2.90 ± 1.51 
  80-150 20.4 ± 13.1 8.10 ± 8.22 17.6 ± 15.7 4.26 ± 6.13 18.2 ± 22.8 18.5 ± 15.2 7.42 ± 7.18 2.80 ± 2.90 

NaOH Pi 0-10 3.649 ± 1.603 30.41 ± 39.00 44.81 ± 93.10 179.5 ± 291.3 89.92 ± 55.87 56.84 ± 36.78 35.42 ± 10.08 50.95 ± 25.80 
mg kg-1 10-35 24.66 ± 16.80 28.30 ± 18.97 77.26 ± 103.8 1234 ± 2959 47.22 ± 23.90 199.6 ± 257.6 35.55 ± 24.27 41.35 ± 20.06 

  35-80 80.12 ± 53.28 50.78 ± 86.78 115.4 ± 121.6 134.3 ± 125.7 138.2 ± 22.18 101.5 ± 52.58 94.17 ± 32.28 72.87 ± 44.98 
  80-150 100.0 ± 42.99 48.51 ± 28.65 94.73 ± 49.34 264.5 ± 279.2 59.71 ± 46.61 108.7 ± 71.81 72.00 ± 60.05 41.76 ± 47.16 

HCl Pi 0-10 1.706 ± 3.447 6.876 ± 11.95 29.62 ± 43.07 66.04 ± 64.44 15.84 ± 14.23 11.69 ± 10.90 16.67 ± 10.19 48.54 ± 34.43 
mg kg-1 10-35 18.73 ± 19.08 11.14 ± 13.01 21.35 ± 18.64 70.70 ± 73.44 14.64 ± 23.68 46.31 ± 58.41 19.23 ± 36.97 15.22 ± 16.65 

  35-80 169.6 ± 287.8 39.12 ± 58.87 79.11 ± 77.16 41.47 ± 31.42 107.3 ± 62.50 74.03 ± 49.72 51.77 ± 11.19 49.91 ± 19.62 
  80-150 251.6 ± 247.9 65.65 ± 56.03 191.8 ± 122.7 73.76 ± 52.91 17.93 ± 17.42 128.8 ± 17.76 64.04 ± 63.47 94.27 ± 119.3 

TPi 0-10 5.578 ± 4.023 38.59 ± 49.33 74.79 ± 115.4 248.6 ± 285.8 109.8 ± 73.83 70.52 ± 42.56 53.56 ± 9.873 101.5 ± 47.24 
mg kg-1 10-35 47.80 ± 36.22 40.61 ± 28.74 100.4 ± 120.8 1305 ± 3020 62.77 ± 46.34 257.9 ± 330.7 55.87 ± 61.07 57.62 ± 35.83 

  35-80 266.8 ± 296.9 99.71 ± 158.5 197.8 ± 183.3 176.9 ± 152.1 261.1 ± 84.97 198.0 ± 93.61 154.8 ± 26.35 125.7 ± 63.46 
  80-150 372.1 ± 232.5 122.3 ± 89.01 304.1 ± 160.9 342.5 ± 326.5 95.86 ± 78.87 256.0 ± 89.83 143.5 ± 130.3 138.8 ± 169.0 
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experiment the first two plots closest to the inflow in cell 10 and the second, 10-35 m plot 

in the control cell had significantly lower KCl Pi concentrations than the furthest two 

plots in both soil layers.  By the 4 mo. sampling the 0-10 m plot closest to the inflow still 

had significantly lower KCl Pi concentrations than the furthest two plots in both soil 

layers and the 10-35 m plot had significantly less P than the farthest plot of the alum-

treated cell.  The 0-10 m plot also had a lower soluble P concentration than the farthest 

(80-150 m) plot in the surface soil of the control cell.  There were no significant 

differences in the control cell during the last two samplings while in the alum-treated cell 

the first three plots stretching 0-80 m all had significantly less KCl Pi than the farthest 

plot from the alum source in surface soil at the 8 mo sampling.  The same was true of the 

10-35 m and 35-80 m plots in the final sampling. 

Calcium and Magnesium-bound Phosphorus 

The HCl-extractable Ca and Mg (HCl Pi ) bound in the control cell gradually 

increased (on a % basis) throughout the year, averaging 9-17% of the total P pool, while 

the percent bound to Ca and Mg in the alum-treated cell decreased from 14% initially to 

3% by the end of the study.  There was substantially less Mg in the soil than Ca (Table 5-

3, Table 5-4) suggesting the majority of P in the HCl Pi fraction was associated with Ca.  

Additionally, total Ca and Mg concentrations in the soil did not follow similar trends to 

the percent P-bound suggesting other influences.  In both cells, water column pH 

averaged 6.9 ± 0.4 throughout the study while soil pH values were slightly more acidic, 

in both cases favoring the binding of P to Fe and Al.  In the alum-treated cell, excess Al 

hydroxide sorption capacity may have been available to not only preferentially bind P 

naturally associated with Al and Fe within the soil but also P bound to Ca and Mg.  
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Temporal trends were variable.  In the first two samplings there were no significant 

differences in P concentrations bound to Ca and Mg between cells in the surface soil 

while during the winter concentrations were significantly greater in the subsurface soil of 

the control cell.  In the 8 mo. sampling the surface soil of the alum-treated cell had 

significantly more HCl Pi than the control on a concentration basis, while there were no 

significant differences between cells in the final sampling due once again to variability in 

the data.  Overall, HCl Pi concentrations were significantly higher in the alum-treated cell 

at the 12 mo. sampling than during the first two samplings. 

Spatial trends in HCl Pi were apparent with the last plot having significantly greater 

HCl Pi concentrations than all other plots in the surface and subsurface of cell 10 while in 

the control cell the 10-35 m had significantly lower concentrations than the 35-80 m plot 

in the subsurface soil.  At the 4 and 8 mo. samplings the first plot closest to the inflow 

had significantly less HCl Pi bound than the last plot in both layers of the control cell.  

There were no spatial differences in the alum-treated cell during the 4 mo. sampling 

while surface soil the first two plots had significantly less HCl Pi bound than the last plot 

in the 8 mo. sampling.  Similar to most variables, there were no significant spatial trends 

in the 12 mo. sampling due to high spatial variability between transects. 

Aluminum and Iron–bound Phosphorus 

The reactive NaOH-extractable P associated with both amorphous oxyhydroxide 

and crystalline Al and Fe oxides was the dominant fraction of inorganic P in both cells.  

In the control cell the percent P bound in the NaOH Pi fraction decreased from 22% 

initially to 14% of the total P by the end of the study corresponding to the 8% increase in 

HCl Pi mentioned previously.  In contrast, NaOH Pi in the alum-treated cell significantly 

increased from 12% at time 0 up to 57% on average by the 12 mo. sampling.   
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The NaOH Pi followed a nearly identical temporal trend to that of the AlT 

suggesting the majority of P in this fraction was bound to Al instead of Fe.  At time 0 the 

control cell had significantly greater NaOH Pi concentrations in both the 0-5 and 5-10 cm 

soil layers than the designated cell to be treated with alum (Table 5-9, Table 5-10).  After 

four months of alum application (~ 29 g Al m-2) there was no longer a difference in 

surface soil NaOH Pi but the control cell still had significantly more Al- and Fe-P in the 

subsurface.   

By the 8 and 12 mo. samplings the alum-treated cell had significantly higher NaOH 

Pi concentrations in both the surface and subsurface compared to the control which can 

be attributed to the addition of alum.  Furthermore, the time 0 and 4 mo. soil samples had 

significantly lower NaOH Pi concentrations than the 8 and 12 mo. samplings in the alum-

treated cell and even the 8 mo. sampling yielded significantly lower NaOH Pi 

concentrations than the 12 mo. alum-treated samples while there were no significant 

differences in NaOH Pi concentrations among sampling events in the control cell. 

Spatially, there was no significant difference in surface soil NaOH Pi at experiment 

initiation.  In the subsurface, plots closest to the inflow had significantly lower values 

than the 80 and 150 m plots in cell 10 and the 35 m plot was less than the 80 m plot in the 

control cell.  During the 4 mo. winter sampling both cells had significantly lower NaOH 

Pi concentrations in the surface soil of plots closest to the inflow compared to the 10-35 

m plots, continuing in the alum-treated cell through the 8 mo. sampling.  Data were 

highly variable due to the heterogeneous nature of the alum floc deposition resulting in 

no spatial differences in either layer during the final sampling.   
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Organically-bound Phosphorus 

The NaOH-extractable non-reactive P (NaOH Po) in the fractionation represents the P 

associated with humic and fulvic acids as well as bacteria incorporated P.  Values 

remained relatively constant in the control cell composing 33-38% of the total P while in 

the alum-treated cell the fraction increased from 27% initially to 35% by the end of the 

study.   The NaOH Po concentrations followed a nearly identical temporal trend to that of 

the Alox.  Initially and in the 4 mo sampling there was significantly more NaOH Po in 

both the surface and subsurface soil of the control cell as compared to the alum-treated 

cell (Table 5-11, Table 5-12).  However, in the last two samplings the alum-treated 

surface soil had significantly higher organic-bound P than the control with no significant 

differences in the subsurface.  Similar to the trend in NaOH Pi, the time 0 and 4 mo. soil 

samples had significantly lower NaOH Po concentrations than the 8 and 12 mo. samplings 

in the alum-treated cell and even the 8 mo. sampling yielded significantly lower NaOH Po 

concentrations than the 12 mo. alum-treated samples while there were no significant 

differences in NaOH Po concentrations among sampling events in the control cell. 

Spatially, there was no significant difference in surface soil NaOH Po at experiment 

initiation while in the subsurface the control cell had significantly greater concentrations 

at the 35-80 m plot than all others along the transect suggesting an area of organic 

deposition within the cell while in cell 10 the first two plots had significantly lower 

contents than the back two plots.  During the 4 mo. sampling there were no spatial 

differences in the alum-treated cell while in the control, surface soil NaOH Po in the first 

plot was significantly lower than in the last plot.  By the 8 mo. sampling surface soil of 

the alum-treated soil in the plot closest to the inflow was significantly lower than all
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Table 5-11.  Mean organic phosphorus derived from the inorganic phosphorus fractionation data from the 0-5 cm soil layer in cell 9 
and 10 of the Orlando Easterly Wetland. Values are means ± 1 standard deviation (n=3). 

Parameter 
Distance 

from   Alum     Control   
   inflow (m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 

NaOH Po 0-10 13.69 ± 12.22 39.49 ± 72.40 105.2 ± 160.4 2194 ± 2526 427.5 ± 281.6 74.63 ± 92.91 73.03 ± 109.1 282.1 ± 120.0 
mg kg-1 10-35 174.9 ± 91.68 351.1 ± 228.1 1267 ± 1051 2825 ± 2859 383.2 ± 213.2 482.9 ± 256.8 234.9 ± 189.8 263.2 ± 155.4 

  35-80 310.0 ± 50.21 358.4 ± 167.6 783.8 ± 1119 1361 ± 1296 399.9 ± 46.72 353.4 ± 132.6 300.4 ± 40.72 240.8 ± 81.79 
  80-150 319.1 ± 56.98 236.3 ± 136.8 645.5 ± 186.3 2458 ± 1706 395.3 ± 220.8 427.3 ± 200.6 390.2 ± 134.5 300.5 ± 164.2 

Residue Po 0-10 30.26 ± 29.60 36.78 ± 76.79 11.60 ± 14.25 260.4 ± 102.3 254.5 ± 120.2 92.96 ± 129.0 80.47 ± 127.8 280.7 ± 118.6 
mg kg-1 10-35 346.3 ± 192.8 236.0 ± 112.3 324.4 ± 115.6 336.0 ± 111.3 231.8 ± 124.2 369.8 ± 149.6 197.7 ± 134.5 219.4 ± 124.7 

  35-80 409.0 ± 71.09 416.8 ± 187.5 310.7 ± 160.9 277.9 ± 79.62 438.3 ± 66.35 388.1 ± 137.2 321.9 ± 70.47 326.7 ± 113.8 
  80-150 288.6 ± 87.68 280.9 ± 140.6 419.2 ± 156.4 265.7 ± 103.6 375.1 ± 226.6 425.5 ± 197.3 444.8 ± 122.7 350.8 ± 151.7 

Total Po 0-10 43.95 ± 41.72 76.27 ± 149.2 116.8 ± 174.2 2455 ± 2561 681.9 ± 393.7 167.6 ± 220.3 153.5 ± 236.8 562.8 ± 235.9 
mg kg-1 10-35 521.2 ± 260.3 587.2 ± 331.2 1592 ± 990.8 3161 ± 2830 615.0 ± 326.1 852.7 ± 402.8 432.5 ± 321.5 482.6 ± 275.9 

  35-80 718.9 ± 101.6 775.2 ± 351.4 1095 ± 1217 1639 ± 1293 838.3 ± 83.13 741.5 ± 260.5 622.4 ± 80.85 567.5 ± 194.9 
  80-150 607.6 ± 132.2 517.1 ± 273.5 1065 ± 246.2 2724 ± 1625 770.4 ± 439.9 852.8 ± 393.8 835.0 ± 249.7 651.3 ± 314.2 
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Table 5-12.  Mean organic phosphorus derived from the inorganic phosphorus fractionation data from the 5-10 cm soil layer in cell 9 
and 10 of the Orlando Easterly Wetland. Values are means ± 1 standard deviation (n=3). 

Parameter 
Distance 

from   Alum     Control   
   inflow (m) 0 mo 4 mo 8 mo 12 mo 0 mo 4 mo 8 mo 12 mo 

NaOH Po 0-10 7.774 ± 4.413 51.39 ± 72.75 34.20 ± 67.72 145.3 ± 151.2 160.4 ± 91.73 98.87 ± 73.01 56.50 ± 28.19 99.54 ± 46.90 
mg kg-1 10-35 47.26 ± 32.65 52.06 ± 35.14 70.64 ± 60.06 716.1 ± 1644 85.36 ± 26.98 299.5 ± 363.8 74.68 ± 41.42 88.51 ± 60.52 

  35-80 172.5 ± 124.8 84.20 ± 129.7 117.4 ± 113.8 112.8 ± 77.79 357.3 ± 65.00 259.5 ± 166.6 231.0 ± 106.8 194.7 ± 124.8 
  80-150 167.4 ± 67.42 75.52 ± 42.06 172.8 ± 90.61 264.2 ± 295.8 116.3 ± 102.0 299.8 ± 213.8 180.5 ± 157.1 93.79 ± 111.1 

Residue Po 0-10 5.680 ± 2.057 64.61 ± 96.81 8.595 ± 8.593 254.6 ± 269.4 169.4 ± 115.5 124.2 ± 94.88 75.48 ± 37.54 113.3 ± 61.55 
mg kg-1 10-35 97.23 ± 85.33 65.49 ± 30.86 102.5 ± 53.32 144.1 ± 100.4 102.1 ± 48.79 212.9 ± 240.8 96.64 ± 74.23 94.77 ± 72.69 

  35-80 455.0 ± 283.8 167.4 ± 198.0 198.6 ± 139.6 178.6 ± 132.0 406.2 ± 84.21 322.1 ± 160.7 307.8 ± 110.4 240.5 ± 136.7 
  80-150 510.7 ± 241.3 220.0 ± 165.9 369.6 ± 111.6 125.2 ± 124.5 163.1 ± 145.3 316.4 ± 206.7 199.2 ± 148.7 168.7 ± 186.1 

Total Po 0-10 13.45 ± 3.175 116.0 ± 169.5 42.79 ± 75.79 399.9 ± 302.7 329.9 ± 205.7 223.1 ± 167.8 132.0 ± 65.42 212.8 ± 105.7 
mg kg-1 10-35 144.5 ± 106.1 117.5 ± 59.90 173.1 ± 100.7 860.2 ± 1668 187.4 ± 73.55 512.4 ± 602.3 171.3 ± 115.3 183.3 ± 132.3 

  35-80 627.5 ± 391.1 251.6 ± 326.8 316.0 ± 251.0 291.4 ± 201.7 763.5 ± 140.4 581.6 ± 322.2 538.8 ± 213.7 435.1 ± 260.3 
  80-150 678.2 ± 303.2 295.6 ± 207.3 542.4 ± 183.4 389.4 ± 412.8 279.4 ± 247.3 616.2 ± 419.2 379.7 ± 305.5 262.4 ± 294.3 
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others along the transect while there were no significant differences in the subsurface or 

12 mo. sampling for either cell. 

Residual Phosphorus 

The residue Po represents the highly resistant refractory organic P and any other 

inert mineral P fractions not extracted with salt, acid, or base.  It composed 30-35% of the 

total P in the control cell and 30-42% of the total P in the alum-treated cell, remaining 

relatively constant throughout the study with no significant differences between cell 

concentrations or temporal differences in either layer, however, there were apparent 

spatial differences.   

At time 0, the plot closest to the inflow had significantly less residue Po than all 

others in cell 10 surface soil while in the subsurface, the first two plots had significantly 

lower values than the last two plots.  In the control cell, the 10-35 and 80-150 m plots had 

significantly lower residue Po concentrations than the 35-80 m plot subsurface soil similar 

to the NaOH Po concentrations, suggesting once again a high depositional area.  After 

four months, the plot closest to the inflow had significantly less residue Po than the plot 

farthest from the inflow in the surface of the control cell and subsurface of the alum-

treated cell.  Alum-treated surface soil in the first plot had less recalcitrant Po than the 35 

and 80 m plots during the 4 mo. sampling.  In surface soil during the spring 8 mo. 

sampling, 0-10 m plots in the alum cell had significantly less residue Po than all others 

and less than the 150 m plot in the control cell.  In the subsurface of the alum-treated the 

0-10 m plots continued to have significantly less residue Po than all others while in the 

control cell the first two plots contained less than the 35-80 m plot.  Spatial variability 

resulted in no significant differences in the last sampling similar to most variables. 
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X-Ray Diffraction  

 X-ray diffraction analysis of the combined silt and clay fraction within both cells 

revealed the predominance of quartz and presence of kaolinite (Al2Si2O5(OH)4) as well.  

The presence of organic matter in both cells was also indicated by a broad amorphous 

hump on the spectrum.  Surface soil samples from the 12 mo. sampling were used to 

detect any crystallization of the Al-bound P over the course of a year.  Over time this floc 

should slowly consolidate and crystallize as larger units of polymeric Al(OH)3 are formed 

(Burrows, 1977).  The exact transformation path of poorly crystalline to crystalline Al 

hydroxide is unclear (Bertsch and Parker, 1996) and, as these results suggest, may not 

occur in some wetlands due to the high concentration of organic acids present.  Humic 

and fulvic acids are high molecular weight acids that tend to prevent Al(OH)3  

crystallization because functional groups on the acids form stable complexes with the Al 

(Kodama and Schnitzer, 1980; Singer and Huang, 1990).  

Conclusions 

The long-term application of low-dosage alum had variable results.  Soil pH 

remained relatively constant throughout the experiment averaging 6.5, optimal for Al-P 

binding.  There was, however, a significant increase in surface soil Al associated with the 

hydrolyzed alum floc in the alum-treated cell.  Additionally there was a significant 

increase in surface soil TP bound by the alum floc over time which corresponded to eight 

times more NaOH Pi at the end of the study than at the beginning in the alum-treated cell.  

The increased soil TP can be attributed to the reduction in water column SRP, TDP, and 

TP concentrations by the hydrolyzed floc which then settles to the soil surface.   

 Despite these significant alterations in soil characteristics there appeared to be no 

discernable impact on the microbial population or activity throughout the year.  Nor did 
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alum application impact wetland soil mineralogy.  Therefore, alum may be considered as 

an effective, long-term management tool in aging treatment wetlands.  Phosphorus should 

remain bound within the floc layer and move downward in the soil profile as sediment 

and organic matter are deposited at the soil surface.  Caution should be taken, however, in 

implementing alum applications as both short-term core studies and a winter mesocosm 

experiment have shown negative impacts, including decreased microbial biomass and 

activity, Al toxicity in submerged aquatic vegetation, and increased particulate P export.
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CHAPTER 6 
SPATIAL AND TEMPORAL EFFECTS OF CONTINUOUS LOW-DOSAGE ALUM 

ON FIELD WATER QUALITY AND AQUATIC MACROPHYTE 
CHARACTERISTICS  

Introduction 

Alum (Al2(SO4)3·14H2O) is the chemical amendment used most often for 

phosphorus (P) inactivation in lakes and coagulation in the wastewater treatment 

industry.  When added to the water column alum dissociates, forming aluminum ions 

(Al3+) that are immediately hydrated. Through several rapid hydrolytic reactions an 

insoluble, gelatinous, poorly crystalline aluminum hydroxide (Al(OH)3) floc is formed 

(Ebeling et al., 2003). This floc has high P adsorption properties, removing both soluble 

and particulate P both by adsorption and physical entrapment (Galarneau and Gehr, 

1997).   

The controlling factor in the effectiveness and toxicity of alum is the pH of the 

system.  Alum solution itself has a pH of approximately 2.4 (Beecroft et al., 1995; Lind, 

2003) and therefore tends to decrease the pH of the system to which it is added.  As long 

as the pH of the system remains between 6 and 8, insoluble polymeric Al(OH)3 will 

dominate and P inactivation results (May et al., 1979).  If the pH decreases to between 4 

and 6 soluble intermediates will occur, releasing bound P (Cooke et al., 1993a).  Below 

pH 4 soluble Al3+ dominates which may result in aluminum (Al) toxicity (Cooke et al., 

1993b), and at pH 8 or greater the aluminate ion (Al(OH)4
-) dominates, due to its 

amphoteric nature, releasing bound P and increasing soluble Al (Cooke et al, 1993a).  
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Aluminate, similar to Al3+, is associated with Al toxicity in plants (Kinraide, 1990, 

Eleftheriou et al., 1993; Ma et al., 2003; Malecki-Brown and White, 2007b).   

The speciation of Al determines its mobility, bioavailability, and toxicity in aquatic 

ecosystems (Bertsch, 1990).  In the case of plants, Al(H2O)6
3+ (or simply referred to as 

Al3+), Al(OH)2+,and some complex polymers such as Al13O4(OH)24(H2O)12
7+ are the most 

toxic (Kinraide, 1991; Kochian, 1995), while the Al that complexes with organic anions 

is relatively harmless (Wickstrom et al., 2000).  Therefore, a clear comprehension of the 

quantity and Al form present is needed to assess the impact of increased concentrations in 

alum treated ecosystems.   

The uptake of bioavailable metals in aquatic macrophytes generally occurs via 

surface adsorption or absorption, followed by passive and active transport across cell 

membranes, incorporating metals into biochemical functions or storing them in a bound 

form (Outridge and Noller, 1991; Rai et al., 1995).  The pH of wetland soils is near 

neutral (6.5-7.5) typically favoring metal immobilization (Gambrell, 1994).  However, 

several studies have shown that wetland acidification can increase the bioavailability of 

metals resulting in elevated concentrations in aquatic plants (Lehtonen, 1989; Albers and 

Camardese, 1993; Jackson et al., 1993; Vazques et al., 2000; Cardwell et al., 2002; 

Gallon et al., 2004).   

While alum has been used for P inactivation in eutrophic lakes since 1968 

(Blomquist et al., 1971) there has been little research done on its potential effectiveness 

in aging treatment wetlands with reduced P sorption capacities (Simon, 2003; DB 

Environmental, Inc., 2004; Malecki-Brown and White, 2007a; Malecki-Brown and 

White, 2007b; Malecki-Brown et al., 2007a; Malecki-Brown et al., 2007b).  It is 
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important to determine how the long-term application of low-dose alum will affect the 

bioavailability of metals and nutrients within the water, soil, and in turn the macrophytes 

within constructed wastewater treatment wetlands.  All three compartments are critical in 

the nutrient cycling and treatment efficiency of P.  The hypothesis of this research was 

that alum application would improve P removal and overall water quality within a 

constructed wastewater treatment wetland while in no way impacting the vegetation 

within a Typha spp. dominated system. 

Materials and Methods 

Site Description 

The Orlando Easterly Wetlands (OEW) Reclamation Project located in Orange 

County, is one of the oldest and largest constructed treatment wetlands in the United 

States, located east of Orlando in Christmas, FL.  The wetland was built in 1986, 

designed by Post, Buckley, Schuh & Jernigan, Inc. for the City of Orlando’s Iron Bridge 

Regional Water Pollution Control Facility (WPCF) which needed an alternative discharge 

point for its wastewater effluent (Burney et al., 1989).  The main goal in designing the 

system was to use macrophytes to facilitate additional nutrient removal for an average 

daily flow of up to 132,489 m3d-1 of effluent from the Iron Bridge WPCF before 

discharging into the St. Johns River (Black and Wise, 2003). 

The 494 ha wetland rests on a 664 ha piece of land located 3.2 km west of the main 

channel of the St. Johns River (SJR).  Historically, the land had been part of the riparian 

wetland adjacent to the SJR, but was drained for pasture by a cattle ranch around the turn 

of the last century (Burney et al., 1989).  The site has a natural topographic gradient of 

4.6 m downward from west to east allowing water to flow by gravity through a series of 



159 

 

cells with an average elevation drop across each cell of approximately 1 m (Martinez and 

Wise, 2003) (Figure 6-1).  Water exits the wetland through a weir control structure and  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1.  Site map of Orlando Easterly Wetland, Christmas, Florida.  Typha spp.  
dominated cell 9 served as the control, and cell 10 was treated with alum for one year.  

 
 
flows into a receiving ditch.   From there water can flow directly to the SJR or by sheet 

flow through Seminole Ranch, a natural marsh adjacent to the OEW owned by the St. 

Johns River Water Management District.  Cells 1 through 12 and 15 are deep marsh, 

designed primarily for nutrient removal, planted with either cattails (Typha spp.), giant 

bulrush (Scirpus californicus), or a combination of the two.  Cells 13, 14, and 16 through 

18 consist of a mixed marsh dominated by submergent and emergent macrophytes 

including Ceratophyllum demersum, Limnobium spongia, Myriophyllum spicatum, Najas 
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guadalupensis, Nuphar luteum, Nymphaea odorata, Pontederia cordata, Sagittaria 

lancifolia, and Sagittaria latifolia.  These cells serve as a diverse wildlife habitat while 

continuing to provide nutrient removal (Martinez and Wise, 2003). 

The overall average influent total P (TP) concentration from 1988 to 2005 was 0.22 

mg L-1, however, annual inflow TP concentrations ranged from 0.02 – 3.30 mg L-1 during 

the same time period.  Since its inception, the OEW has exceeded performance 

expectations.  The TP discharge permit limit established by the Florida Department of 

Environmental Protection is 0.2 mg L-1 (Wang et al., 2006).  From 1988 to 1995 the 

average TP discharged was 0.07 mg L-1 (Sees and Turner, 1997), however, TP values 

have been considerably higher from December to February in recent years (Wang et al., 

2006).   

Pre-experiment Water Quality Monitoring 

Water quality parameters including pH, dissolved oxygen (D.O.), temperature, and 

conductivity were monitored at cell inflow and outflow weirs weekly for six months prior 

to experiment initiation (Feb. 3, 2005 – July 28, 2005) using a handheld YSI 85 (YSI 

Inc., Yellow Springs, OH).  Additionally, three types of water samples were collected 

from the inflow and outflows of each cell (Figure 6-2) using an ISCO portable peristaltic 

pump.  Samples included: unfiltered acidified for TP analysis; filtered (0.45-μm 

Whatman polydiscTM AS 50 mm inline filters) acidified for total dissolved P (TDP) and 

DOC; and filtered for soluble reactive P (SRP) and dissolved Al.  Acidified samples were 

collected in wide-mouth high density polyethylene (HDPE) 125 or 60 mL bottles and 

refrigerated at 4º C until digested and or analyzed.  Non-acidified samples were collected 

in 20 mL HDPE scintillation vials and frozen until analyzed via automated, colorimetric 

analysis for SRP (Method 365.1, USEPA, 1993).  Dissolved Al was determined by 
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inductively coupled argon plasma spectrometry (Vista MPX CCD simultaneous ICP-OES 

manufactured by Varian, Inc., Walnut Creek, CA) (Method 200.7, USEPA, 1993).  Water 

TP and TDP were digested by autoclaving and then analyzed colorimetrically (Method 

365.4, USEPA, 1993).  

Transect Establishment 

On May 23, 2005 duplicate belt transects 2.5 m wide were established in each cell 

stretching from the inflow weir on the southwest of each cell to the two outflow weirs on 

the northeast end.  Each transect was divided into four plots spaced to capture any 

resultant gradients formed from alum application.  The plots were established at distances 

of 0-10 m, 10-35 m, 35-80 m, and 80-150 m from the inflow and marked using 2.5 m 

polyvinyl chloride poles that were pounded into the soil using dead-blow mallets and 

remained throughout the study (Figure 5-2). 

To prevent constant disturbance of the cells by wading in to take weekly water 

samples along transects, black vinyl tubing (0.95 cm i.d.) was installed from the berms to 

the far interior of each plot.  Due to the unforeseen preference for chewing on vinyl by 

otters and muskrats over the next two months (Kadlec et al., 2007), all tubing was 

replaced with flexible black polyethylene tubing.  Pool filter pump baskets fitted with 

black poly hardware mesh (0.64 x 0.95 cm) fit over the uptake end of each tube to filter 

out soil and debris as well as prevent clogging within the tubing when using the 

peristaltic pump to retrieve water samples.   

Black tubing was used to prevent algae growth, and lines remained water-filled at 

all times such that the weight would keep them in place under the water surface or dense 

vegetation to prevent tube heating, as well as to maintain suction for easier sampling.  
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Depending on the transect sampled the pump was allowed to run from 20 sec to 4 min 

prior to sampling to assure a new, clean sample was collected. 

`

 

Figure 6-2.  Map of study transects established in cell 9 and 10 of the Orlando Easterly 
Wetland, Christmas, Florida. 

 
Experiment Initiation 

Beginning August 3, 2005, commercial grade liquid alum (General Chemical 

Corp.) was pumped via solar-charged pumps to the inflow of cell 10 through volume 
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regulated black polyethylene tubing at an average rate of 158 mL min-1 (60 gal d-1) for 

one year resulting in a total addition of 88.6 g Al m-2.  Water samples were collected 

weekly for the first three months, then every other week for the remainder of the study.  

In addition, plant and soil samples were collected at time 0 (Aug. 2005), 4 mo (Dec. 

2005), 8 mo (April 2006), and 12 mo (Aug. 2007).   

Plant biomass and tissue nutrient concentration were determined from triplicate 0.1 

m2 quadrats randomly selected and harvested from each field plot.  All above-ground 

plant material from living Typha plants within the quadrat was removed and placed in 

labeled Ziploc bags within ice-filled coolers for transport to the laboratory.  Plants were 

counted and rinsed thoroughly with tap and then distilled water, and all visible algae or 

epiphytes wiped off.  Plant tissue was then separated into live (green) and standing dead 

(brown) leaves which were counted, cut into roughly 10 cm pieces, placed in paper bags 

and weighed.  Bags were dried at 40º C until a constant weight was reached (APHA, 

1998) to determine biomass (g m-2) as well as the percent allocation of biomass to live 

and dead aboveground components (Smith and Newman, 2001).  The relative growth rate 

(RGR) of Typha was calculated as: RGR = ln(W2)–ln(W1)/(t2-t1) where W1 and W2 are 

the initial and final plant dry weights at time 0, 4, 8 (t1) and time 4, 8, and 12 mo. (t2) 

(Forchhammer, 1999; Brix et al., 2002; Hadad et al., 2006).  Tissue was then ground 

using a Wiley mill and analyzed for total C (TC) and total N (TN) using an Elemental 

Combustion ECS 4010 CHNS-O Analyzer (Costech Analytical Technologies, Inc., 

Valencia, CA).   

Total P and total metal analysis involved dry ashing 0.2 g oven-dried subsamples of 

plant tissue at 550° C for 4 h in a muffle furnace followed by dissolution of the ash in 6 
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M HCl on a hot plate (Gorsuch, 1970; Andersen, 1976; Jones et al., 1991).  Total P was 

analyzed using the automated ascorbic acid-molybdenum blue colorimetric method 

(Method 365.4, USEPA, 1993).  Initial and final plant samples were analyzed for total 

Al, calcium (Ca), potassium (K), iron (Fe), and magnesium (Mg) by inductively coupled 

argon plasma spectrometry (Vista MPX CCD simultaneous ICP-OES manufactured by 

Varian, Inc., Walnut Creek, CA) (Barnes, 1975; Campbell et al., 1983; Easthouse et al., 

1993; Rydin and Welch, 1999; Rydin et al., 2000; Method 200.7, USEPA, 1993).   

Total P and N concentrations were used to calculate the nutrient resorption 

efficiency (RE) (Killingbeck, 1996; Aerts et al., 1999) and nutrient use efficiency (NUE) 

(Vitousek, 1982).  The RE serves as a measure of nutrient conservation since in nutrient-

poor wetlands, plants tend to resorb and translocate the majority of nutrients from 

senescing tissue to belowground tissue for storage, therefore having a high RE.  Nutrient 

resorption efficiency was calculated as: 

(N or P (g m-2) in green biomass – N or P (g m-2) in standing dead biomass) 
                 N or P (g m-2) in green biomass 

where biomass is aboveground harvested material (Killingbeck, 1996).   Nutrient use 

efficiency measures the effectiveness of macrophytes to utilize nutrients to produce 

biomass (Vitousek, 1982).  Nutrient-poor wetlands generally have a high NUE, 

producing large amounts of biomass with little loss of N or P in litterfall corresponding to 

the high rate of nutrient resorption occurring.  Nutrient use efficiency was calculated as: 

aboveground standing dead biomass (g m-2) / N or P (g m-2) in standing dead biomass 

(Vitousek, 1982). 

x 100% 
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Statistical Analysis 

Data normality was determined using the Kolmogorov-Smirnov test (Minitab 

13.32, 2000) and data was transformed to fit a normal distribution (Microsoft Excel, 

2000).  One-way ANOVAs and multiple comparisons by Tukey’s W were used on plant 

biomass and nutrient parameters while repeated measure ANOVAs using a general linear 

model followed by Tukey’s W multiple comparison were used on water column data to 

determine significant differences (p<0.05) between the control and treated cell (Minitab 

13.32, 2000).  Linear regression analysis and Pearson product correlation coefficients 

were also used to determine significant (p<0.05) relationships (Microsoft Excel, 2000).   

 Results and Discussion 

Water Quality Characterization 

pH 

The pH of both cells remained above 5.5 and below 8.5 throughout the experiment 

(Figure 6-3).  The overall average water column pH in both cells was 6.9 ± 0.4 which is 

ideal for the alum floc to bind P and remain insoluble.  On only one measured occasion 

did the inflow pH, where alum entered the cell, drop below 6.0 where soluble Al 

intermediates may have been present, possibly re-releasing previously bound P (Cooke et 

al., 1993b).  However, all water samples were analyzed for soluble Al and concentrations 

throughout the experiment were below the practical quantification limit of 20 mg Al L-1.   

These results are similar to the findings of Sparling and Lowe (1998) which were 

attributed to high DOC concentrations binding with any available soluble Al.   
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Figure 6-3.  Water column pH of (a) alum-treated cell 10, and (b) control cell 9 in the 
Orlando Easterly Wetland (inflow n=1, outflow n=2). 

 
Dissolved Oxygen 

Dissolved oxygen levels ranged between 0.4 and 6.1 mg L-1 throughout the 

experiment (Figure 6-4) with an overall average water temperature of 21.3°C ± 4.7 in the 

control cell and 19.9°C ± 5.4 in the alum-treated cell throughout the study.  Inflow D.O. 

concentrations were greater than outflow concentrations due to weir design and water 

velocity.  Prior to entering each cell, water flows over a weir waterfall from the previous  
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Figure 6-4.  Water column dissolved oxygen content in cell 9 and 10 of the Orlando 

Easterly Wetland (inflow n=1, outflow n=2). 

 
cell and is then channeled through a large culvert which rapidly flows into the succeeding 

cell.  Therefore water is oxygenated as it enters each cell but as it slows in velocity for 

treatment, passing through the densely vegetated Typha-dominated cells.  Oxygen is 

consumed until reaching the outflow weir where the process begins again. 

Dissolved Organic Carbon 

Concentrations of DOC were highly variable along transects during the first 100 

days of the study in both cells, averaging  20.5 ± 34.1mg L-1 in the control cell and  15.5 

± 27.8 mg L-1 in the alum-treated cell (Figure 6-5).  The alum-treated cell did have lower 

DOC concentrations than the control in the remainder of the study averaging 7.4 ± 3.1 

and 9.8 ± 10.2 mg L-1 respectively.  Both cells displayed net increases in DOC from the 

inflow to outflow, averaging a 4.8% increase in DOC in the control cell and 1.2% 

increase in the alum-treated cell.  The 0-10 cm plot in the alum-treated cell, closest to the 

inflowing alum was the only plot in both cells with an average net removal of DOC 

(4.6%) while the same plot in the control cell was the greatest source of DOC averaging a  
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Figure 6-5.  Water column dissolved organic C concentrations in (a) control cell 9 
transects,  (b) alum-treated cell 10 transects, (c) inflow and outflow weirs of 
the Orlando Easterly Wetland (n=2). 
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222% increase in concentration compared to the DOC of inflow water entering the cell 

(Figure 6-5 a, b).  Alum is not only used for P removal, but also to clarify turbid lakes by 

acting as a source of positive electrolytes neutralizing negatively-charged soil particles 

which causes them to settle out of the water column (Davis and Gloor, 1981; Berg and 

Berns, 1985; Sparling and Lowe, 1998; Van Hullebusch et al., 2002).  Wetlands, 

however, have a shallower water column and dense stands of vegetation that can result in 

a continuous deposition of carbon to the water column resulting in decreased alum 

effectiveness in DOC removal. 

Soluble Reactive Phosphorus 

The cell treated with alum was more effective at SRP removal averaging 36.4% 

with water column concentrations ranging between 0.00 - 1.03 mg L-1 throughout the 

experiment (Figure 6-6 a).  Initially, SRP concentrations were highly variable throughout 

the cell, however, at day 216 (approximately 7 months) alum had migrated throughout 

the entire cell with outflow SRP concentrations decreasing steadily until remaining below 

0.05 mg L-1 from day 261 onward, no longer influenced by peaks in inflow 

concentrations.  All internal sampling points along the transect also maintained SRP 

concentrations below the concentration of inflow SRP after day 216 once again 

suggesting alum had penetrated throughout the cell (Figure 6-6 a).   

There was a spatial gradient in P removal efficiency of the cell with plots closest 

to the alum inflow averaging 46.8% removal, the 35 m plots averaging 45.6%, and the 80 

m plots averaging 22.7% removal.  The plot farthest from the inflow (150 m) served as a 

net source of P up until day 160 when alum probably reached that area of the cell.  At the 

150 m plot P increased on average 65.2% over the course of the study (-149% from day 

0-160 and +52.7% thereafter) suggesting P was fluxing out of the soil into the water  
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Figure 6-6.  Water column soluble reactive phosphorus concentrations in (a) alum-treated 
cell 10, and (b) control cell 9 of the Orlando Easterly Wetland (n=2). 

 
column.  In particular, the 80-150 m plot in the west transect corresponds to an area of 

high soil TP averaging 11,366 ± 2538 mg kg-1 at the start of the study.  This directly 

shows the ability of alum application to transform wetland soils high in P from sources to 

sinks. 

Soluble reactive P concentrations throughout the control cell were in close 

agreement, influenced directly by fluctuations in the inflow SRP (0.01 - 0.68 mg L-1), 
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with an overall removal efficiency of 8.0% (Figure 6-6 b).  The second plot from the 

inflow (80 m) within the control cell was a relatively constant P source averaging a 

removal efficiency of -1.7% throughout the study suggesting release of P from the soil to 

the water column in that area of the cell.  The other plots within the control cell averaged 

8.9-14.5% SRP removal efficiencies. 

Total Dissolved Phosphorus 

The TDP includes both the SRP and dissolved organic P (DOP).  Figure 6-6 and 

6-7 look very similar due to the dominance of the SRP fraction within the water column 

and the results are very similar as well.  Total dissolved P concentrations were directly 

correlated (p<0.01) to those of SRP in both cells throughout the study.  The alum-treated 

cell averaged 39.1% TDP removal throughout the study, with water column 

concentrations ranging between 0.004 - 1.10 mg L-1 (Figure 6-7 a).  Initially, TDP 

concentrations were highly variable throughout the cell similar to SRP, however 

approximately seven months after alum application began, the hydrolyzed floc had 

migrated throughout the entire cell with outflow TDP concentrations decreasing steadily 

until remaining below 0.10 mg L-1 from day 244 onward, no longer influenced by peaks 

in inflow concentrations (Figure 6-7 a).   

Also similar to SRP removal, there was a spatial gradient in TDP removal within 

the alum-treated cell.  Plots closest to the alum inflow averaged 49.1% removal, the 35-

80 m plots averaged 46.2%, and the 35-80 m plots averaged 24.7% removal.  Once again, 

the plot farthest from the inflow at 150 m served as a net source of P up until day 160 

after which the alum floc extended into that area of the cell, averaging 55.6% P addition 

over the course of the study (-147% from day 0-160 and +41.3% thereafter).   
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Figure 6-7.  Water column dissolved reactive phosphorus concentrations in (a) alum-
treated cell 10, and (b) control cell 9 of the Orlando Easterly Wetland (n=2). 

 
Total dissolved P concentrations throughout the control cell were in close 

agreement, influenced directly by fluctuations in inflow TDP (0.10 - 0.71 mg L-1), with  

an overall removal efficiency of 4.9%, slightly lower than that of SRP (Figure 6-7 b).  

Similar to the findings in spatial SRP, the second plot from the inflow (80 m) within the 

control cell was also a relatively constant TDP source averaging a removal efficiency of  

-3.7% throughout the study while the other plots averaged 1.1 - 6.2% TDP removal. 
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Total Phosphorus 

The water column TP includes particulate P (PP) in addition to SRP and DOP.  

The average inflow TP to both cells was composed of 50% SRP, 26% DOP and 24% PP.  

The average alum-treated cell outflow water (0.16 ± 0.11 mg L-1) had a much lower TP 

concentration than the average of the control cell outflow (0.32 ± 0.15 mg L-1) which is 

surprising when looking at Figure 6-8.  The graph of cell 10 shows that by the time water 

flowed through the first plot the TP concentration actually increased, continuing to 

decrease as the water moved through the cell to the outflow (Figure 6-8 a), averaging a 

30.4% removal.  Similar to SRP and TDP the control cell TP concentrations are very 

consistent throughout the cell (0.05-0.74 mg L-1) averaging a net P removal of 4.0% 

(Figure 6-8 b). 

While the inflow and outflow TP concentrations in the alum-treated cell resemble 

the prior graphs of SRP and TDP, the graphs of internal TP concentrations along the 

transects are considerably different which can be attributed to the PP component of the 

TP concentration.  The average composition of the outflow TP from both cells was very 

similar to the alum-treated cell averaging 77% SRP, 13% PP, and 10% DOP while in the 

control, outflow TP consisted of 89% SRP, 2% PP, and 9% DOP.  The primary 

difference being a 12% increase in particulate-bound P and corresponding 12% decrease 

in SRP in the alum-treated cell.  Similar results were found in Malecki-Brown and White  

(2007b).  Total P concentrations in the water column were directly correlated (p<0.01) to 

PP concentrations in both cells during the first four months of the experiment.  From 

winter until study completion, however, TP was only correlated to PP in the alum-treated 

cell, while in the control cell TP was directly related (p<0.01) to TDP concentrations. 
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Figure 6-8.  Water column total phosphorus concentrations in (a) alum-treated cell 10, 
and (b) control cell 9 of the Orlando Easterly Wetland (n=2). 

 
Particulate Phosphorus 

The calculated PP was the only water quality parameter for which the alum-treated 

cell had greater concentrations than the control (Figure 6-9) as indicated in the previous 

discussion of TP.  Cell 10 averaged 0.021 ± 0.025 mg P L-1 at the outflow and -171% PP 

removal, acting as a net source while the control cell averaged 0.006 ± 0.008 mg P L-1 

and 5.8% PP removal.  The increased PP in the alum-treated cell suggests that some of  
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Figure 6-9.  Water column particulate phosphorus concentrations in (a) alum-treated cell 
10, and (b) control cell 9 of the Orlando Easterly Wetland (n=2). 

 
the AlOH3 floc remained suspended or was resuspended from areas of deposition, 

flowing through the cell to be exported from the wetland, in this case into the receiving 

cell (cell 14), in the less bioavailable, particulate form.  This is particularly evident in 

Figure 6-9 a, where PP concentrations are on average 73% greater in the 0-10 m plot than 

in the inflowing water prior to alum addition.  As water flows through tortuous paths of 
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dense Typha, the AlOH3 floc slowly settles out of the water column to the soil surface 

averaging 45% more PP than the inflow concentration after 35 m, 23% after 80 m and 

only 6.4% after 150 m.   

Particulate P concentrations in the control cell also varied throughout the study 

which can most likely be attributed to decomposition and deposition of macrophyte 

detritus within the wetland water column (Reddy et al., 1999a).  While total suspended 

solids (TSS) were beyond the scope of this study, the increased concentration of PP may 

have resulted in increased TSS concentrations (Bostan et al., 2000) as well and should be 

investigated. 

Typha spp. Characterization 

Plant and Leaf Densities 

There were no significant differences in plant densities between cells 9 and 10 at 

the start or end of the study.  This suggests no negative impact on the Typha plants due to 

one year of alum application (Table 6-1).  In fact, during the winter and spring samplings 

the alum-treated cell had significantly more plants per square meter than the control cell.   

There was also no significant difference in the number of standing dead leaves per 

plant in the cells throughout the study averaging 2.0 ± 1.7 overall (Table 6-1).   However, 

there was a decline in the number of live leaves produced per plant in the alum-treated 

cell.  At the start of the study there were no significant differences between cells with 

Typha averaging 8 live leaves per plant.  For the remainder of the study, however, Typha 

plants in the control cell had significantly more live leaves than those plants growing in 

the alum-treated cell, averaging two to three more leaves per plant during the 4, 8, and 12 

mo. samplings.  This may indicate that although the alum-treated cell was producing 

more plants, they were not growing as rapidly as those of the control cell.  Nutrient 
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limitations may have resulted in slower plant growth, impacted by P and possibly N 

inactivation (Malecki-Brown and White, 2007b) due to alum addition. 

Biomass 

During all sampling events both the percent allocated to living biomass and 

quantity harvested was always significantly greater than the allocation and quantity of 

dead biomass (Table 6-1, Table 6-2).  There were no significant differences among 

biomass in the cells throughout the study.  Live biomass ranged from 19-1343 g m-2 or 

43-100% of the total biomass while standing dead biomass ranged from 0-536 g m-2 or 0-

61% of the total biomass throughout the year.  In both cells the quantity of live and dead 

biomass were significantly greater during the 12 mo. summer sampling than during the 4 

mo. winter or 8 mo. spring samplings.   

There was a significantly greater allocation of biomass to living tissue at the 8 

mo. sampling (90%) than 12 mo. (81%), and a significantly greater allocation to standing 

dead tissue during the 12 mo. summer sampling as compared to the 8 mo. spring 

sampling.  It was during this time that standing dead biomass was inversely related 

(p<0.01) to the dead tissue TP content.  Due to variability in transects there were no 

significant spatial differences in biomass within either cell.  Both figures indicate an area 

of increased live and standing dead biomass in the farthest plot from the inflow along the 

eastern transect of cell 10, corresponding to an area of high soil P, averaging 13,850 ± 

592.7 mg kg-1 in the surface soil (0-5 cm) at the 8 mo. sampling.  Live tissue biomass was 

directly correlated (p<0.05) to surface soil TP during the 4 and 8 mo. samplings when 

biomass quantities were reduced. 

These results indicate that continuous low-dose alum application for one year did 

not impact Typha biomass similar to the findings of a mesocosm study by Malecki-  
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Table 6-1.  Plant density and biomass allocation of Typha spp. plants harvested from cell 9 and 10 in the Orlando Easterly Wetland.  
Values are means ± 1 standard deviation (n=6). 

Parameter 
Distance 

from   Alum     Control   
   inflow (m) 0 mo† 4 mo 8 mo 12 mo 0 mo† 4 mo 8 mo 12 mo 

Plant Density 0-10 20 ± 8.0 22 ± 7.5 20 ± 6.3 18 ± 4.1 10 ± 8.0 15 ± 12 18 ± 7.5 25 ± 5.5 
plants m-2 10-35 20 ± 8.4 15 ± 5.5 27 ± 8.2 25 ± 8.4 25 ± 8.4 17 ± 8.2 25 ± 5.5 25 ± 5.5 

  35-80 25 ± 8.4 17 ± 4.1 25 ± 8.4 23 ± 5.5 25 ± 8.4 17 ± 8.2 25 ± 8.4 23 ± 8.2 
  80-150 10 ± 9.0 18 ± 4.1 23 ± 8.2 20 ± 9.0 15 ± 9.0 10 ± 0.0 13 ± 5.2 13 ± 5.2 

Live Leaves 0-10 5.5 ± 4.0 4.4 ± 1.4 6.9 ± 1.2 6.3 ± 1.2 8.5 ± 4.0 7.5 ± 4.0 9.0 ± 3.1 7.3 ± 2.3 
plant -1 10-35 6.0 ± 2.0 6.5 ± 1.2 7.1 ± 1.2 4.9 ± 1.4 7.8 ± 1.5 6.2 ± 1.2 6.9 ± 1.5 5.6 ± 1.1 

  35-80 8.8 ± 4.0 5.3 ± 1.8 6.2 ± 0.9 5.4 ± 1.4 12 ± 4.0 9.3 ± 3.9 10 ± 2.2 7.8 ± 2.8 
  80-150 9.5 ± 5.6 5.2 ± 1.4 6.4 ± 0.9 6.6 ± 1.0 9.0 ± 5.6 7.5 ± 2.7 11 ± 5.6 10 ± 0.5 

Dead Leaves 0-10 4.7 ± 1.3 0.9 ± 0.5 1.1 ± 0.7 1.2 ± 0.7 2.0 ± 1.3 1.9 ± 0.9 1.1 ± 0.8 2.9 ± 1.3 
plant -1 10-35 3.3 ± 2.7 2.3 ± 1.5 1.6 ± 0.9 3.5 ± 2.7 2.8 ± 2.7 1.3 ± 1.6 1.5 ± 0.9 2.5 ± 1.5 

  35-80 2.2 ± 2.6 1.8 ± 1.3 1.3 ± 0.6 3.4 ± 2.6 3.8 ± 2.6 2.2 ± 1.9 2.7 ± 2.0 2.3 ± 2.3 
  80-150 2.0 ± 3.0 1.3 ± 0.4 2.2 ± 2.0 3.1 ± 3.0 0.5 ± 1.1 2.0 ± 2.0 1.9 ± 1.3 1.0 ± 1.1 

Live Biomass‡ 0-10 83 ± 19 77 ± 19 92 ± 4.3 84 ± 11 99 ± 4.0 89 ± 13 94 ± 6.0 78 ± 14 
% 10-35 90 ± 20 90 ± 10 91 ± 9.3 74 ± 22 90 ± 20 88 ± 15 90 ± 6.2 72 ± 8.4 

  35-80 93 ± 10 75 ± 18 91 ± 5.2 72 ± 19 86 ± 17 79 ± 19 90 ± 9.1 86 ± 17 
  80-150 74 ± 20 87 ± 6.8 83 ± 20 84 ± 14 98 ± 6.0 82 ± 18 89 ± 10.3 96 ± 6.5 
Dead Biomass‡ 0-10 17 ± 19 23 ± 19 8.0 ± 4.3 16 ± 11 1.2 ± 4.0 11 ± 13 5.5 ± 6.0 22 ± 14 

% 10-35 10 ± 20 10 ± 10 8.8 ± 9.3 26 ± 22 10 ± 20 12 ± 15 10 ± 6.2 28 ± 8.4 
  35-80 6.7± 10 25 ± 18 8.9 ± 5.2 28 ± 19 14 ± 17 21 ± 19 10 ± 9.1 14 ± 17 
  80-150 26 ± 20 13 ± 6.8 17 ± 20 16 ± 14 2.3 ± 6.0 18 ± 18 11 ± 10.3 4.0 ± 6.5 
† Dead and live tissue were not separated for analysis, biomass back-calculated for time 0. 

  ‡ Biomass calculations based on dry weight. 
 



 

 

179

Table 6-2.  Biomass of Typha spp. plants on a dry weight basis, harvested from cell 9 and 10 in the Orlando Easterly Wetland.  Values 
are means ± 1 standard deviation (n=6). 

Parameter 
Distance 

from   Alum     Control   
   inflow (m) 0 mo† 4 mo 8 mo 12 mo 0 mo† 4 mo 8 mo 12 mo 

Live Biomass 0-10 307 ± 348 237 ± 184 279 ± 144 534 ± 348 767 ± 348 273 ± 147 512 ± 324 613 ± 279 
g m-2 10-35 632 ± 295 247 ± 96.7 421 ± 123 380 ± 175 486 ± 295 149 ± 73.5 369 ± 146 545 ± 295 

 35-80 533 ± 333 284 ± 157 333 ± 241 459 ± 333 547 ± 333 195 ± 47.1 411 ± 200 289 ± 227 
 80-150 788 ± 492 513 ± 243 449 ± 137 584 ± 324 396 ± 492 166 ± 93.6 470 ± 492 488 ± 221 

Dead Biomass 0-10 60.4 ± 62.0 108 ± 113 9.04 ± 3.72 83.8 ± 62.1 3.95 ± 3.70 103 ± 139 19.6 ± 25.4 211 ± 152 
g m-2 10-35 67.3 ± 56.0 52.7 ± 44.3 6.82 ± 5.99 146 ± 142 51.9 ± 44.0 62.9 ± 55.9 27.3 ± 17.0 219 ± 163 

  35-80 40.6 ± 36.0 98.1 ± 97.4 8.83 ± 6.48 142 ± 70.5 66.4 ± 69.0 92.2 ± 83.4 37.2 ± 35.7 55.9 ± 69 
  80-150 125 ± 200 85.5 ± 74.1 41.0 ± 43.6 163 ± 205 11.0 ± 7.90 44.5 ± 62.9 22.7 ± 7.87 42.6 ± 58 

 † Dead and live tissue were not separated for analysis, biomass back-calculated for time 0.
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Brown and White (2007b).  Emergent plants tend to obtain a large portion of their 

nutrients and metals directly from the soil root zone (Crowder, 1991; Rai et al., 1995; 

Sparling and Lowe, 1998; Madsen and Cedergreen, 2002).  It suggests that alum 

therefore does not impact growth of rooted aquatic macrophytes like Typha because they 

are able to access the P content in the subsurface soil (Carignan and Kalff, 1979; Welch 

and Schrieve, 1994) beneath the floc layer.   

Relative Growth Rate 

To compare the growth of Typha within the control and alum cells, the RGR was 

calculated for each (Table 6-3).  There were no significant differences in plant growth 

rates throughout the study either by cell or distance.  There were seasonal differences 

however, with growth declining from August to December resulting in significantly  

 

Table 6-3.  Relative growth rates based on total dry weight of Typha spp. harvested from 
cell 9 and 10 of the Orlando Easterly Wetland.  Values are means ± 1 standard 
deviation (n=6). 
Distance from Time RGR (g g-1 d-1) 

inflow (m) (mo.) Alum Control 
10 0-4 0.002 ± 0.011 -0.014 ± 0.008 
35   -0.012 ± 0.003 -0.015 ± 0.005 
80   -0.010 ± 0.008 -0.011 ± 0.008 
150   -0.003 ± 0.018 -0.012 ± 0.010 
10 4-8 0.003 ± 0.016 0.006 ± 0.012 
35   0.007 ± 0.004 0.011 ± 0.007 
80   0.002 ± 0.009 0.008 ± 0.008 
150   0.000 ± 0.009 0.009 ± 0.014 
10 8-12 0.001 ± 0.008 0.009 ± 0.013 
35   0.005 ± 0.005 0.015 ± 0.004 
80   0.005 ± 0.011 0.002 ± 0.007 
150   0.002 ± 0.013 0.014 ± 0.011 
10 0-12 -0.001 ± 0.004 -0.004 ± 0.008 
35   -0.007 ± 0.005 0.000 ± 0.005 
80   -0.004 ± 0.008 -0.010 ± 0.015 
150   -0.001 ± 0.007 0.002 ± 0.007 
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lower RGRs than the December to April or April to August time periods.  The calculated 

annual RGRs were also significantly lower than the 4-8 and 8-12 mo. rates but 

significantly greater than the initial 0-4 month growth rates. 

Total Carbon and Nitrogen Concentrations 

Throughout the entire study, live Typha tissue from cell 10 had a significantly 

greater total C (TC) content than the plants growing in the control cell (Table 6-4).  It was 

also true of the standing dead collected in the winter sampling.  Because the live tissue in 

the alum-treated cell had a significantly greater TC concentration even at time 0, before 

alum application began, it can be attributed to an inter-cell difference rather than an effect 

of alum application.  In both cells live tissue TC content was significantly lower during 

the winter than during the 8 and 12 mo. samplings while there were very few spatial 

differences throughout the cells. 

Unlike TC, there were no significant differences in total N (TN) concentrations 

prior to experiment initiation (Table 6-4).  However, TN concentrations were 

significantly higher in live and dead tissue harvested from the control cell during the 4 

mo. winter and 12 mo. summer samplings while there were no significant differences in 

live or dead tissue TN content during the 8 mo. spring sampling when nutrients were 

translocated for flowering (Davis, 1984).  Malecki-Brown and White (2007b) found alum 

was not only efficient at binding P but also significantly decreased the total dissolved N 

and total kjeldahl N concentrations within the treated water column.  Therefore, alum 

application may have resulted in a lack of bioavailable N in the soil for the emergents to 

utilize (Madsen and Cedergreen, 2002).  Additionally, in both cells live tissue TN 

concentrations were greater in the winter than in the 8 or 12 mo. samplings while the  
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Table 6-4.  Carbon, nitrogen, and phosphorus tissue concentrations in Typha spp. harvested from cell 9 and 10 of the Orlando Easterly 
Wetland.  Values are means ± 1 standard deviation (n=6). 

Tissue Parameter Distance from   Alum     Control     

status    inflow (m) 0 mo† 4 mo 8 mo 12 mo 0 mo† 4 mo 8 mo 12 mo 
Live Total C 0-10 435 ± 10.4 415 ± 4.21 424 ± 15.3 444 ± 5.61 427 ± 1.06 418 ± 20.1 430 ± 15.2 435 ± 12.9 

  mg g-1 DW 10-35 436 ± 4.38 419 ± 5.58 447 ± 23.7 448 ± 8.46 436 ± 6.46 411 ± 12.2 431 ± 13.5 449 ± 5.36 
   35-80 431 ± 2.93 423 ± 9.03 457 ± 49.1 444 ± 4.91 414 ± 3.42 391 ± 4.50 413 ± 16.6 418 ± 7.83 
   80-150 429 ± 3.57 415 ± 10.1 436 ± 2.20 440 ± 7.05 423 ± 1.54 404 ± 15.2 406 ± 20.0 423 ± 8.48 
  Total N 0-10 7.99 ± 3.23 11.3 ± 2.04 10.2 ± 1.50 7.46 ± 1.16 9.03 ± 1.41 13.1 ± 3.92 8.30 ± 1.09 6.89 ± 1.90 

  mg g-1 DW 10-35 7.72 ± 0.93 9.10 ± 2.40 9.10 ± 1.36 6.71 ± 1.06 7.27 ± 0.91 15.6 ± 3.44 9.35 ± 0.88 7.46 ± 0.81 
   35-80 8.30 ± 0.29 8.20 ± 1.23 9.60 ± 1.45 6.62 ± 1.23 9.41 ± 1.92 17.2 ± 2.17 9.92 ± 1.90 11.2 ± 2.26 
   80-150 6.80 ± 1.54 10.1 ± 0.82 9.12 ± 1.02 6.79 ± 1.42 9.30 ± 0.32 14.0 ± 4.73 11.9 ± 2.85 10.5 ± 1.77 
  Total P 0-10 11.4 ± 3.11 16.9 ± 2.62 12.8 ± 1.04 11.6 ± 2.23 13.8 ± 1.74 17.6 ± 2.77 14.8 ± 2.73 14.2 ± 5.23 

  mg g-1 DW 10-35 12.0 ± 0.42 14.1 ± 2.59 13.4 ± 1.23 12.1 ± 3.68 13.5 ± 1.99 21.7 ± 4.86 15.4 ± 2.16 13.7 ± 3.04 
    35-80 12.6 ± 1.62 12.2 ± 2.29 14.3 ± 2.07 10.7 ± 3.27 15.6 ± 2.37 23.6 ± 4.63 16.9 ± 3.12 17.5 ± 4.00 
    80-150 13.9 ± 8.03 18.1 ± 3.92 15.1 ± 2.60 12.0 ± 3.65 12.1 ± 7.29 22.6 ± 4.90 15.2 ± 4.26 18.5 ± 4.10 

Dead Total C 0-10 na 437 ± 17.1 416 ± 10.8 445 ± 9.11 na 432 ± 21.0 435 ± 12.2 447 ± 25.8
  mg g-1 DW 10-35 na 432 ± 17.3 440 ± 4.60 450 ± 4.62 na 414 ± 39.5 426 ± 23.5 432 ± 10.3
    35-80 na 443 ± 7.42 427 ± 18.1 432 ± 10.3 na 399 ± 16.2 419 ± 18.9 432 ± 10.3
    80-150 na 425 ± 18.6 440 ± 13.5 446 ± 23.9 na 404 ± 26.7 422 ± 7.15 438 ± 12.6
  Total N 0-10 na 0.47 ± 0.42 6.00 ± 0.68 4.74 ± 0.78 na 0.66 ± 0.74 5.21 ± 0.74 4.00 ± 0.31
  mg g-1 DW 10-35 na 0.23 ± 0.17 6.33 ± 1.69 4.07 ± 0.93 na 0.36 ± 0.32 5.95 ± 0.79 7.13 ± 2.29
    35-80 na 0.39 ± 0.39 4.76 ± 0.40 7.13 ± 2.29 na 0.90 ± 0.74 6.61 ± 0.95 7.13 ± 2.29
    80-150 na 0.40 ± 0.30 5.13 ± 0.71 4.49 ± 0.90 na 0.27 ± 0.35 5.85 ± 0.90 6.21 ± 0.89
  Total P 0-10 na 11.6 ± 6.78 6.01 ± 1.00 5.28 ± 0.85 na 9.35 ± 5.05 5.64 ± 2.38 7.50 ± 3.22 

  mg g-1 DW 10-35 na 6.02 ± 3.42 7.19 ± 2.68 5.49 ± 2.10 na 11.4 ± 4.75 9.32 ± 4.22 7.23 ± 2.76 
    35-80 na 6.20 ± 2.54 5.30 ± 1.89 13.5 ± 3.08 na 18.3 ± 3.85 9.90 ± 4.74 13.5 ± 3.08 
    80-150 na 6.43 ± 1.34 6.51 ± 1.94 6.18 ± 3.19 na 13.9 ± 4.15 6.02 ± 1.21 10.7 ± 1.34 

 † Dead and live tissue were not separated for analysis. 
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opposite was true of the TC content of the tissue, with lowest concentrations occurring in 

the winter suggesting an inverse relationship.  The same relationship was found in the TC 

and TN of the dead tissue with TC concentrations significantly greater during the 12 mo. 

sampling than the 8 mo., with the opposite true of TN concentrations. 

Overall, there were no significant differences in TC between live and dead tissue 

while TN concentrations were twice as high in live tissue as compared to standing dead 

suggesting either leaching or translocation of N.  There were no significant differences in 

TC:TN at the start of the study (Table 6-5). However, during the 4 and 8 mo. samplings 

TC:TN ratios were significantly greater in the live tissue from the alum-treated cell than 

the control, as well as in the dead tissue at 4 and 12 months.  This suggests a reduction in 

N availability to the Typha growing in the alum-treated cell, corresponding to the low TN 

tissue concentrations (Sterner and Elser, 2002). 

Both the nitrogen RE and NUE were calculated to get a better understanding of 

the N cycling dynamics within the cells.  There were no significant differences in the RE 

between cells (Table 6-6).  Nitrogen RE averaged 77.0% ± 32.4 in the control cell and 

81.0% ± 31.1 in the alum-treated cell over the course of the study.  Resorpton efficiencies 

were significantly greater during the spring 8 mo. sampling than during the winter (4 

mo.) or summer (12 mo.).  Maximum N conservation during the spring corresponds to 

maximum growth of Typha spp. typical in the spring (Davis, 1984; Emery and Perry, 

1995). 

The NUE was significantly greater in the Typha from the alum-treated cell than 

the control cell.  The increasingly higher NUE is indicative of N-poor wetland, producing 

large amounts of biomass with little loss of N in the standing dead and litterfall 
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Table 6-5.  Total phosphorus, carbon, and nitrogen ratios in Typha spp. harvested from cell 9 and 10 of the Orlando Easterly Wetland.  
Values are means ± 1 standard deviation (n=6). 

Tissue Parameter 
Distance 

from   Alum     Control   

type    inflow (m) 0 mo† 4 mo 8 mo 12 mo 0 mo† 4 mo 8 mo 12 mo 
Live TC:TN‡ 0-10 59.6 ± 25.4 39.5 ± 6.43 47.2 ± 5.03 177 ± 95.6 48.2 ± 3.87 33.3 ± 12.4 49.7 ± 6.96 139 ± 95.9 

   10-35 56.8 ± 6.26 47.4 ± 8.45 47.1 ± 5.37 228 ± 118 60.5 ± 5.30 24.6 ± 6.97 46.6 ± 6.40 192 ± 126 
   35-80 52.9 ± 0.65 50.3 ± 11.5 45.3 ± 3.93 200 ± 171 44.9 ± 3.85 24.5 ± 5.35 37.9 ± 9.71 152 ± 95.8 
   80-150 65.8 ± 3.46 50.9 ± 22.3 57.0 ± 15.3 147 ± 86.3 45.5 ± 25.6 33.6 ± 9.61 39.1 ± 7.46 83.5 ± 26.4 

 TC:TP‡ 0-10 39.6 ± 11.7 25.1 ± 3.93 33.4 ± 2.45 39.6 ± 7.93 31.1 ± 3.87 24.4 ± 4.87 29.8 ± 6.18 35.9 ± 15.7 
   10-35 36.3 ± 0.91 30.0 ± 3.77 33.5 ± 3.90 40.1 ± 12.3 32.7 ± 5.30 19.8 ± 4.60 28.2 ± 4.87 33.8 ± 9.67 
   35-80 34.6 ± 4.68 35.9 ± 9.10 32.2 ± 2.57 44.8 ± 14.2 26.8 ± 3.85 17.1 ± 2.91 25.3 ± 5.96 25.1 ± 6.84 
   80-150 37.4 ± 22.1 23.8 ± 4.63 29.4 ± 4.54 40.3 ± 12.7 42.7 ± 25.6 18.7 ± 4.52 29.1 ± 9.47 23.5 ± 5.69 
 TN:TP 0-10 0.69 ± 0.10 0.68 ± 0.18 0.71 ± 0.10 0.31 ± 0.23 0.65 ± 0.09 0.79 ± 0.26 0.60 ± 0.11 0.28 ± 0.07 
   10-35 0.64 ± 0.05 0.64 ± 0.14 0.72 ± 0.11 0.21 ± 0.09 0.54 ± 0.01 0.83 ± 0.23 0.62 ± 0.15 0.22 ± 0.11 

   35-80 0.65 ± 0.10 0.76 ± 0.34 0.71 ± 0.06 0.20 ± 0.06 0.60 ± 0.03 0.77 ± 0.19 0.70 ± 0.21 0.19 ± 0.09 
   80-150 0.54 ± 0.20 0.50 ± 0.11 0.54 ± 0.13 0.23 ± 0.13 0.95 ± 0.60 0.57 ± 0.08 0.74 ± 0.22 0.33 ± 0.13 

Dead TC:TN 0-10 na 92.5 ± 18.3 75.9 ± 10.6 157 ± 95.5 na 73.8 ± 26.5 81.5 ± 14.8 141 ± 94.2 
   10-35 na 97.9 ± 12.5 73.9 ± 16.7 211 ± 97.8 na 65.4 ± 33.5 73.1 ± 7.05 130 ± 46.4 

   35-80 na 105 ± 20.0 91.4 ± 13.6 233 ± 177 na 41.6 ± 11.1 66.3 ± 12.8 210 ± 141.1 
   80-150 na 87.8 ± 10.2 71.2 ± 25.6 126 ± 36.2 na 68.2 ± 24.1 72.5 ± 11.0 90.8 ± 32.9 

 TC:TP 0-10 na 44.7 ± 15.5 71.9 ± 11.8 39.6 ± 7.93 na 55.0 ± 21.5 89.5 ± 48.3 35.9 ± 15.7 
   10-35 na 63.6 ± 15.6 66.6 ± 18.6 40.1 ± 12.3 na 21.9 ± 21.7 55.8 ± 25.3 33.8 ± 9.67 
   35-80 na 78.6 ± 22.4 90.9 ± 35.0 44.8 ± 14.2 na 22.6 ± 5.05 48.8 ± 25.7 25.1 ± 6.84 
   80-150 na 68.5 ± 15.0 74.8 ± 26.5 40.3 ± 12.7 na 31.6 ± 10.2 71.4 ± 14.4 23.5 ± 5.69 
 TN:TP 0-10 na 0.48 ± 0.21 0.97 ± 0.22 0.31 ± 0.23 na 0.75 ± 0.16 1.19 ± 0.58 0.28 ± 0.07 
   10-35 na 0.67 ± 0.17 0.95 ± 0.35 0.21 ± 0.09 na 0.34 ± 0.29 0.78 ± 0.39 0.22 ± 0.11 

   35-80 na 0.72 ± 0.26 1.01 ± 0.47 0.2 ± 0.06 na 0.58 ± 0.11 0.81 ± 0.51 0.19 ± 0.09 
   80-150 na 0.79 ± 0.18 1.29 ± 0.90 0.23 ± 0.13 na 0.62 ± 0.21 0.97 ± 0.32 0.33 ± 0.13 

  † Dead and live tissue were not separated for analysis. 
  ‡ TC = total carbon; TN = total nitrogen; TP = total phosphorus.
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Table 6-6.  Nitrogen and phosphorus resorption efficiency and nutrient use efficiency of Typha spp. harvested from cell 9 and 10 of 
the Orlando Easterly Wetland.  Values are means ± 1 standard deviation (n=6). 

Parameter Distance from  Alum    Control   
   inflow (m) 4 mo 8 mo 12 mo 4 mo 8 mo 12 mo 

N RE† 0-10 81.8 ± 18.6 95.9 ± 3.18 88.0 ± 9.48 87.5 ± 11.4 94.1 ± 8.55 80.3 ± 13.3 
% 10-35 89.5 ± 17.8 94.0 ± 6.41 72.4 ± 28.1 79.9 ± 0.34 93.2 ± 4.74 76.9 ± 11.2 

  35-80 74.0 ± 25.8 94.0 ± 4.68 70.8 ± 25.8 65.6 ± 35.7 94.0 ± 7.31 81.5 ± 28.0 
  80-150 92.5 ± 4.57 86.4 ± 15.5 85.7 ± 14.7 85.4 ± 21.3 91.5 ± 11.8 96.6 ± 5.40 

N NUE† 0-10 207 ± 29.8 185 ± 20.7 230 ± 25.1 188 ± 63.6 152 ± 31.6 251 ± 20.2 
ratio 10-35 218 ± 31.1 179 ± 21.8 247 ± 46.9 157 ± 62.6 168 ± 7.25 243 ± 30.2 

  35-80 255 ± 31.8 168 ± 37.2 247 ± 46.4 98.0 ± 10.7 172 ± 24.6 151 ± 41.1 
  80-150 199 ± 18.4 218 ± 24.2 230 ± 44.4 132 ± 36.3 150 ± 27.0 164 ± 25.3 

P RE 0-10 78.6 ± 32.4 96.5 ± 2.18 90.6 ± 7.89 83.1 ± 11.9 95.3 ± 5.39 77.2 ± 25.5 
% 10-35 68.0 ± 34.0 94.2 ± 7.49 86.7 ± 17.2 90.3 ± 13.4 94.3 ± 7.15 78.4 ± 13.7 

  35-80 63.0 ± 34.6 96.3 ± 3.86 65.8 ± 20.4 69.2 ± 46.6 96.5 ± 6.03 85.5 ± 27.2 
  80-150 88.9 ± 8.20 86 ± 19.3 90.5 ± 7.88 93.3 ± 8.20 93.6 ± 7.04 96.9 ± 5.45 

P NUE 0-10 103 ± 49.9 174 ± 25.2 194 ± 37.6 111 ± 54.7 169 ± 32.7 153 ± 58.0 
ratio 10-35 147 ± 39.7 154 ± 56.7 222 ± 83.1 98.0 ± 37.7 180 ± 127 168 ± 100 

  35-80 171 ± 44.6 214 ± 90.5 154 ± 80.4 57.0 ± 14.4 114‡ 76.9 ± 16.7 
  80-150 162 ± 36.3 163 ± 54.6 215 ± 130 77.9 ± 23.6 171 ± 31.3 94.7 ± 13.1 

    † RE = resorption efficiency; NUE = nutrient use efficiency. 
    ‡ n=2. 
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(Vitousek, 1982).  This explains the high TC:TN ratios which correspond to the high rate 

of nutrient resorption occurring in the alum-treated cell.  Nitrogen use efficiency was 

significantly greater in the alum-treated cell during the winter (4 mo.) and summer (12 

mo.) than during the spring when Typha generally flowers (Davis, 1984).  In the control 

cell NUE was significantly greater at 12 months than at 4 or 8 months. 

Total Phosphorus Concentrations 

Similar to biomass, during all sampling events living tissue TP was significantly 

greater (nearly double) the standing dead TP concentrations in both cells.  There were no 

significant differences in TP tissue concentrations between cells at the start of the 

experiment averaging 13,120 ± 3200 mg P kg-1 throughout both cells (Table 6-4), directly 

correlated  (p<0.01) to TN tissue concentrations.  Interestingly, there was one flower 

stalk / spike removed from a plant harvested from cell 10 that was also analyzed for TP.  

The flower contained nearly four times (50,500 mg P kg-1) as much P as the average  

shoot material, evidence of the inordinate amount of P required by Typha biomass, 

particularly when flowering.   

In the 4 mo. winter sampling, TP concentrations of both live and dead plant tissue 

in the control cell were significantly greater than in the alum-treated cell suggesting alum 

may have impacted Typha, possibly translocating nutrients to the rhizomes more rapidly 

than would typically occur due to nutrient limitation (Aerts et al., 1999), reflecting the 

scarcity of bioavailable P due to the P sequestration of the alum floc in the surface soil 

(Malecki-Brown et al., 2007b).  There was a direct correlation (p<0.01) between the 

crystalline Al concentration in the surface 0-5 cm soil layer and both live and dead tissue 

TP concentrations during this sampling.   
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However, by the 8 mo. spring sampling there were once again no significant 

differences in live or dead TP concentrations among plants similar to the start of the 

experiment (Table 6-4).  Plants growing in the control cell averaged 15,190 ± 3230 mg P 

kg-1 and plants in the alum-treated cell averaged slightly less at 13,870 ± 1890 mg P kg-1 

(Figure 6-12).  Dead tissue TP concentrations along the western transect in cell 10 clearly 

contained less P than the remainder of the cell (Figure 6-13), perhaps indicating a 

preferential path and impact of alum (Malecki-Brown et al., 2007b).  In addition, similar 

to the time 0 sampling, there was one flower stalk/spike removed from a plant harvested 

in cell 9.  This flower contained nearly five times (71,110 mg P kg-1) as much TP as the 

average shoot material. 

The 12 mo. summer sampling TP concentrations of both live and dead plant tissue 

in the control cell were significantly greater than in the alum-treated cell similar to the 

winter TP findings (Table 6-4) as well as the same temporal trend occurring in TN 

concentrations.  The variable temporal results in tissue TN and TP concentrations warrant 

further investigation, possibly for multiple years at shorter time intervals to discern 

whether differences can be attributed to alum or are due to other factors associated with 

inter-cell variability.  During both the 4 and 12 mo. samplings live tissue TP was directly 

correlated (p<0.05) to dead tissue TP in the control cell while there was no such relation 

in plants within the alum-treated cell at the 4 mo. sampling and during the 12 mo. 

sampling there was an inverse relationship (p<0.01) between the two suggesting a high 

rate of resorption was necessary as in a P-limited system (Vitousek, 1982). 

Overall, there were no significant differences in the TN:TP ratios in live Typha 

between cells throughout the study (Table 6-5).  In both cells live tissue TN:TP ratios 
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were significantly lower during the last sampling than in the previous three, suggesting 

system nutrient enrichment (Downing, 1997) as well as a trend in N limitation with time 

rather than P (Guildford and Hecky, 2000).  Contrastingly, dead tissue in the alum-treated 

cell, had significantly greater TN:TP ratios than dead tissue in the control cell during the 

last two samplings implying increased P limitation over time.  Typha plants may have 

been translocating P from standing dead to be instead utilized by the live tissue.  The 

TC:TP ratios were also significantly greater in the alum- treated cell during all samplings 

in both live and dead tissue corresponding to the significantly higher C content of plants 

growing in the alum-treated cell as well as a decrease in P availability  (Sterner and Elser, 

2002). 

Similar to the differences between cells, intra-cell spatial differences were not 

significant at the start or 8 mo. spring sampling in either live or dead tissue.  During the 

winter, 4 mo. sampling live tissue TP concentrations were significantly greater (p<0.04) 

in the 35-80 m plot than in the last plot of the alum treated cell while dead tissue TP 

concentrations in the control 35-80 m plot were significantly greater than those in the 0-

10 m plot (Table 6-3).  Additionally during the final summer sampling, live tissue TP in 

the control 35-80 m plot was significantly greater than in the 10-35 m plot.  

Both the phosphorus RE and NUE were calculated to better understand P cycling 

dynamics within the cells.  Due to the variability in TP and biomass concentrations, there 

were no significant differences in RE or NUE between cells (Table 6-6).  Phosphorus RE 

averaged 84-95% in the control cell and 77-94% in the alum-treated cell.  The RE of 

Typha was significantly greater (p<0.005) during the 8 mo. spring sampling than during 

the 12 mo. summer sampling corresponding to the maximum growth of Typha spp. 
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typical in the spring and senescence in late July through August (Davis, 1984; Emery and 

Perry, 1995).   

The average P NUE was generally greater in the alum-treated cell averaging 149-

206 compared to the control which averaged an NUE of 87-155 throughout the study.  A 

higher NUE would be expected in the alum-treated cell because P bound to the alum floc 

is not bioavailable to the Typha, thus they are restricted to subsurface P availability.  Both 

the P RE and NUE may increase in the alum-treated Typha over time as the floc layer 

moves downward through the soil profile, due to accretion of particulates, into direct 

contact with the root zone. 

Metal Concentrations 

There were no significant differences in total Al, Ca, Fe, K, or Mg concentrations 

between live Typha tissue from the alum-treated and control cell, during the initial or 

final summer samplings (Table 6-7).  This indicates that while N and P limitations were 

present in Typha growing in the alum-treated cell, they were not associated with Al 

toxicity or micronutrient deficiencies. There were also no spatial differences in nutrient 

concentrations within the cells.  Calcium and K were the dominant metals present in both 

live and dead tissue, significantly greater than concentrations of Al, Fe, and Mg (Table 6-

7, Table 6-8). 

During the final sampling, standing dead Typha tissue in the alum-treated cell had 

significantly greater Al concentrations than tissue from the control cell (Table 6-8).  In 

addition, Ca concentrations were significantly lower in standing dead of the alum-treated 

cell.  The ability of Al to reduce Ca uptake and translocation in plants has been well 

documented (Huang et al., 1992; Rengel, 1992).  These results imply that leaves may 

have been dying as an internal mechanism of detoxifying the high Al concentration  
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Table 6-7.  Live tissue Typha spp. metal concentrations, on a dry weight basis, in cell 9 

and 10 of the Orlando Easterly Wetland. 

Parameter 
Distance 

from Alum Control 
   inflow (m) 0 mo† 12 mo 0 mo 12 mo 

Total Al 0-10 721.9 196 ± 103 940.4 336 ± 92.9 
mg kg-1 10-35 596.1 342 ± 129 729.4 343 ± 171 

  35-80 389.4 335 ± 147 557.9 256 ± 198 
  80-150 1321 314 ± 136 429.8 187 ± 93.1 

Total Ca* 0-10 96200 53499 ± 14821 65409 47733 ± 16596 
mg kg-1 10-35 75342 43468 ± 12312 80387 44813 ± 8819 

  35-80 84188 47980 ± 26633 102564 53230 ± 13140 
  80-150 180906 50932 ± 25758 59394 55996 ± 22766 

Total Fe 0-10 2225 246 ± 169 1589 569 ± 512 
mg kg-1 10-35 668.6 259 ± 170 969.8 417 ± 80.3 

  35-80 983.5 568 ± 295 1363 382 ± 279 
  80-150 1283 454 ± 309 431.0 296 ± 81.1 

Total K* 0-10 68359 91527 ± 27074 89621 99504 ± 32140 
mg kg-1 10-35 58224 105808 ± 31074 90274 89086 ± 24956 

  35-80 71266 95181 ± 27296 77547 87451 ± 26227 
  80-150 98219 75001 ± 43218 32346 86535 ± 26129 

Total Mg 0-10 5736 6834 ± 1696 7620 5329 ± 3666 
mg kg-1 10-35 6073 6532 ± 2764 8466 7031 ± 1742 

  35-80 9270 7082 ± 1766 10657 8560 ± 5427 
  80-150 9532 7135 ± 1816 4979 7790 ± 2224 

    †  Dead and live tissue were not separated for analysis; n=1.   
    *  Significantly greater than Al, Fe, and Mg concentrations at the 0.05 probability 
        level. 



191 

 

Table 6-8.  Dead tissue Typha spp. metal concentrations, on a dry weight basis, in cell 9 
and 10 of the Orlando Easterly Wetland during the 12 month sampling. 

  Distance from     
Parameter  inflow (m) Alum Control 

Total Al* 0-10 1018 ± 785.5 494 ± 282 
mg kg-1 10-35 2495 ± 3162 484 ± 168 

  35-80 2905 ± 1721 400 ± 254 
  80-150 2954 ± 1761 454 ± 74.2 

Total Ca* 0-10 67875 ± 49393 135577 ± 101933 
mg kg-1 10-35 50022 ± 19317 88843 ± 56659 

  35-80 31353 ± 9273 107340 ± 36994 
  80-150 23671 ± 8777 107717 ± 42348 

Total Fe 0-10 595.7 ± 308.3 3056 ± 2259 
mg kg-1 10-35 2127 ± 2275 2090 ± 1205 

  35-80 1160 ± 654.6 2132 ± 2411 
  80-150 3917 ± 1783 3225 ± 3480 

Total K 0-10 31840 ± 39000 45721 ± 34986 
mg kg-1 10-35 25123 ± 24173 31177 ± 22499 

  35-80 30736 ± 23382 44200 ± 26884 
  80-150 31713 ± 27373 26421 ± 31792 

Total Mg 0-10 9328 ± 3241 10935 ± 3350 
mg kg-1 10-35 8603 ± 1623 7786 ± 4163 

  35-80 13419 ± 9095 14742 ± 6871 
  80-150 10354 ± 5052 11125 ± 1793 

*  Alum tissue concentration significantly different from control at the 0.05 probability  
    level. 
 

within the plants (Delhaize and Ryan, 1995).  Malecki-Brown and White (2007b) found 

similar results in SAV tissue growing in alum-treated mesocosms. 

Conclusions 

The long-term application of low-dosage alum in a municipal wastewater treatment 

wetland did not appear to impact the water column pH, which remained circumneutral 

throughout the year.  Alum application did not improve DOC removal despite being used 

in lakes for this purpose.  Highly productive wetland systems are often found to be net 

sources of DOC, perhaps reducing the overall performance of alum.   Regardless, alum 

application was extremely effective in increasing both SRP and TDP removal efficiencies 

resulting in improved TP removal as well, on average sequestering over 25% more P than 
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the control cell over the course of a year.  However, alum application did substantially 

increase PP concentrations, particularly in areas near the inflowing Al(OH)3 floc which 

readily adsorbed bioavailable SRP transforming it into particulate form.  The increased 

PP concentrations in the water column may have been due to a rapid flow velocity at the 

area of alum inflow or reduced residence time within the wetland, either of which could 

prevent settling of the flocculent particulate material out of the water column.  This 

finding may be critical in the effective management of treatment wetlands with permitted 

PP or TSS discharges.  Alum should be introduced in areas of low flow velocity, at an 

adequate distance from the discharge point to allow for settling. 

Results were variable when looking at the impact of alum application on the 

emergent macrophyte Typha spp.  While Typha growing in the alum-treated cell did 

produce a greater number of shoots per square meter, their development seemed 

impaired, producing fewer leaves than their control counterparts as well as containing 

significantly lower tissue TP during two of the four samplings.  In addition, standing dead 

tissue from the alum-treated cell during the last sampling had symptoms associated with 

Al toxicity.  However, there were no significant differences in the biomass, RGR, RE, or 

NUE between cells suggesting alum application in emergent-dominated treatment 

wetlands did not impact plant nutrient cycling overall.  I recommend further investigation 

into the possible impact the Al(OH)3 floc layer may have on the plants as it moves 

downward through the soil profile into the root zone where the majority of metals and 

nutrients are obtained.
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CHAPTER 7 
EFFECTS OF ALUM ON A MUNICIPAL WASTEWATER TREATMENT 

WETLAND: A SUMMARY 

 

The effectiveness of alum in immobilizing phosphorus (P) from municipal 

wastewater treatment wetlands and its impacts on macrophytes, microbes, soil 

characteristics, and water quality were investigated using short-term core and mesocosm 

studies as well as a long-term field study (Table 7-1).  The anaerobic core study 

investigated not only the use of alum at various dosage rates but also three aluminum (Al) 

containing alternatives: polyaluminum chloride (PAC), alum residual, and partially-

neutralized aluminum sulfate (PNAS).  There is no previous documentation in the 

literature regarding the usage of any of these chemical amendments for P sequestration in 

treatment wetlands.  Nor has there ever been direct measurement of the impact of alum 

application on the biomass or activity of the microbial community in aquatic 

environments. 

Alum, as well as the three tested alternatives to alum were all effective at short term 

P sequestration.  However, applications of alum, PAC, and PNAS resulted in decreased 

water column pH values and high soluble Al concentrations.  There was also a direct 

relationship between the dose of Al used and resulting impact on the microbial biomass 

and activity within the soil.  Mesocosm results also indicated a significant decrease in 

microbial biomass and activity attributed to increased soil acidity and Al concentrations 

in the alum-treated mesocosms (Table 7-1).  Therefore, the minimum dosage necessary 
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for effective treatment should be used by wetland managers.  Additionally, it was 

determined that the efficacy of a one-time alum treatment may be short lived in treatment 

wetlands due to continuous P loading.  Instead, a continuous low-dosage alum injection 

system would be a more effective management strategy. 

Both the mesocosm and field study demonstrated that a continuous low-dosage 

application of alum proximal to the outflow regions of the wetland can provide an 

effective management tool to maintain discharge concentrations within permitted values, 

particularly during inefficient winter treatment times, when plants senesce and microbial 

activity slows.  The ability of alum to bind not only P but organic molecules as well 

resulted in improved soluble reactive P, total dissolved P, total P, total dissolved N, total 

kjeldahl N, and dissolved organic C wetland treatment efficiency.  However, in both the 

mesocosm and field study there was an overall increase in particulate P, particularly in 

areas near the inflowing Al(OH)3 floc which readily adsorbed bioavailable SRP 

transforming it into a particulate form.  The resulting export of PP from alum-treated 

wetlands may be extremely important in treatment wetlands with permitted PP or total 

suspended solid discharges.  Therefore, it is recommended that alum be introduced in 

areas of low flow velocity an adequate distance from discharge points to allow for 

settling of particulates. 

Aquatic macrophytes are critical to the process of nutrient removal and cycling in 

constructed wastewater treatment wetlands.  The mesocosm and field study demonstrated 

that the uptake and retention of bioavailable metals in aquatic macrophytes are largely 

dependent on life form.  Submerged aquatic vegetation (SAV) absorb a large portion of 

soluble nutrients and metals directly from the water column and were therefore  
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Table 7-1.  Summary of variables impacted by alum application in a constructed 
wastewater treatment wetland during a tri-scale study from 2004-2006. 

Variable Unit 
Core Study 

(Ch2) 
Mesocosm Study 

(Ch3-4) 
Field Study 

(Ch 5-6) 
Soil oxalate Al mg kg-1 + + + 
Soil pH pH units nsd ― nsd 
Soil total P mg kg-1 nsd nsd + 
Microbial biomass mg kg-1 nsd ― -, nsd, + 
Microbial activity mg kg-1 hr-1 (d-1) nsd ― - , nsd 
Water column Al mg L-1 + nsd nsd 
Water column DOC mg L-1 na ― ― 
Water column pH  pH units ― ― nsd 
Water column SRP mg L-1 ― ― ― 
Water column total P mg L-1 na ― ― 
Water column 
particulate P mg L-1 na + + 

Live plant biomass g m-2 na 
       SAV = ― 

EAV = nsd nsd 

Live plant Al mg kg-1 na 
       SAV = + 

EAV = nsd nsd 

Live plant Ca mg kg-1 na 
       SAV = ― 

EAV = nsd nsd 
Dead plant biomass g m-2 na na nsd 
Dead plant Al mg kg-1 na na + 
Dead plant Ca mg kg-1 na na ― 
―  = Alum significantly decreased variable compared to control. 
+    = Alum significantly increased variable compared to control. 
na   = Variable not measured during study. 
nsd =  No significant difference between alum and control. 
 

susceptible to Al toxicity as a result of alum application.  Emergent plants such as Scirpus 

californicus and Typha spp. tend to obtain most metals and nutrients from the subsurface 

soil, and therefore remained relatively unaffected by alum application.  Further 

investigation is needed however to determine the possible impact of the Al hydroxide 

floc layer on the emergent macrophytes as it migrates downward through the soil profile 

into the root zone, where the majority of metals and nutrients are obtained. 

The effectiveness of alum in P sequestration and relative ease of application make 

it a viable management alternative in aging constructed wetlands.  However there are 

many ecological impacts associated with alum application that may completely alter the P 
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nutrient dynamics of a wetland system.  The impacts shown in my research include a 

reduction in the microbial pool and activity which can in turn slow phosphorus 

mineralization in the short-term.  The reduction in bioavailable inorganic P bound in the 

Al floc, and reduced mineralization will result in nutrient limitations to both wetland 

microbes and macrophytes.  If diurnal pH changes result in a water column pH greater 

than 8 or less than 4, SAV biomass may significantly decline due to Al toxicity.  This can 

not only result in a decreased nutrient removal efficiency of a treatment wetland due to 

less biomass for nutrient uptake, but it can also result in the re-release of a substantial 

portion of P stored in the SAV detrital material.  Both the mesocosm and field study also 

implicated potential long-term impacts of alum on emergent macrophytes.  These may 

include a reduction in shoot emergence as was demonstrated by Scirpus, or growth 

limitations such as fewer leaves produced as was the case in Typha growing in the alum-

treated field cell.  It is critical that treatment wetland managers understand all of the 

short- and possibly long-term implications of using alum in treatment wetland systems.  
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APPENDIX A 
CORE STUDY RAW DATA 

Lake Alum Application Summary 

Table A-1.  Literature review of previous alum applications to aquatic ecosystems. 
Study Area Alum Dosage Reference 

Amisk Lake,Baptise Lake, 
and Crooked Lake, Canada 13 g Al4+ m-2 Burley et al., 2001 
Annabessacook Lake, Maine 25 g Al m-2 Connor and Smith, 1986 
Bass Bay, Wisconsin 90 g Al m-2 Rydin and Welch, 1999 

Braidwood Lagoon, Australia 
1 lb 1000 gal-1 = 1 kg 10 kl-1  
= 1067 kg (lake volume 10910 kl) May, 1974 

Bullhead Lake, Wisconsin 
13 mg Al3+ L-1 hypolimnetic water  
= 32,500 L or 42,500 kg Narf, 1985 

Campbell Lake, Washington 10.9 g m-2 Rydin et al., 2000 
Courtille Lake, France 1.5 mg Al3+ L-1 = 2.65 g m-2 Hullebusch et al., 2003 
Cuyahoga River, Ohio 17.0 m3 alum d-1 - 3.0 m3 alum d-1 Barbiero et al., 1988 
Eau Galle Reservoir, 
Wisconsin 

11.3 g Al m-2 = 4.5 mg Al L-1 

 = 2653 kg Barko et al., 1990 
Green Lake, Washington 8.6 mg Al L-1 Jacoby et al., 1994 
Horseshoe Lake, Wisconsin 18 mg Al L-1 (200 mg L-1 alum) Peterson et al, 1973 

Lake Apopka Basin, Florida 
3.7 - 23 g kg-1 soil  
(1 g kg-1 = 56 g m-2) Ann et al., 2000 

Lake Ballinger, Washington 5 g m-2 Rydin et al., 2000 
Lake Delavan, Wisconsin 12 g Al m-2 Rydin and Welch, 1999 
Lake Erie, Washington 10.9 g m-2 Rydin et al., 2000 
Lake Hollingsworth, Florida 85,500 gal alum (355 acre lake) Harper and Medley, 2004 
Lake Leba, Nebraska 10 mg L-1 (34,065 L) Holz and Hoagland, 1999 
Lake Morey, Vermont 44 g Al m-2 Smeltzer, 1990 

Lake Susser See, Germany 2 mg Al L-1 yr-1 Lewandowski et al., 2003 
Liberty Lake, Washington 10 mg L-1 Bulson et al., 1984 
Long Lake, Wisconsin 14 mg Al3+ L-1 Narf, 1990 
Medical Lake, Washington 12.2 g m-2 Rydin et al., 2000 
Mirror Lake, Wisconsin 6.6 mg Al L-1 Garrison and Knauer, 1984 
Newman Lake, Washington 31 mg L-1 (2.8 mg L-1 as Al) Doke et al., 1995 
Phantom Lake, Washington 4.2 g m-2 Rydin et al., 2000 
Pickerel Lake, Wisconsin 7 mg Al3+ L-1 = 61,000 L Narf, 1990 
Shadow Lake, Wisconsin 5.7 mg Al L-1 Garrison and Knauer, 1984 
Snake Lake, Wisconsin 12 mg Al3+ L-1 Narf, 1990 
West Twin Lake, Ohio 26 mg Al L-1 Cook et al., 1982 
Wind Lake, Wisconsin 80 g Al m-2 - 20 g Al m-2 Rydin and Welch, 1999 

Winnipeg Reservoir, Canada 5 mg alum L-1 Klassen et al., 1970 
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Water Column Analyses 

Table A-2.  Raw soluble reactive phosphorus data for anaerobic core incubation study. 
Treatment & Dosage‡ Core # T0 T1 T3 T5 T7 T10 T14 

alum 36 1 0.205 < det limit 0.003 < det limit 0.007 0.006 0.007 

alum 36 2 0.233 < det limit 0.004 < det limit 0.002 0.006 0.014 

alum 36 3 0.214 < det limit 0.003 < det limit 0.003 0.006 0.007 

alum 36 4 0.325 0.0013 0.001 < det limit 0.003 0.007 0.007 

alum 36 5 0.339 < det limit 0.001 < det limit 0.007 0.007 0.007 

alum 36 6 0.219 < det limit 0.002 0.0016 0.006 0.007 0.007 

alum 18 7 0.208 0.001 0.002 0.005 0.003 0.007 0.004 

alum 18 8 0.188 0.001 0.001 0.003 0.002 0.006 0.001 

alum 18 9 0.372 0.001 0.002 0.002 0.002 0.006 0.002 

alum 18 10 0.141 0.000 0.001 0.002 0.002 0.006 0.003 

alum 18 11 0.191 0.000 0.001 0.001 0.001 0.005 0.002 

alum 18 12 0.116 0.001 0.001 0.001 0.001 0.007 0.008 

alum 9 13 0.229 0.003 0.007 0.011 0.006 0.022 0.008 

alum 9 14 0.235 0.003 0.003 0.005 0.005 0.018 0.007 

alum 9 15 0.138 0.002 0.004 0.004 0.004 0.015 0.005 

alum 9 16 0.252 0.002 0.004 0.004 0.005 0.017 0.009 

alum 9 17 0.132 0.002 0.004 0.003 0.003 0.010 0.005 

alum 9 18 0.250 0.001 0.003 0.004 0.007 0.011 0.010 

PAC† 36 19 0.157 0.001 0.006 < det limit 0.006 0.006 0.001 

PAC 36 20 0.206 0.007 0.002 < det limit < det limit 0.005 < det limit 

PAC 36 21 0.296 0.003 0.005 0.0584 0.007 0.006 0.006 

PAC 36 22 0.234 0.021 0.002 0.0004 0.006 0.008 0.006 

PAC 36 23 0.133 0.002 0.000 0.0042 0.024 0.018 0.014 

PAC 36 24 0.218 0.007 0.010 0.0560 0.007 0.007 0.008 

PAC 18 25 0.323 0.000 0.002 0.002 0.003 0.010 0.018 

PAC 18 26 0.200 0.001 0.003 0.004 0.003 0.010 0.005 

PAC 18 27 0.210 0.000 0.003 0.001 0.006 0.013 0.006 

PAC 18 28 0.265 0.001 0.004 0.002 0.004 0.009 0.004 

PAC 18 29 0.134 0.002 0.005 0.007 0.005 0.011 0.007 

PAC 18 30 0.203 0.001 0.005 0.005 0.004 0.009 0.004 

PAC 9 31 0.231 0.004 0.006 0.004 0.007 0.012 0.007 
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    Table A-2.  Continued. 
Treatment & Dosage Core # T0 T1 T3 T5 T7 T10 T14 

PAC 9 32 0.212 0.006 0.011 0.009 0.015 0.028 0.024 

PAC 9 33 0.203 0.005 0.006 0.005 0.006 0.020 0.008 

PAC 9 34 0.112 0.002 0.006 0.014 0.015 0.048 0.022 

PAC 9 35 0.182 0.002 0.017 0.017 0.123 0.130 0.093 

PAC 9 36 0.208 0.002 0.009 0.007 0.012 0.030 0.015 

alum res† 36 37 0.213 0.181 0.138 0.156 0.172 0.147 0.126 

alum res 36 38 0.234 0.183 0.142 0.152 0.131 0.153 0.117 

alum res 36 39 0.260 0.231 0.198 0.201 0.204 0.177 0.089 

alum res 36 40 0.132 0.124 0.119 0.138 0.153 0.169 0.145 

alum res 36 41 0.236 0.227 0.197 0.196 0.170 0.161 0.130 

alum res 36 42 0.216 0.165 0.135 0.120 0.121 0.105 0.081 

alum res 18 43 0.219 0.212 0.225 0.172 0.136 0.318 0.197 

alum res 18 44 0.160 0.131 0.122 0.089 0.069 0.068 0.025 

alum res 18 45 0.212 0.191 0.179 0.114 0.112 0.158 0.107 

alum res 18 46 0.326 0.298 0.305 0.214 0.202 0.270 0.164 

alum res 18 47 0.154 0.173 0.165 0.143 0.088 0.046 0.128 

alum res 18 48 0.266 0.245 0.264 0.236 0.196 0.220 0.166 

alum res 9 49 0.222 0.177 0.243 0.219 0.196 0.321 0.256 

alum res 9 50 0.206 0.200 0.198 0.202 0.119 0.190 0.112 

alum res 9 51 0.220 0.228 0.213 0.152 0.185 0.236 0.262 

alum res 9 52 0.220 0.212 0.233 0.223 0.210 0.262 0.219 

alum res 9 53 0.113 0.121 0.132 0.107 0.117 0.163 0.142 

alum res 9 54 0.109 0.076 0.122 0.086 0.102 0.144 0.137 

PNAS† 36 55 0.211 < det limit 0.004 0.006 0.004 0.007 0.006 

PNAS 36 56 0.202 < det limit 0.002 0.005 0.004 0.013 0.015 

PNAS 36 57 0.226 < det limit < det limit 0.004 0.003 0.006 0.010 

PNAS 36 58 0.210 < det limit < det limit 0.004 0.003 0.007 0.006 

PNAS 36 59 0.219 < det limit < det limit 0.004 0.002 0.006 0.007 

PNAS 36 60 0.199 < det limit < det limit 0.003 0.002 0.005 0.008 

PNAS 18 61 0.196 0.009 0.006 0.005 0.006 0.010 0.002 

PNAS 18 62 0.311 0.094 0.002 0.003 0.004 0.009 0.002 

PNAS 18 63 0.120 0.003 0.001 0.002 0.003 0.010 0.003 

PNAS 18 64 0.219 0.001 0.001 0.001 0.002 0.006 0.001 

PNAS 18 65 0.211 0.001 0.004 0.001 0.002 0.007 0.002 

PNAS 18 66 0.141 0.000 0.000 0.001 0.002 0.005 0.001 

PNAS 9 67 0.155 0.004 0.004 0.007 0.006 0.013 0.003 

PNAS 9 68 0.229 0.003 0.003 0.002 0.005 0.012 0.005 

PNAS 9 69 0.214 0.002 0.003 0.016 0.005 0.009 0.008 

PNAS 9 70 0.163 0.003 0.001 0.004 0.005 0.010 0.005 
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    Table A-2.  Continued. 
Treatment & Dosage Core # T0 T1 T3 T5 T7 T10 T14 

PNAS 9 71 0.210 0.002 0.001 0.002 0.004 0.008 0.004 

PNAS 9 72 0.205 0.003 0.001 0.003 0.003 0.010 0.004 

control 73 0.225 0.252 0.274 0.291 0.290 0.299 0.310 

control 74 0.186 0.216 0.251 0.274 0.238 0.269 0.252 

control 75 0.262 0.284 0.302 0.320 0.330 0.367 0.305 

control 76 0.227 0.264 0.285 0.325 0.296 0.354 0.267 

control 77 0.215 0.257 0.274 0.261 0.295 0.341 0.350 

control 78 0.188 0.219 0.230 0.258 0.247 0.272 0.246 
† PAC = polyaluminum chloride; alum res = alum residual; PNAS = partially-neutralized aluminum sulfate 
‡ Dosage = 36, 18, or 9 g Al m-2 
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Table A-3.  Raw soluble reactive phosphorus data for anaerobic core spiking study. 
Treatment T0 T1 T2 T4 T7 T0 T1 T2 T4 T7 T0 T1 T2 T4 T7 

alum 36 0.0939 0.0170 0.0305 0.0114 0.0125 0.0743 0.0190 0.0055 0.0043 0.0018 0.0830 0.0076 0.0059 0.006 0.009 

alum 36 0.0861 0.0484 0.0320 0.0141 0.0096 0.0988 0.0325 0.0209 0.0116 0.0107 0.0638 0.0126 0.0036 0.011 0.011 

alum 36 0.0612 0.0116 0.0073 0.0034 0.0036 0.0898 0.0410 0.0037 0.0033 0.0026 0.0521 0.0072 0.004 0.006 0.006 

alum 18 0.036 0.005 0.001 0.001 0.0027 0.0751 0.0346 0.0235 0.026 0.019 0.111 0.071 0.064 0.035 0.024 

alum 18 0.025 0.003 0.000 0.002 0.0062 0.0673 0.0285 0.0192 0.021 0.012 0.102 0.066 0.051 0.037 0.025 

alum 18 0.030 0.013 0.007 0.004 0.005 0.0547 0.0274 0.017 0.024 0.011 0.111 0.04 0.012 0.011 0.011 

alum 9 0.096 0.072 0.086 0.064 0.0645 0.1697 0.1446 0.1402 0.129 0.114 0.207 0.211 0.155 0.18 0.165 

alum 9 0.157 0.063 0.035 0.037 0.0347 0.1391 0.1051 0.0842 0.082 0.064 0.175 0.138 0.109 0.094 0.057 

alum 9 0.077 0.057 0.040 0.037 0.0291 0.1339 0.1107 0.0773 0.086 0.068 0.169 0.146 0.11 0.095 0.069 

PAC 36 0.0314 0.0096 0.0057 0.0038 0.0036 0.0733 0.0124 0.0087 0.0060 0.0037 0.0861 0.0464 0.029 0.020 0.019 

PAC 36 0.0120 0.0032 0.0032 0.0034 0.0026 0.0338 0.0132 0.0112 0.0124 0.0080 0.0393 0.0675 0.023 0.023 0.011 

PAC 36 0.0739 0.0529 0.0443 0.0486 0.0285 0.1391 0.0917 0.0882 0.0896 0.0068 0.1921 0.1613 0.107 0.089 0.063 

PAC 18 0.166 0.127 0.119 0.095 0.0563 0.2111 0.1568 0.1307 0.138 0.083 0.171 0.21 0.186 0.167 0.131 

PAC 18 0.107 0.042 0.038 0.016 0.0215 0.1477 0.0858 0.0758 0.061 0.13 0.149 0.116 0.089 0.077 0.057 

PAC 18 0.144 0.059 0.046 0.043 0.0207 0.1523 0.1021 0.1155 0.076 0.044 0.164 0.141 0.137 0.108 0.089 

PAC 9 0.159 0.163 0.116 0.116 0.0982 0.2763 0.2427 0.2561 0.212 0.237 0.282 0.345 0.305 0.288 0.273 

PAC 9 0.223 0.242 0.136 0.190 0.1855 0.3386 0.2742 0.2466 0.2 0.208 0.286 0.346 0.296 0.283 0.305 

PAC 9 0.111 0.105 0.102 0.112 0.0761 0.219 0.1607 0.1813 0.147 0.151 0.234 0.238 0.203 0.205 0.187 
alum res 

36 0.234 0.298 0.277 0.298 0.2548 0.4177 0.356 0.3496 0.327 0.343 0.438 0.425 0.408 0.403 0.379 
alum res 

36 0.236 0.200 0.183 0.211 0.1534 0.5767 0.3653 0.3712 0.275 0.339 0.412 0.388 0.394 0.394 0.333 
alum res 

36 0.170 0.162 0.125 0.135 0.1223 0.2643 0.2392 0.238 0.18 0.177 0.256 0.264 0.225 0.207 0.196 
alum res 

18 0.262 0.323 0.278 0.268 0.2245 0.4053 0.3241 0.3633 0.319 0.316 0.434 0.475 0.393 0.382 0.367 
alum res 

18 0.241 0.552 0.461 0.512 0.4097 0.6402 0.6185 0.5781 0.456 0.512 0.523 0.564 0.513 0.513 0.439 
alum res 

18 0.231 0.174 0.232 0.186 0.2688 0.4047 0.38 0.4161 0.382 0.383 0.378 0.408 0.397 0.402 0.345 

alum res 9 0.238 0.278 0.174 0.327 0.2836 0.4488 0.4219 0.4022 0.303 0.389 0.451 0.481 0.457 0.438 0.368 

alum res 9 0.159 0.271 0.121 0.200 0.1962 0.3563 0.3002 0.3231 0.299 0.295 0.344 0.366 0.35 0.345 0.343 

alum res 9 0.299 0.289 0.260 0.249 0.221 0.362 0.3205 0.3385 0.293 0.311 0.338 0.389 0.361 0.4 0.383 

PNAS 36 0.0542 0.0018 0.0180 0.0075 0.0028 0.1062 0.0053 0.0049 0.0043 0.0045 0.0393 0.0034 0.002 0.002 0.005 

PNAS 36 0.0813 0.0423 0.0079 0.0161 0.0077 0.1027 0.0190 0.0060 0.0033 0.0047 0.1068 0.0080 0.009 0.004 0.007 

PNAS 36 0.0698 0.0443 0.0106 0.0075 0.0040 0.0743 0.0010 0.0020 0.0028 0.0016 0.0224 0.0028 0.004 0.004 0.004 

PNAS 18 0.017 0.006 0.003 0.002 0.005 0.0444 0.0199 0.0167 0.01 0.008 0.127 0.07 0.041 0.022 0.012 

PNAS 18 0.022 0.016 0.004 0.002 0.0029 0.0577 0.0272 0.0131 0.006 0.007 0.114 0.058 0.025 0.016 0.009 

PNAS 18 0.022 0.004 0.001 0.001 0.0034 0.0431 0.0059 0.0052 0.009 0.007 0.045 0.018 0.012 0.009 0.011 

PNAS 9 0.057 0.032 0.014 0.010 0.0045 0.1087 0.0176 0.0119 0.007 0.006 0.17 0.045 0.017 0.007 0.007 

PNAS 9 0.078 0.049 0.032 0.020 0.0096 0.1307 0.0662 0.0356 0.019 0.014 0.14 0.056 0.02 0.015 0.006 

PNAS 9 0.054 0.059 0.027 0.019 0.0172 0.1335 0.0864 0.0702 0.046 0.042 0.153 0.106 0.082 0.056 0.031 

control 0.238 0.455 0.346 0.404 0.3428 0.5311 0.4908 0.468 0.358 0.411 0.558 0.548 0.444 0.513 0.486 

control 0.401 0.489 0.428 0.469 0.3681 0.6424 0.5785 0.6200 0.498 0.513 0.493 0.680 0.688 0.676 0.696 

control 0.296 0.364 0.255 0.345 0.2989 0.4125 0.3774 0.4027 0.362 0.374 0.414 0.524 0.428 0.46 0.497 
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APPENDIX B 
MESOCOSM STUDY RAW DATA 

 
Grow-in Water Quality 

Table B-1a.  Raw mesocosm water column pH data for 20 weeks in 2004 after planting, 
prior to alum addition. 

Plant Mesocosm 7/8 7/15 7/22 7/29 8/6 8/12 8/19 8/26 9/169/30 10/1410/2811/1111/24
S‡ 1 7.9 8.5 7.6 8.3 8.1 8.2 8.2 7.8 7.5 7.8 7.5 7.6 7.8 7.6 
S 2 8.7 7.7 7.6 8.3 8.7 8.3 8.3 8.0 7.7 7.9 7.6 7.6 7.8 7.8 
N‡ 3 s† 9.3 9.3 8.9 9.1 8.6 8.8 9.4 9.4 9.3 9.0 9.7 8.9 9.3 9.3 
N 3 b† 8.7 7.7 7.9 8.7 8.4 8.4 9.3 8.4 8.3 8.2 8.7 8.1 8.1 8.0 
T‡ 4 7.9 7.7 7.7 8.3 8.3 8.3 8.0 8.2 8.4 8.7 8.2 8.0 7.9 7.8 
N 5 s 8.7 8.0 8.4 9.1 8.5 8.9 8.3 9.1 9.3 8.7 8.7 9.1 9.4 8.6 
N 5 b 7.8 7.6 7.6 8.1 8.4 8.6 8.1 8.3 8.4 8.5 8.3 7.9 8.1 8.2 
T 6 7.9 7.8 7.7 8.3 8.5 8.4 8.3 8.2 8.4 8.7 8.1 8.4 8.0 8.1 
N 7 s 9.6 9.0 8.9 9.0 9.4 9.4 9.6 9.1 8.9 9.0 9.3 8.9 9.3 9.3 
N 7 b 8.3 6.7 7.7 8.6 8.6 8.4 9.5 8.6 8.6 8.2 8.9 8.1 8.2 8.6 
S 8 8.1 8.0 7.8 8.6 9.0 9.5 9.3 8.6 8.1 8.4 8.3 7.9 8.2 8.2 
N 9 s 9.7 9.4 8.1 8.8 9.5 9.3 9.8 9.8 9.1 9.6 7.9 9.1 9.0 9.1 
N 9 b 7.3 7.7 7.6 8.0 9.0 7.9 9.1 8.7 8.4 8.4 7.8 8.2 8.2 8.6 
T 10 7.9 7.6 7.6 8.4 8.8 8.5 8.7 8.6 8.3 8.4 8.1 7.9 8.0 7.9 
S 11 7.9 8.0 7.5 8.2 8.4 8.6 9.0 8.3 8.2 8.1 7.8 7.8 7.9 7.7 
T 12 7.9 7.6 7.5 8.3 8.4 8.8 9.6 8.5 7.9 8.1 7.8 7.8 8.2 8.3 
S 13 7.9 7.7 7.7 8.4 8.4 8.6 9.0 8.4 8.1 8.2 7.9 8.8 8.3 8.4 
T 14 7.7 7.6 7.6 8.3 8.6 9.0 9.0 8.4 8.0 8.1 7.9 7.8 8.1 9.2 
S 15 7.6 7.3 7.6 8.2 8.3 8.3 8.3 8.2 8.0 8.0 7.8 8.1 7.9 7.6 
N 16 s 9.7 9.5 8.0 8.5 8.7 9.4 10.0 8.9 9.0 9.4 9.6 8.6 8.6 9.8 
N 16 b 8.0 8.1 7.6 8.2 8.2 8.7 9.9 8.2 8.4 8.3 8.7 8.1 7.9 8.9 
N 17 s 8.9 8.7 8.1 8.7 8.7 9.6 10.2 9.5 8.8 9.3 9.4 8.7 9.1 9.3 
N 17 b 7.9 7.7 7.6 8.5 8.6 8.5 10.0 8.8 8.3 8.7 8.1 7.9 8.1 7.7 
T 18 7.9 7.7 7.6 8.3 8.5 9.1 9.2 8.4 8.2 8.7 8.0 8.0 8.2 8.3 

† s = surface water column pH in SAV mesocosm, b = pH approximately 1” from soil surface in 
SAV mesocosm 
‡ S = Scirpus californicus; N = submerged aquatic vegetation; T = Typha spp. 
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Table B-2.  Raw outflow soluble reactive phosphorus (mg L-1) data for mesocosms nine 
weeks prior to alum addition. 

Plant Mesocosm 10/1/04 10/14/04 10/28/04 11/11/04 11/18/04 11/24/04
S† 1 0.069 0.017 0.006 0.025 0.01 0.028 
S 2 0.075 0.016 0.011 0.025 0.004 0.024 
N† 3 0.021 0.005 0.006 0.016 0.015 0.013 
T† 4 0.044 0.022 0.010 0.023 0.022 0.07 
N 5 0.029 0.007 0.007 0.022 0.009 0.025 
T 6 0.012 0.011 0.006 0.027 0.007 0.049 
N 7 0.034 0.002 0.002 0.003 0.005 0.012 
S 8 0.072 0.015 0.013 0.029 0.010 0.077 
N 9 0.021 0.019 0.010 0.003 0.007 0.034 
T 10 0.019 0.011 0.007 0.018 0.008 0.061 
S 11 0.045 0.016 0.014 0.019 0.003 0.054 
T 12 0.014 0.023 0.011 0.020 0.006 0.054 
S 13 0.065 0.025 0.012 0.023 0.026 0.048 
T 14 0.032 0.016 0.011 0.019 0.007 0.016 
S 15 0.073 0.032 0.021 0.033 0.036 0.006 
N 16 0.046 0.014 0.008 0.016 0.012 0.004 
N 17 0.018 0.012 0.003 0.010 0.006 0.003 
T 18 0.038 0.027 0.013 0.018 0.013 0.005 

 Inflow 0.108 0.080 0.052 0.085 0.108 0.127 
 DI Blank 0.000 0.000 0.000 0.000 0.001 0.001 
† S = Scirpus californicus; N = submerged aquatic vegetation; T = Typha spp. 
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Table B-3.  Raw outflow total kjeldahl nitrogen data (mg L-1) for mesocosms nine weeks 
prior to alum addition. 

Plant Mesocosm 10/1/04 10/14/04 10/28/04 11/11/04 11/18/04 11/24/04
S† 1 0.666 0.600 0.718 0.586 0.466 0.536 
S 2 0.607 0.482 0.630 0.675 0.795 0.615 
N† 3 0.841 0.600 0.748 0.705 0.526 0.496 
T† 4 0.666 0.698 0.689 0.586 0.556 0.496 
N 5 0.812 0.836 0.600 0.645 0.466 0.466 
T 6 0.607 0.718 0.777 0.615 0.526 0.526 
N 7 0.548 0.718 0.836 0.675 0.466 0.496 
S 8 0.724 0.659 0.718 0.615 0.496 0.526 
N 9 0.783 0.836 0.895 0.675 0.496 0.496 
T 10 0.724 0.954 0.895 0.675 0.795 0.526 
S 11 0.636 0.718 0.659 0.675 0.586 0.466 
T 12 0.695 0.659 0.689 0.566 0.466 0.466 
S 13 0.959 0.718 0.954 0.675 0.675 0.406 
T 14 0.724 0.748 0.748 0.675 0.496 0.466 
S 15 0.724 0.836 0.659 0.795 0.466 0.556 
N 16 0.724 0.659 0.777 0.705 0.466 0.526 
N 17 0.666 0.659 0.807 0.675 0.586 0.556 
T 18 0.724 0.659 0.630 0.645 0.436 0.615 

 Inflow 0.607 0.541 0.659 0.795 0.496 0.550 
 DI Blank 0.000 0.000 0.026 0.048 0.000 0.000 

      † S = Scirpus californicus; N = submerged aquatic vegetation; T = Typha spp. 
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Table B-4.  Raw outflow dissolved organic carbon (mg L-1) data for mesocosms 9 weeks 
prior to alum addition. 

Plant Mesocosm 10/1/04 10/14/04 10/28/04 11/11/04 11/18/04 11/24/04
S† 1 8.209 10.340 8.884 7.970 8.893 8.941 
S 2 8.252 9.938 8.084 8.290 9.598 8.732 
N† 3 7.952 8.695 8.310 8.384 8.005 8.156 
T† 4 8.215 9.883 8.691 9.295 9.869 8.507 
N 5 7.994 9.792 8.333 8.199 8.47 8.312 
T 6 7.926 11.14 8.984 8.748 8.926 8.896 
N 7 8.139 9.204 7.921 8.065 7.864 8.158 
S 8 8.506 10.030 8.200 8.597 8.818 8.396 
N 9 8.138 10.380 8.587 8.819 9.188 8.418 
T 10 8.253 11.230 9.002 9.405 9.279 8.354 
S 11 7.992 9.920 8.543 9.005 9.385 8.402 
T 12 8.296 10.300 8.426 8.931 9.168 8.638 
S 13 7.671 10.310 8.331 8.722 8.43 8.816 
T 14 8.148 10.720 8.812 8.931 8.917 9.363 
S 15 8.347 9.836 8.470 8.922 8.518 9.7 
N 16 7.857 10.390 8.168 8.489 8.129 7.997 
N 17 7.995 10.310 8.223 8.211 7.874 8.052 
T 18 8.604 9.862 8.549 8.792 8.868 9.069 

 Inflow 7.855 9.706 8.012 8.390 8.593 8.233 
 DI Blank        - 1.204 0.696 0.465 0.315 0.467 

† S = Scirpus californicus; N = submerged aquatic vegetation; T = Typha spp. 
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Table B-5.  Initial characterization of soil used in mesocosm establishment (n=5). 
Parameter Units   

Moisture % 19.9 ± 0.02 
pH pH units 5.21 ± 0.28 
LOI† % 8.24 ± 1.21 
Total P mg kg-1 111 ± 13.4 
HCl Ca mg kg-1 1418 ± 235.0 
HCl Mg mg kg-1 16.8 ± 3.79 
HCl Fe mg kg-1 600 ± 57.2 
HCl Al mg kg-1 455 ± 35.3 
Oxalate Al mg kg-1 285 ± 21.2 
PMP† mg kg-1 d-1 0.60 ± 0.18 
KCl Pi mg kg-1 0.21 ± 0.15 
NaOH Pi mg kg-1 24.9 ± 2.11 
HCl Pi mg kg-1 5.67 ± 3.30 
Sum TPi mg kg-1 30.7 ± 4.66 
NaOH Po mg kg-1 36.3 ± 3.12 
Residue Po mg kg-1 34.4 ± 16.7 
Sum TPo mg kg-1 70.7 ± 18.7 

† LOI = loss on ignition; PMP = potentially mineralizeable phosphorus. 
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Figure B-1.  Scirpus californicus leaf length to dry weight regression harvested from cell 
2 in the Orlando Easterly Wetland (n=30). 
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Figure B-2.  Typha spp. leaf length to dry weight regression harvested from cell 10 in the 

Orlando Easterly Wetland (n=12 plants, 69 leaves). 



 

APPENDIX C 
FIELD STUDY SPATIAL DATA 

Table C-1.  Spatial coordinates for all samples collected within cell 9 and 10 of the 
Orlando Easterly Wetland (UTM Zone 17, NAD83). 

Distance from 
inflow (m) Site Northing Easting 

10 9A1 3160707 499587.1 
35 9A2 3160735 499581.6 
80 9A3 3160784 499600.7 

150 9A4 3160892 499611.5 
10 9B5 3160670 499907.6 
35 9B6 3160673 499910.4 
80 9B7 3160762 499644.1 

150 9B8 3160799 499706.6 
10 10C9 3160528 499850.6 
35 10C10 3160556 499861.5 
80 10C11 3160593 499875.0 

150 10C12 3160670 499904.9 
10 10D13 3160528 499891.3 
35 10D14 3160538 499915.8 
80 10D15 3160538 499918.5 

150 10D16 3160556 499983.7 
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Figure C-1.  Field study transects in control cell 9 and alum-treated cell 10 of the 

Orlando Easterly Wetland.                                                              
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Table C-2.  Soluble reactive phosphorus collected in 2005 from replicate transects in cell 9 and 10 of the Orlando Easterly Wetland. 
Weir or Plot 8/4 8/11 8/18 8/23 9/7 9/14 9/21 9/28 10/13 10/19 10/26 11/9 11/23 12/12 12/27 

5X 0.42 0.242 0.162 0.172 0.472 0.171 0.52 0.353 0.447 0.45 0.08 0.394 0.235 0.552 0.329 
9X 0.406 0.237 0.176 0.165 0.338 0.182 0.433 0.323 0.296 0.464 0.117 0.427 0.201 0.603 0.343 
9Y 0.396 0.203 0.146 0.095 0.271 0.174 0.434 0.258 0.227 0.368 0.099 0.391 0.245 0.553 0.324 

9A1 0.4 0.218 0.154 0.141 0.454 0.148 0.508 0.287 0.435 0.465 0.095 0.377 0.227 0.602 0.314 
9A2 0.389 0.277 0.249 0.161 0.413 0.175 0.509 0.332 0.432 0.416 0.458 0.377 0.231 0.622 0.316 
9A3 0.378 0.256 0.047 0.007 0.427 0.142   0.446 0.466 0.03 0.065 0.373 0.519 0.333 
9A4 0.387 0.19 0.115 0.056 0.39 0.118 0.413 0.15 0.349 0.366 0.122 0.363 0.038 0.45 0.336 
9B5 0.26 0.205 0.062 0.125 0.429 0.153 0.107 0.339 0.445 0.45 0.098 0.386 0.223 0.616 0.313 
9B6 0.357 0.201 0.056 0.066 0.444 0.036 0.499 0.321 0.436 0.451 0.01 0.356 0.224 0.522 0.271 
9B7 0.194 0.181 0.021 0.011 0.448 0.116 0.529  0.406 0.377 0.097 0.383 0.242 0.672 0.338 
9B8         0.445       0.572 0.457 0.187 0.165 0.234 0.59 0.318 

6X 0.354 0.024 0.18 0.128 0.158 0.010 0.192 0.102 0.264 0.253 0.16 0.053 0.32 0.54 0.223 
10X 0.174 0.177 0.118 0.096 0.08 0.164 0.052 0.147 0.15 0.149 0.246 0.179 0.272 0.391 0.14 
10Y 0.236 0.117 0.108 0.093 0.115 0.162 0.062 0.118 0.149 0.143 0.217 0.159 0.395 0.34 0.099 

10C9 0.318 0.018 0.171 0.082 0.007 0.007 0.164 0.074 0.204 0.173 0.179 0.109 0.143 0.536 0.168 
10C10 0.29 0.021 0.15 0.039 0.013 0.021 0.071 0.084 0.177 0.158 0.167 0.094 0.164 0.527 0.153 
10C11 0.097 0.595 0.473 0.374 0.265 0.008 0.175 0.082 0.167 0.116 0.174 0.134 0.25 0.504 0.295 
10C12 0.992 1.033 0.809 0.642 0.676 0.170 0.457 0.674 0.511 0.406 0.579 0.325 0.23 0.431 0.321 
10D13 0.336 0.024 0.174 0.054 0.017 0.008 0.147 0.086 0.186 0.212 0.179 0.085 0.111 0.524 0.122 
10D14 0.287 0.134 0.166 0.019 0.033 0.346 0.018 0.059 0.18 0.187 0.168 0.198 0.258 0.498 0.183 
10D15 0.519 0.043 0.187 0.07 0.043 0.165 0.112 0.017 0.257 0.218 0.224 0.244  0.488  
10D16     0.243    0.274 0.276 0.212 0.289 0.32 0.395 0.426 
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Table C-3.  Soluble reactive phosphorus collected in 2006 from replicate transects in cell 9 and 10 of the Orlando Easterly Wetland. 
Weir or Plot 1/10 1/24 2/7 2/21 3/7 3/21 4/4 4/21 5/11 5/25 6/16 6/27 7/11 7/27 8/10 8/17 

5X 0.175 0.427 0.252 0.423 0.296 0.445 0.559 0.660 0.291 0.141 0.367 0.186 0.106 0.178 0.229 0.243 
9X 0.168 0.534 0.216 0.493 0.305 0.425 0.517 0.573 0.239 0.154 0.330 0.145 0.116 0.185 0.198 0.190 
9Y 0.16 0.515 0.207 0.458 0.273 0.432 0.499 0.471 0.201 0.137 0.293 0.122 0.105 0.134 0.177 0.192 

9A1 0.016 0.422 0.225 0.381 0.264 0.347 0.543 0.656 0.287 0.083 0.368 0.205 0.109 0.177 0.238 0.256 
9A2 0.168 0.424 0.247 0.425 0.315 0.484 0.564 0.623 0.325  0.422 0.180 0.098 0.179 0.112 0.214 
9A3 0.181 0.413 0.257 0.234 0.293 0.396 0.339    0.395 0.186 0.111 0.178 0.227 0.247 
9A4 0.139 0.546 0.184 0.514 0.277 0.411 0.630 0.516 0.272 0.103 0.353 0.115 0.191 0.169 0.158 0.184 
9B5 0.102 0.342 0.154 0.39 0.283 0.446 0.474 0.679 0.295 0.180 0.352 0.185 0.107 0.178 0.227 0.256 
9B6 0.178 0.414 0.247 0.429 0.283 0.452 0.564 0.673   0.361 0.199 0.104 0.192 0.237 0.258 
9B7 0.112 0.43 0.252 0.417 0.295 0.438 0.563 0.651 0.163 0.194 0.315 0.136 0.125 0.104 0.192 0.192 
9B8 0.166 0.441 0.24 0.416 0.287 0.410 0.409 0.381 0.203 0.039   0.017 0.028     0.376 

6X 0.028 0.51 0.02 0.021 0.009 0.001 0.004 0.318 0.105 0.089 0.244 0.000 0.005 0.116 0.125 0.042 
10X 0.09 0.248 0.163 0.028 0.207 0.200 0.110 0.066 0.032 0.018 0.028 0.025 0.037 0.022 0.035 0.034 
10Y 0.062 0.275 0.224 0.035 0.221 0.070 0.045 0.024 0.029 0.007 0.015 0.018 0.033 0.021 0.021 0.021 

10C9 0.022 0.484 0.016 0.016 0.008 0.001 0.002 0.057 0.073 0.056 0.209 0.000 0.002 0.101 0.113 0.038 
10C10 0.019 0.461 0.017 0.012 0.007 0.000 0.006 0.031 0.039 0.048 0.170 0.000 0.003 0.023 0.039 0.049 
10C11 0.023 0.368 0.033 0.035 0.049 0.002 0.004 0.003 0.009 0.069     0.061 0.034 
10C12 0.146 0.384 0.053 0.016 0.122 0.098 0.042 0.024  0.018 0.125 0.104 0.136 0.175 0.312 0.309 
10D13 0.019 0.35 0.02 0.013 0.009 0.000 0.002 0.016 0.040 0.014 0.174 0.000 0.011 0.069 0.063 0.059 
10D14 0.015 0.344 0.048 0.026 0.121 0.034 0.025 0.070 0.017 0.070 0.041 0.011 0.020 0.029 0.046 0.071 
10D15 0.033 0.365 0.108 0.026 0.123 0.016 0.039 0.011 0.037   0.000 0.025 0.021 0.041 0.048 
10D16 0.426 0.019 0.371 0.038 0.023 0.161 0.039 0.018 0.016 0.019 0.066 0.058 0.048 0.022 0.035 0.038 



 

212 

 
LIST OF REFERENCES 

2002.  Iron Bridge Regional Water Reclamation Facility.  Water Environment & 
Technology 14: 32-33. 

Aerts, R., J. T. A. Verhoven, and D. F. Whigham.  1999.  Plant-mediated controls on 
nutrient cycling in temperate fens and bogs.  Ecology 80: 2170-2181. 

Albers, P. H. and M. B. Camardese.  1993.  Effects of acidification on metal 
accumulation by aquatic plants and invertebrates.  1. Constructed Wetlands. 
Environmental Toxicology and Chemistry 12: 959-967. 

Allen, W. C., P. B. Hook, J. A. Biederman, and O. R. Stein.  2002.  Temperature and 
wetland plant species effects on wastewater treatment and root zone oxidation.  
Journal of Environmental Quality 31: 1010-1016. 

Amonette, J. E.  2002.  Methods for determination of mineralogy and environmental 
availability.  In Dixon, J. B. and D. G. Schulze (eds.) Soil Mineralogy with 
Environmental Applications.  Soil Science Society of America, Inc.: Madison, WI.  
pp. 153-197. 

Andersen, J. M.  1976.  An ignition method for determination of total phosphorus in lake 
sediments.  Water Research 10: 329-331. 

Ann, Y. K.  1995.  Phosphorus immobilization by chemical amendments in a constructed 
wetland.  Ph.D. Dissertation.  University of Florida, Gainesville, FL. 

Ann, Y., K. R. Reddy, and J. J. Delfino.  2000.  Influence of chemical amendments on 
phosphorus immobilization in soils from a constructed wetland.  Ecological 
Engineering 14: 157-167. 

APHA.  1998.  Standard methods for the examination of water and wastewater.  20th ed. 
American Public Health Association: Baltimore, MD. 

Auter, T., T. A. Debusk, F. E. Dierberg, M. Sees.  2003.  An evaluation of techniques for 
rejuvenating the nutrient removal capacity of treatment wetland communities.  In 
Proceedings of the 12th Annual North American Lake Management Society 
Southeastern Lakes Management Conference.  June 2-5, 2003: Orlando, FL.  

Bachand, P. A. M. and A. J. Horne.  2000.  Denitrification in constructed wetland free-
water surface wetlands: II. Effects of vegetation and temperature.  Ecological 
Engineering 14: 17-32. 



213 

 

Baker, J. P.  1982.  Effects on fish and metals associated with acidification.  In Johnson, 
R. E. (ed.) Acid Rain/Fisheries.  American Fisheries Society.  pp. 165-176. 

Barbiero, R., R. E. Carlson, G. D. Cooke, A. W. Beals.  1988.  The effects of a 
continuous application of aluminum sulfate on lotic benthic invertebrates.  Lake 
and Reservoir Management 4: 63-72. 

Barcelo, J. and C. Poschenrieder.  2002.  Fast root growth responses, root exudates, and 
internal detoxification as clues to the mechanisms of aluminium toxicity and 
resistance: A review.  Environmental and Experimental Botany 48:75-92. 

Barko, J. W., D. Gunnison, and S. R. Carpenter.  1991.  Sediment interactions with 
submersed macrophytes growth and community dynamics.  Aquatic Botany 41: 41-
65. 

Barko, J. W., W. F. James, W. D. Taylor, and D. G. McFarland.  1990.  Effects of alum 
treatment on phosphorus and phytoplankton dynamics in Eau Gale Reservoir: a 
synopsis.  Lake and Reservoir Management 6: 1-8. 

Barnes, R. B.  1975.  The determination of specific forms of aluminum in natural water.  
Chemical Geology 15: 177-191. 

Baudo, R., G. Galanti, P. Guilizzoni, and P. Varini.  1981.  Relationship between heavy 
metals and aquatic organisms in Lake Mezzola hydrographic system (Northern 
Italy). 4. Metal concentration in six submerged aquatic macrophytes.  Memorie 
dell'Istituto Italiano di Idrobiologia. 39: 203-225. 

Beecroft, J. R., M. C. Koether, and G. W. vanLoon.  1995.  The chemical nature of 
precipitates formed in solutions of partially neutralized aluminum sulphate.  Water 
Research 29: 1461-1464. 

Bennet, R. J., C. M. Breen and M. V. Fey.  1987.  The effects of aluminum on root cap 
function and root development in Zea mays L.  Environmental and Experimental 
Botany 27: 91-104. 

Bera, R. R., A. Seal, M. Banerjee, and A.K. Dolu.  2005.  Nature and profile distribution 
of iron and aluminum in relation to pedogenic processes in some soils developed 
under tropical environment in India.  Environmental Geology 47: 241-245. 

Berg, D. J. and T. A. Burns.  1985.  Distribution of aluminum in the tissues of three fish 
species.  Journal of Freshwater Ecology 3: 113-120. 

Bertsch, P. M.  1990.  Aluminum speciation: Methodology and applications.  In Norton, 
S. A., S. E. Lindberg, and A. L. Page (eds.) Advances in Environmental Science.  
Acidic Precipitation Vol. 4.  Springer-Verlag: New York, NY.  pp. 63-105. 

Bertsch, P. M. and P. R. Bloom.  1996.  Aluminum.  In D. L. Sparks (ed.) Methods of soil 
analysis.  Part 3.  SSSA Book Series 5.  SSSA: Madison, WI.  pp.517-550. 



214 

 

Bertsch, P. M. and D. R. Parker.  1996.  Aqueous polynuclear aluminum species.  In G. 
Sposito (ed.) The Environmental Chemistry of Aluminum, 2nd ed.  CRC Press: 
Boca Raton, FL.  pp 117-168. 

Bittl,T., J. Vrba, J. Nedoma, and J. Kopacek.  2001.  Impact of ionic aluminium on 
extracellular phosphatases in acidified lakes.  Environmental Microbiology 3: 578-
587. 

Black, C. A. and W. R. Wise.  2003.  Evaluation of past and potential phosphorus uptake 
at the Orlando Easterly Wetland.  Ecological Engineering 21: 277-290. 

Blake, G. R. and K. H. Hartge.  1986.  Bulk Density.  In Klute, A. (ed.) Methods of Soil 
Analysis.  Part 1, Agronomy No. 9. American Society of Agronomy: Madison, WI.  
pp. 363-375. 

Blomquist, K., M. Cronholm, and A. Jernelöv.  1971.  Försök med fosfatreduktion genom 
kemisk fällning i Långsjön [In Swedish, English summary].  Vatten 27(2). 

Bodelier, P. L. E., J. A. Libochant, C. W. P. M. Blom, and H. J. Laanbroek.  1996.  
Dynamics of nitrification and denitrification in root-oxygenated sediments and 
adaptation of ammonia-oxidizing bacteria to low-oxygen or anoxic habitats.  
Applied Environmental Microbiology 62: 4100-4107. 

Boisvert, J. P. and C. Jolicoeur.  1999.  Influences of sulfate and/or silicate present in 
partially prehydrolyzed Al(III) flocculants on Al(III) speciation in diluted solutions.  
Colloid and Surfaces A: Physicochemical and Engineering Aspects 155: 161-170. 

Boisvert, J., T. C. To, A. Berrak, and C. Jolicoeur.  1997.  Phosphate adsorption in 
flocculation processes of aluminum sulphate and poly-aluminum-silicate-sulphate.  
Water Research 31: 1939-1946. 

Bostan, V., J. Dominik, M. Bostina, and M. Pardos.  2000.  Forms of particulate 
phosphorus in suspension and in bottom sediment in the Danube Delta.  Lakes & 
Reservoirs: Research and Management 5: 105-110. 

Bottero, J. Y., J. M. Case, F. Fiessinger, and J. E. Poivier.  1980.  Studies of 
hydrolyzedaluminum chloride solutions.  I.  Nature of aluminum species and 
composition of aqueous solutions.  Journal of Physical Chemistry 84: 2933-2939. 

Boyd, C. E.  1970.  Production, mineral accumulation and pigment concentrations in 
Typha latifolia and Scirpus americanus.  Ecology 51: 285-290. 

Brady, N. C. and R. R. Weil.  1999.  Soil organic matter.  In The Nature and Properties of 
Soil.  Prentice-Hall, Inc.: Upper Saddle River, New Jersey.  pp. 446-490. 

Brix, H.  1994.  Functions of macrophytes in constructed wetlands.  Water Science & 
Technology 29: 71–78. 



215 

 

Brix, H.  1997.  Do macrophytes play a role in constructed treatment wetlands?  Water 
Science & Technology 35: 11-17. 

Brix, H., K. Dyhr-Jensen, and B. Lorenzen.  2002.  Root-zone acidity and nitrogen source 
affects Typha latifolia L. growth and uptake kinetics of ammonium and nitrate.  
Journal of Experimental Botany 53: 2441-2450. 

Brookes, P. C., A. Landman, G. Pruden, and D. S. Jenkinson.  1985.  Chloroform 
fumigation and the release of soil nitrogen: a rapid direct extraction method to 
measure microbial biomass nitrogen in soils.  Soil Biology and Biochemistry 17: 
83-84. 

Brookes, P. C., D. S. Powlson, and D. S. Jenkinson.  1982.  Measurement of microbial 
biomass phosphorus in soil.  Soil Biology and Biochemistry 14: 319-329. 

Brower, J. E., J. H. Zar, and C. N. von Ende.  1998.  Biomass Measurements.  In Field 
and Laboratory Methods for General Ecology.  WCB/McGraw-Hill: Boston, MA.  
pp. 200-205. 

Bulc, T., D. Vrhovšek, and V. Kukanja.  1997.  The use of constructed wetland for 
landfill leachate treatment.  Water Science & Technology 35: 301-306. 

Bulson, P. C., D. L. Johnstone, H. L. Gibbons, and W. H. Funk.  1984.  Removal and 
inactivation of bacteria during alum treatment of a lake.  Applied and 
Environmental Microbiology 48: 425-430. 

Burney, J. L., S. T. Baccus, and J. B. Lee.  1989.  An evaluation of wildlife utilization in 
a man-made freshwater wetland system in central Florida, U. S. A.  In Webb, F. J., 
Jr. (ed.) Proceedings of the Sixteenth Annual Conference on Wetlands Restoration 
and Creation.  Hillsborough Community College, Plant City, FL. pp. 24-48. 

Burrows, H. D.  1977.  Aquatic aluminum chemistry, toxicology, and environmental 
prevalence.  Critical Reviews in Environmental Control 7: 167-216. 

Caffrey, J. M. and W. M. Kemp.  1991.  Seasonal and spatial patterns of oxygen 
production, respiration and root-rhizome release in Potamogeton perfoliatus L. and 
Zostera marina L.  Aquatic Botany 40: 109-128. 

Campbell, P. G. C., M. Bisson, R. Bougie, A. Tessier, and J. P. Villeneuve.  1983.  
Speciation of aluminum in acidic freshwaters.  Analytical Chemistry 55: 2246-
2252. 

Cardwell, A. J., D. W. Hawker, and M. Greenway.  2002.  Metal accumulation in aquatic 
macrophytes from southeast Queensland, Australia.  Chemosphere 48: 653-663. 

Carignan, R. and J. Kalff.  1979.  Quantification of the sediment phosphorus available to 
aquatic macrophytes.  Journal of the Fisheries Research Board of Canada 36: 1002-
1008. 



216 

 

Chakraborti, R. K., K. H. Gardner, J. F. Atkinson, and J. E. Van Benschoten.  2003.  
Changes in fractal dimension during aggregation.  Water Research 37: 873-883. 

Chao, G. Y., J. Baker, A. P Sabina, and A. C. Roberts.  1985.  Doyleite, a new polymorph 
of Al(OH)3, and its relationship to bayerite, gibbsite, and nordstrandite.  Canadian 
Mineralogy 23: 21-28. 

Christian, R. R.  1989.  Microbial ecology and organic detritus in estuaries.  In Day, J. 
W., Jr., C. A. S. Hall, W. M. Kemp, and A. Yáňez-Arancibia (eds.) Estuarine 
Ecology.  John Wiley & Sons: New York.  pp. 257-308. 

Chua, T., 2000.  Mineralization of organic phosphorus in a subtropical freshwater 
wetland.  Ph.D. dissertation, University of Florida, Gainesville, FL. 

Clarke, E. and A. H. Baldwin.  2002.  Responses of wetland plants to ammonia and water 
level.  Ecological Engineering 18: 257-264. 

Collins, B. S., R. R. Sharitz, and D. P. Coughlin.  2005.  Elemental composition of native 
wetland plants in constructed mesocosm treatment wetlands.  Bioresource 
Technology 96: 937-948.  

Connor, J. N. and M. R. Martin.  1989.  An assessment of sediment phosphorus 
inactivation, Kezar Lake, New Hampshire.  Water Resources Bulletin 25: 845-853. 

Connor, J. N. and G. N. Smith.  1986.  An efficient method of applying aluminum salts 
for sediment phosphorus inactivation in lakes.  Water Resources Bulletin 22: 661-
664. 

Cooke, G. D., E. B. Welch, A. B. Martin, D. G. Fulmer, J. B. Hyde, and G. D. Schrieve.  
1993a.  Effectiveness of Al, Ca, and Fe salts for control of internal phosphorus 
loading in shallow and deep lakes.  Hydrobiologia 253: 323-335. 

Cooke, G. D., E. B. Welch, S. A. Peterson, and P. R. Newroth.  1993b.  Phosphorus 
activation and sediment oxidation.  In Restoration and Management of Lakes and 
Reservoirs.  Lewis Publishers: Boca Raton, FL.  pp. 161-209. 

Cross, A. F. and W. H. Schleslinger.  1995.  A literature review of the Hedley 
fractionation: Applications to the biogeochemical cycle of soil phosphorus in 
natural ecosystems.  Geoderma 64: 197-214. 

Crowder, A.  1991.  Acidification, metals, and macrophytes.  Environmental Pollution 
71: 171-203. 

Culley, J. L.  1993.  Density and compressibility.  In Carter, M. R. (ed.) Soil Sampling 
and Methods of Analysis.  Lewis Publishers: Boca Raton. pp. 529-539. 



217 

 

Dayton E. A. and N. T. Basta.  2005.  A method for determining the phosphorus sorption 
capacity and amorphous aluminum of aluminum-based drinking water treatment 
residuals.  Journal of Environmental Quality 34: 1112-1118. 

Dao, T.H., L.J. Sikora, A. Hamasaki, and R.L. Chaney. 2001. Manure phosphorus 
extractability as affected by aluminum- and iron by-products and aerobic 
composting. J. Environ.l Qual. 30:1693-1698. 

Davis, J. A. and R. Gloor.  1981.  Adsorption of dissolved organics in lake water by 
aluminum oxide.  Effect of molecular weight.  Environmental Science and 
Technology 16: 1223-1230. 

Davis, S. M.  1984.  Cattail leaf production, mortality, and nutrient flux in Water 
Conservation Area 2A.  Technical Publication #84-8.  South Florida Water 
Management District: West Palm Beach, FL.  40 p. 

DB Environmental, Inc.  2004.  An evaluation of the use of alum to enhance phosphorus 
removal performance by the Orlando Easterly Wetlands.  Report prepared for Post, 
Buckley Schuh & Jernigan, Inc.  DB Environmental, Inc.: Rockledge, FL.  118 p. 

DeBusk, W. F., K. R. Reddy, M. S. Koch, and Y. Wang.  1994.  Spatial distribution of 
soil nutrients in a northern Everglades marsh: Water Conservation Area 2A.  Soil 
Science Society of America Journal 58: 543-552. 

Degens, B. P., L. A. Schipper, G. P. Sparling, and L. C. Duncan.  2001.  Is the microbial 
community in a soil with reduced catabolic diversity less resistant to stress or 
disturbance?  Soil Biology & Biochemistry 33: 1143-1153. 

Delhaize, E., and P. R. Ryan.  1995.  Aluminum toxicity and tolerance in plants.  Plant 
Physiology 107: 315-321. 

Dennison, W. C., R. J. Orth, K. A. Moore, J. C. Stevenson, V. Carter, S. Kollar, P. 
Bergstrom and R. A. Batiuk.  1993.  Assessing water quality with submersed 
aquatic vegetation.  BioScience 43: 86-94. 

Denny, P.  1997.  Implementation of constructed wetlands in developing countries.  
Water Science & Technology 35: 27-34. 

Diamadopoulos, E. and A. Benedek.  1984.  Aluminum hydrolysis effects on phosphorus 
removal from wastewaters.  Water Pollution Control 56: 1165-1172. 

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

Dickerman, J. A. and A. J. Stewart.  1986.  Estimates of net annual aboveground 
production: Sensitivity to sampling frequency.  Ecology 67: 650-659. 



218 

 

Dierberg, F. E., T. A. Debusk, J. Potts, and B. Gu.  2002.  Biological uptake vs. 
coprecipitation of soluble reactive phosphorus by “P-enriched” and “P-deficient” 
Najas guadalupensis in hard and soft waters.  Verhandlungen der Internationalen 
Vereinigung für theoretische und angewandte Limnologie 28: 1865-1870. 

Dolui, A. K. and N. Chakraborty.  1998.  Differentiation of forms of extractable 
aluminum in relation to pedogenic processes in two alfisols and an entisol.  
International Journal of Tropical Agriculture 16: 257-266. 

Driscoll, C. T. and W. D. Schecher.  1990.  The chemistry of aluminum in the 
environment.  Environmental geochemistry and health 12: 28-49. 

Duarte, C. M.  1992.  Nutrient concentration of aquatic plants: Patterns across species.  
Limnology and Oceanography 37: 882-889. 

Dunst, R. C., S. M. Born, P. D. Uttormark, S. A. Smith, S. A. Nichols, J. O. Peterson, et 
al.  1974.  Survey of Lake Rehabilitation Techniques and Experiences.  Technical 
Bulletin No. 75.  Department of Natural Resources, Madison, WI.  179 p. 

Easthouse, K. B., D. E. Spyridakis, and E. B. Welch.  1993.  Aluminum chemistry in two 
pristine alpine lakes of the Central Cascades, Washington.  Water, Air, and Soil 
Pollution 71: 377-390. 

Ebeling, J. M., Sibrell, P. L., Ogden, S. R., Summerfelt, S. T., 2003.  Evaluation of 
chemical coagulation-flocculation aids for the removal of suspended solids and 
phosphorus from intensive recirculating aquaculture effluent discharge.  
Aquacultural Engineering 29: 23-42. 

Eleftheriou, E. P., M. Moustakas and N. Fragiskos.  1993.  Aluminate-induced changes in 
morphology and ultrastructure of Thinopyrum roots.  Journal of Environmental 
Botany 44: 427-536. 

Elzinga, C. L., D. W. Salzer, J. W. Willoughby, and J. P. Gibbs.  2001.  Field techniques 
for measuring vegetation.  In Monitoring Plant and Animal Populations.  Blackwell 
Science, Inc.: Malden, MA.  pp. 205-230. 

Emery, S. L. and J. A. Perry.  1995.  Aboveground biomass and phosphorus 
concentrations of Lythrum salicaria (Purple Loosestrife) and Typha spp. (Cattail) in 
12 Minnesota wetlands. 

Entranco.  1986.  Wapato Lake Restoration: A discussion of design considerations, 
construction techniques and performance evaluation.  Final Report, Entranco 
Engineering: Bellevue, WA. 

Entranco.  1987.  Pattison and Long Lakes restoration project.  Final Report, Entranco 
Engineering, Inc.: Bellevue, WA. 



219 

 

Eriksson, L. and C. Axberg.  1981.  Direct influence of wastewater pollutants on 
flocculation and sedimentation behavior in biological wastewater treatment-I model 
system E. coli.  Water Research 15: 421-432. 

Exall, K. N. and G. W. Vanloon.  2000.  Using coagulants to remove organic matter.  
Journal of American Water Works Association 92(11): 93-102. 

Farnham, R. S. and M. R. Finney.  1965.  Classification and properties of organic soils. 
Advanced Agronomy 17: 115-162. 

Farve, M., W. Harris, F. Dierberg, and K. Portier.  2004.  Association between 
phosphorus and suspended solids in an Everglades treatment wetland dominated by 
submersed aquatic vegetation.  Wetlands Ecology and Management 12: 365-375. 

Faulkner, S. P. and C. J. Richardson.  1989.  Physical and chemical characteristics of 
freshwater wetland soils.  In D. A. Hammer (ed.) Constructed Wetlands for 
Wastewater Treatment. Municipal, Industrial and Agricultural.  Lewis Publishers: 
Chelsea, MI.  pp. 41–72. 

Fisher, M. M. and K. R. Reddy.  2001.  Phosphorus flux from wetland soils affected by 
long-term nutrient loading.  Journal of Environmental Quality 30: 261-271. 

Forchhammer, N. C.  1999.  Production potential of aquatic plants in systems mixing 
floating and submerged macrophytes.  Freshwater Biology 41: 183-191. 

Foy, R. H.  1985.  Phosphorus inactivation in an eutrophic lake by direct addition of 
ferric aluminum sulfate: Impact on iron and phosphorus.  Freshwater Biology 15: 
613-630. 

Freeman, R. A. and W. H. Everhart.  1971.  Toxicity of aluminum hydroxide complexes 
in neutral and basic media to rainbow trout.  Transactions of the American 
Fisheries Society 100: 644-658. 

Furumai, H. and S. Ohgaki.  1982.  Fractional composition of phosphorus forms in 
sediments related to release.  Water Science and Technology 14: 215-226. 

Fytianos, K. and A. Kotzakiota.  2005.  Sequential fractionation of phosphorus in lake 
sediments of northern Greece.  Environmental Monitoring and Assessment 100: 
191-200. 

Galarneau, E. and R. Gehr.  1997.  Phosphorus removal from wastewaters: Experimental 
and theoretical support for alternative mechanisms.  Water Research 31: 328-338. 

Gallon C., C. Munger, S. Prémont and P. G. C. Campbell.  2004.  Hydroponic study of 
aluminum accumulation by aquatic plants: Effects of fluoride and pH.  Water, Air 
& Soil Pollution 153: 135-155. 



220 

 

Gambrell, R. P.  1994.  Trace and toxic metals in wetlands.  Journal of Environmental 
Quality 23: 883-891. 

Gensemer, R. W. and R. C. Playle.  1999.  The bioavailability and toxicity of aluminum 
in aquatic environments.  Critical Reviews in Environmental Science and 
Technology 29:315–450. 

Goldberg, S., J. A. Davis, and J. D. Hem.  1996.  The surface chemistry of aluminum 
oxides and hydroxides.  In Sposito, G. (ed.) The environmental chemistry of 
aluminum.  CRC Press/Lewis Publishing: Boca Raton, FL.  pp. 271-331. 

Gomez, E., C. Durillon, G. Rofes, and B. Picot.  1999.  Phosphate adsorption and release 
from sediments of brackish lagoons: pH, O2 and loading influence.  Water 
Research 33: 2437-2447. 

Goransson, A. and T. D. Eldhuset.  1991.  Effects of aluminum on growth and nutrient 
uptake of small Picea abies and Pinus sylvetris plants.  Trees, structure and 
function.  Tresey 5: 136-142. 

Gorsuch, T. T.  1970.  Destruction of organic matter.  In International Series of 
Monographs in Analytical Chemistry, Volume 39.  Pergannon Press: New York, 
NY. 

Grisé, D., J. E. Titus, and D. J. Wagner.  1986.  Environmental pH influences growth and 
tissue chemistry of the submersed macrophytes Vallisneria americana.  Canadian 
Journal of Botany 64: 306-309. 

Guildford, S. J. and R. E. Hecky.  2000.  Total nitrogen, total phosphorus, and nutrient 
limitation in lakes and oceans: Is there a common relationship?  Limnology and 
Oceanography  45: 1213-1223. 

Guilizzoni, P.  1991.  The role of heavy metals and toxic materials in the physiological 
ecology of submersed macrophytes.  Aquatic Botany 41: 87-109. 

Gumbricht, T.  1993.  Nutrient removal processes in freshwater submersed macrophytes 
systems.  Ecological Engineering 2: 1-30. 

Gundersen, D. T., S. Bustaman, W. K. Seim and L. R. Curtis.  1994.  pH, hardness, and 
humic acid influence aluminum toxicity to rainbow trout (Oncorhynchus mykiss) in 
weakly alkaline waters.  Canadian Journal of Fisheries and Aquatic Science 51: 
1345-1355. 

Gurevitch, J. and S. T. Chester, Jr.  1986.  Analysis of repeated measures experiments.  
Ecology 67: 251-255. 

Gutknecht JLM, Goodman RM, Balser TC.  2006.  Linking soil process and microbial 
ecology in freshwater wetland ecosystems.  Plant and Soil 289: 17-34. 



221 

 

Hadad, H. R., M. A. Maine, and C. A. Bonetto.  2006.  Macrophyte growth in a pilot-
scale constructed wetland for industrial wastewater treatment.  Chemosphere 63: 
1744-1753. 

Hanson, A. T. and J. L. Cleasby.  1990.  The effects of temperature on turbulent 
flocculation: fluid dynamics and chemistry.  Journal of American Water Works 
Association 82(11): 56-73. 

Hatcher, D., J. Eaton, M. Gibson, and R. Leah.  1999.  Methodologies for surveying plant 
communities in artificial channels.  Hydrobiologia 415: 87-91. 

Hedley, M. J. and J. W. B. Stewart.  1982.  Method to measure microbial phosphorus in 
soils.  Soil Biology and Biochemistry 14: 319-329. 

Hieltjes, A. H. M. and L. Lijklema.  1980.  Fractionation of inorganic phosphates in 
calcareous sediments.  Journal of Environmental Quality 9: 405-407. 

Henrichs, S. M. and W. S. Reeburgh.  1987.  Anaerobic mineralization of marine 
sediment organic matter: Rates and the role of anaerobic processes in the oceanic 
carbon economy.  Geomicrobiology Journal 5: 191-237. 

Hoge, V. 2003.  The use of liquid alum and alum residual for nutrient control within 
wetland restoration projects.  In Proceedings of the 12th Annual North American 
Lake Management Society Southeastern Lakes Management Conference.  June 2-5, 
2003: Orlando, FL.  

Hsu, P. H.  1989.  Aluminum hydroxides and oxyhydroxides.  In Dixon, J. B. and S. B. 
Weed (eds.) Minerals in soil environments.  2nd ed.  SSSA Book Series 1.  SSSA: 
Madison, WI.  pp. 331-378. 

Hsu, P. H.  1975.  Precipitation of phosphate from solution using aluminum salt.  Water 
Research 9: 1155-1161. 

Huang, J. W., D. L. Grunes, and L. V. Kochian,  1992.  Aluminum effects on the kinetics 
of calcium uptake into cells of the root wheat apex.  Planta 188: 414-421. 

Huang, P. M., M. K. Wang, N. Kämpf, and D. G. Schulze.  2002.  Aluminum hydroxides.  
In Dixon, J. B. and D. G. Schulze (eds.) Soil Mineralogy with Environmental 
Applications.  Soil Science Society of America, Inc.: Madison, WI.  pp. 261-289.  

Hunter, R. G., D. L. Combs, and D. B. George.  2001.  Nitrogen, phosphorus, and organic 
carbon removal in simulated wetland treatment systems.  Archives of 
Environmental Contamination and Toxicology 41: 274-281. 

Hupfer, M., R. Gächter, and R. Giovanoli.  1995.  Transformation of phosphorus species 
in settling seston and during early sediment diagenesis.  Aquatic Sciences 57: 305-
324. 



222 

 

Hutchinson, G. E.  1945.  Aluminum in soils, plants, and animals.  Soil Science 60: 29-
40. 

Illmer, P., K. Marschall, and F. Schinner.  1995.  Influence of available aluminum on 
soil-microorganisms.  Letters in Applied Microbiology 21: 393-397. 

Ivanoff, D. B., K. R. Reddy, and S. Robinson.  1998.  Chemical fractionation of organic 
phosphorus in selected Histosols.  Soil Science 163: 36-45. 

Jackson, L. J.  1998.  Paradigms of metal accumulation in rooted aquatic vascular plants.  
Science of the Total Environment 219: 223-231. 

Jackson, L.J., J. Kalff, and J.B. Rasmussen.  1993.  Sediment pH and redox potential 
affect the bioavailability of Al, Cu, Fe, Mn, and Zn to rooted aquatic macrophytes. 
Canadian Journal of Fisheries and Aquatic Sciences. 50: 143-148. 

Jacoby, J. M., H. L. Gibbons, K. B. Stoops, and D. D. Bouchard.  1994.  Response of a 
shallow, polymictic lake to buffered alum treatment.  Lake and Reservoir 
Management 10: 103-112. 

James, W. F. and J. W. Barko.  2003.  Alum dosage determination based on redox-
sensitive sediment phosphorus concentrations.  Water Quality Technical Notes 
Collection (ERDC WQTN-PD-13).  U.S. Army Engineer Research and 
Development Center: Vicksburg, MS.  9 p. 

Jamieson, T. S., G. W. Stratton, R. Gordon, and A. Madani.  2003.  The use of aeration to 
enhance ammonia nitrogen removal in constructed wetlands.  Canadian Biosystems 
Engineering 45: 1.9-1.14. 

Jansen, S, M. R. Broadley, E. Robbrecht, and E. Smets.  2002.  Aluminum 
hyperaccumulation in angiosperms: A review of its phylogenetic significance.  The 
Botanical Review 68: 235-269. 

Jansson, M.  1981.  Induction of high phosphatase activity by aluminum in acid lakes.  
Archiv fur Hydrobiologie 93: 32-44. 

Jarvis, S. C. and D. J. Hatch.  1986.  The effects of low concentrations of aluminum on 
the growth and uptake of nitrate-N by White Clover.  Plant and Soil 95: 43-55. 

Jenkinson, D. S. and J. N. Ladd. 1981. Microbial biomass in soil: Measurement and 
turnover. In E. A. Paul and J. N. Ladd (eds.) Soil Biochemistry, Volume 5. Marcel 
Dekker: New York.  pp. 415-471. 

Jiang, J. Q. and N. J. D. Graham.  1998.  Pre-polymerised inorganic coagulants and 
phosphorus removal by coagulation – A review.  Water SA 24: 237-244. 

Jones, Jr., J. B., B. Wolf, and H. A. Mills.  1991.  Preparation and Analysis. In Plant 
Analysis Handbook.  Micro-Macro Publishing, Inc.: Athens, GA.  pp. 23-26. 



223 

 

Kadlec, R. H. and R. L. Knight.  1996.  Treatment Wetlands.  Lewis Publishers: Boca 
Raton. 893 p. 

Kadlec, R. H., J. Pries, and H. Mustard.  2007.  Muskrats (Ondatra zibethicus) in 
treatment wetlands.  Ecological Engineering 29: 143-153.  

Kaggwa, R. C., C. I. Mulalelo, P. Denny, and T. O. Okurut.  2001.  The impact of alum 
discharges on a natural tropical wetland in Uganda.  Water Research 35: 795-807. 

Kämpf, N., A. C. Scheinost, and D. G. Schulze.  2000.  Oxide minerals.  In Sumner, M. 
E. (ed.) Handbook of soil science.  CRC Press: Boca Raton, FL.  pp. F125-F168. 

Kane, D. A. and C. F. Rabeni.  1987.  Effects of aluminum and pH on the early life stages 
of smallmouth bass (Micropterus dolomieui).  Water Research 21: 633-639. 

Karathanasis, A. D. and W. G. Harris.  1994.  Quantitative thermal analysis of soil 
materials.  In Quantitative Methods in Soil Mineralogy.  Soil Science Society of 
America: Madison, WI.  pp. 360-411. 

Kennedy, R. H.  1978.  Nutrient inactivation with aluminum sulfate as a lake reclamation 
technique.  PhD Dissertation, Kent State University, Kent, OH. 

Kennedy, R. H. and G. D. Cooke.  1982.  Control of lake phosphorus with aluminum 
sulfate: Dose determination and application techniques.  Water Resources Bulletin 
18: 389-395. 

Kennedy, R. H., J. W. Barko, W. F. James, W. D. Taylor, and G. L. Godshalk.  1987.  
Aluminum sulphate treatment of a eutrophic reservoir: Rationale, application 
methods, and preliminary results.  Lake and Reservoir Management 3: 85-90. 

Killingbeck, K. T.  1996.  Nutrients in senesced leaves: Keys to the search for potential 
resorption and resorption proficiency.  Ecology 77: 1716-1727. 

Kinraide, T. B.  1990.  Assessing the rhizotoxicity of the aluminate ion, AlOH4
-.  Plant 

Physiology 93:1620-1625. 

Kinraide, T. B.  1991.  Identity of the rhizotoxic aluminum species.  Plant and Soil 134: 
167-178. 

Kirkman, H.  1996.  Baseline and monitoring methods for seagrass meadows.  Journal of 
Environmental Management 47: 191-201. 

Kunc, F.  1994.  Methods for the analysis of soil microbial communities.  In Ritz, K., J. 
Dighton, and K. E. Giller (eds.) Beyond the Biomass.  John Wiley & Sons: 
Chichester, United Kingdom.  pp. 21-28. 

Knight, R. L.  1997.  Wildlife habitat and public use benefits of treatment wetlands.  
Water Science & Technology 35: 35-43. 



224 

 

Knight, R. L., R. W. Ruble, R. H. Kadlec, and S. Reed.  1993.  Wetlands for wastewater 
treatment performance data.  In Moshri, G. A. (ed.) Constructed wetlands for water 
quality improvement.  Lewis Publishing: New York.  pp. 35-58. 

Knocke, W. R., S. West, and R. C. Hoehn.  1986.  Effects of low temperature on the 
removal of trihalomethane precursors by coagulation.  Journal of American Water 
Works Association 78(4): 189-195. 

Kochian, L. V.  1995.  Cellular mechanisms of aluminum toxicity and resistance in 
plants.  Annual Review of Plant Physiology and Plant Molecular Biology 46: 237-
260. 

Kodama, H. and G. J. Ross.  1991.  Iron dissolution methods used to remove and 
characterize inorganic compounds in soils.  Soil Science Society of America 
Journal 55: 1180-1187. 

Kodama, H. and M. Schnitzer.  1980.  Effect of fulvic acid on the crystallization of 
aluminum hydroxides.  Geoderma 24: 195-205. 

Koepple, C., Popovic, M., and R. K. Bajpai.  1997.  Microbial migration in soil.  
Influence of sodiumhexametaphosphate.  Annals of the New York Academy of 
Sciences 829: 250-262.  

Koether, M. C., J. E. Deutschman, and G. W. vanLoon.  1993a.  A bench-scale evaluation 
of the performance of a polynuclear aluminum coagulent.  In Robertson, W., R. 
Tobin, and K. Kjartanson (eds.) Disinfection Dilemma: Microbiological Control 
Versus By-products.  American Wwater Works Association: Denver.  pp. 303-319. 

Koether, M. C., J. E. Deutschman, and G. W. vanLoon.  1993b.  Chemical 
characterization of a polynuclear aluminum coagulent.  International Symposium 
on Chemistry and Biology of Municipal Water Treatment: Current Status and 
Future Directions.  Burlington, ON. 

Lakatos, G., M. K. Kiss, M. Kiss and P. Juhász.  1997.  Application of constructed 
wetlands for wastewater treatment in Hungary.  Water Science & Technology 35: 
331-336. 

Lamb, D. S. and G. C. Bailey.  1981.  Acute and chronic effects of alum to midge larva 
(Diptera: Chironomidae).  Bulletin of Environmental Contamination and 
Toxicology 27: 59-67. 

Lee, G. F., W. C. Sonzogni, and R. D. Spear.  1977.  Significance of oxic vs anoxic 
conditions for Lake Mendota sediment phosphorus release.  In Golterman, H. L. 
(ed.) Interactions Between Sediments and Fresh Water.  Proceedings of an 
International Symposium held at Amsterdam, Netherlands, Sept. 6-10.  Dr. W. Junk 
B.V. Publishers: Hague.  pp. 294-306. 



225 

 

Lehtonen, J.  1989.  Effects of acidification on the metal levels in aquatic macrophytes in 
Espoo, S Finland.  Annales Botanici Fennici 26: 39-50. 

Lewandowski, J., I. Schauser, and M. Hupfer.  2003.  Long term effects of phosphorus 
precipitations with alum in hypereutrophic Lake Sűsser See (Germany).  Water 
Research 37: 3194-3204. 

Lijklema, L.  1980.  Interaction of orthophosphate with ion (III) and aluminum 
hydroxides.  Environmental Science and Technology 14: 537-541. 

Lim, C.H., and M.L. Jackson. 1982. Dissolution for total elemental analysis. In Page, A. 
L. et al. (eds.) Methods of soil analysis.  Part 2. 2nd ed. Agron. Monogr. 9, ASA and 
SSSA: Madison, WI.  pp. 1–12. 

Lind, C. B.  2003.   Alum chemistry, storage and handling in lake treatment applications.  
In Proceedings of the 12th Annual North American Lake Management Society 
Southeastern Lakes Management Conference.  June 2-5, 2003: Orlando, FL.  

Luderitz, V. and F. Gerlach.  2002.  Phosphorus removal in different constructed 
wetlands.  Acta Biotechnologica 22: 91-99. 

Ma, G., P. Rengasamy, and A. J. Rathjen.  2003.  Phytotoxicity of aluminium to wheat 
plants in high-pH solutions.  Australian Journal of Experimental Agriculture 43: 
497-501. 

Madsen, J. D.  1993.  Biomass techniques for monitoring and assessing control of aquatic 
vegetation.  Lake and Reservoir Management 7: 141-154. 

Madsen, J. D. and J. A. Bloomfield.  1993.  Aquatic vegetation quantification 
symposium: An overview.  Lake and Reservoir Management 7: 137-140. 

Madsen, J. D. and M. S. Adams.  1989.  The distribution of submerged aquatic 
macrophyte biomass in a eutrophic stream, Badfish Creek: the effect of 
environment.  Hydrobiology 171: 111-119. 

Madsen, J. D., M. S. Adams, and P. Ruffier.  1988.  Harvest as a control for sago 
pondweed (Potamogeton pectinatus L.) in Badfish Creek, Wisconsin: frequency, 
efficiency and its impact on the stream community oxygen metabolism.  Journal of 
Aquatic Plant Management 26: 20-25. 

Madsen, T. V. and N. Cedergreen.  2002.  Sources of nutrients to rooted submerged 
macrophytes growing in a nutrient-rich stream.  Freshwater Biology 47: 283-291. 

Mahaney WC, Hancock, RGV, Sanmugadas K (1991) Extractable Fe-Al and 
geochemistry of late Pleistocene Paleosol in the Dalijia Shan, Western China. 
Journal of Southeast Asian Earth Science 6: 75-82. 



226 

 

Makris, K.C, W.G. Harris, G.A. O’Connor, and T.A. Obreza. 2004. Phosphorus 
immobilization in micropores of drinking-water treatment residuals: Implications 
for long-term stability. Environ. Sci. Tech. 38:6590-6596.  

Malecki, L. M, J. R. White, and K. R. Reddy.  2004.  Nitrogen and phosphorus flux rates 
from sediment in the Lower St. Johns River Estuary.  Journal of Environmental 
Quality 33:1545-1555. 

Malecki-Brown, L. M. and J. R. White.  2007a.  Phosphorus sequestration in aluminum 
amended soils from a municipal wastewater treatment wetland. Soil Science 
Society of America Journal (in review). 

Malecki-Brown, L. M., and J. R. White.  2007b.  Alum application: effects on water 
quality and aquatic macrophytes in a municipal wastewater treatment wetland.  
Science of the Total Environment (in prep). 

Malecki-Brown, L. M., J. R. White, and K. R. Reddy.  2007a.  Soil biogeochemical 
characteristics influenced by alum application in a municipal wastewater treatment 
wetland.  Journal of Environmental Quality (in review). 

Malecki-Brown, L. M., J. R. White, and M. Sees.  2007b.  Spatial and temporal effects of 
continuous low-dosage alum on soil characteristics in a municipal wastewater 
treatment wetland.  Environmental Science and Technology (in prep). 

Mander, Ü. and T. Mauring.  1997.  Constructed wetlands for wastewater treatment in 
Estonia.  Water Science & Technology 35: 323-330. 

Marschner, H.  1995.  Functions of Mineral Nutrients: Micronutrients.  In Mineral 
Nutrition of Higher Plants. 2nd Edition. Academic Press: London. pp. 313-404. 

Martinez, C. J. and W. R. Wise.  2003.  Hydraulic analysis of Orlando Easterly Wetland.  
Journal of Environmental Engineering 129: 553-560. 

Matsui, Y., A. Yuasa, Y. Furuya, T. Kamei.  1998.  Dynamic analysis of coagulation with 
alum and PACl.  Journal of American Water Works Association 98(10): 96-106. 

Matsumoto, H.  2000.  Cell biology of aluminum toxicity and tolerance in higher plants.  
International Review of Cytology 200: 1-46. 

May, H. M., P. A. Helmke, and M. L. Jackson.  1979.  Gibbsite solubility and 
thermodynamic properties of hydroxyaluminum ions in aqueous solutions at 25º C.  
Geochimica Cosmochimica Acta 43: 861-868. 

McDonnell, A. J. and S. D. Hall.  1969.  Effects of environmental factors on benthal 
oxygen uptake.  Journal of Water Pollution Control 41: 353-363. 



227 

 

McKeague, J. A., J. E. Brydon, and N. M. Miles.  1971.  Differentiation of forms of 
extractable iron and aluminum in soils.  Soil Science Society of America 
Proceedings 35: 33-38. 

McKeague, J. A. and J. H. Day.  1966.  Dithionite- and oxalate-extractable Fe and Al as 
aids in differentiating various classes of soils.  Canadian Journal of Soil Science 46: 
13-22. 

Microsoft.  2000.  Microsoft Excel for Windows.  Microsoft Corporation, Redmond WA. 

Miner, C. L.  2001.  Storage and partitioning of soil phosphorus in the Orlando Easterly 
Wetland treatment system.  MS Thesis, University of Florida, Gainesville, FL. 

Minitab.  2000.  Minitab statistical software.  Version 13.32.  Minitab, State College, PA. 

Moffett, M. R.  1979.  Changes in the microcrustacean communities of East and West 
Twin Lakes, Ohio, following lake restoration.  MS Thesis, Kent State University, 
Kent, OH. 

Morris, J. K. and W. R. Knocke.  1984.  Temperature effects on the use of metal-ion 
coagulants for water treatment.  Journal of American Water Works Association 
76(3): 74-79. 

Mudroch, A. and J. Capobianco.  1978.  Study of selected metals in marshes on Lake St. 
Clair, Ontario.  Archiv für Hydrobiologie 84: 87-108. 

Narf, R. P.  1990.  Interactions of Chironomidae and Chaoboridae (Diptera) with 
aluminum sulfate treated lake sediment.  Lake and Reservoir Management 6: 33-
42. 

Neubauer, S. C., K. Givler, S. K. Valentine, and J. P. Megonigal.  2005.  Seasonal 
patterns and plant-mediated controls of subsurface wetland biogeochemistry.  
Ecology 86: 3334-3344.   

Neville, C. M.  1985.  Physiological response of juvenile rainbow trout, Salmo gairdneri, 
to acid and aluminum – prediction of field responses from laboratory data.  
Canadian Journal of Fisheries and Aquatic Sciences 42:2004-2019. 

Newman, S. and K. Pietro.  2001.  Phosphorus storage and release in response to 
flooding: implications for Everglades stormwater treatment areas.  Ecological 
Engineering 18: 23-28. 

Nguyen, L. M.  2000.  Phosphate incorporation and transformation in surface sediments 
of a sewage-impacted wetland as influenced by sediment sites, sediment pH and 
added phosphate concentrations.  Ecological Engineering 14: 139-155. 

Olila, O. G. and K. R. Reddy.  1997.  Influence of redox potential on phosphate uptake by 
sediments in two sub-tropical eutrophic lakes.  Hydrobiologia 345: 45-57. 



228 

 

Omoike, A. I. And G. W. Vanloon.  1999.  Removal of phosphorus and organic matter 
removal by alum during wastewater treatment.  Water Research 33: 3617-3627. 

Outridge, P. M. and B. N. Noller.  1991.  Accumulation of toxic trace elements by 
freshwater vascular plants. Reviews of Environmental Contamination and 
Toxicology. 121: 1-63. 

Pant, H. K. and K. R. Reddy.  2001.  Hydrologic influence on stability of organic 
phosphorus in wetland detritus.  Journal of Environmental Quality 30: 668-674. 

Parfitt, R. L. and C. W. Childs.  1988.  Estimation of forms of Fe and Al: A review and 
analysis of contrasting soils by dissolution and Moessbauer methods.  Australian 
Journal of Soil Research 26: 121-144. 

PBS&J (Post, Buckley, Schuh & Jernigan, Inc.).  1997.  1996 Monitoring Report.  
PBS&J, Winter Park, FL.   

Peltier, W. H. and E. B. Welch.  1970.  Factors affecting growth of rooted plants in a 
reservoir.  Weed Science 18: 7-9. 

Peltier, W. H. and E. B. Welch.  1969.  Factors affecting growth of rooted aquatics in a 
river.  Weed Science 17: 412-416. 

Pettecrew, E. L. and J. Kalff.  1992.  Water flow and clay retention in submerged 
macrophytes beds.  Canadian Journal of Fisheries and Aquatic Science 49: 2483-
2489. 

Pina, R. G. and C. Cervantes.  1996.  Microbial interactions with aluminium.  Biometals 
9: 311-316. 

Pompêo, M. L., R. Henry, and V. Moschini-Carlos.  1999.  Chemical composition of 
tropical macrophyte Echinochloa polystachya (H.B.K.) Hitchcock in Jurumirim 
Reservoir (São Paulo, Brazil).  Hydrobiologia 411: 1-11. 

Powlson, D. S.  1994.  Methods for the analysis of soil microbial communities.  In Ritz, 
K., J. Dighton, and K. E. Giller (eds.) Beyond the Biomass.  John Wiley & Sons: 
Chichester, United Kingdom.  pp. 3-20. 

Powlson, D. S. and D. S. Jenkinson.  1981.  A comparison of the organic matter, biomass, 
adenosine triphosphate and mineralizable nitrogen contents of ploughed and direct-
drilled soils.  Journal of Agricultural Science 97: 713-721. 

Psenner, R., B. Bostrom, M. Dinka, K. Pettersson, R. Puckso, and M. Sager.  1988.  
Fractionation of phosphorus in suspended matter and sediment.  Archiv fur 
Hydrobiologie Beiheft 30: 98-111. 



229 

 

Psenner, R. and R. Pucsko.  1988.  Phosphorus fractionation: advantages and limits of the 
method for the study of sediment p origins and interactions.  Archiv fur 
Hydrobiologie Beiheft 30: 43-59. 

Psenner, R., R. Pucsko, and M. Sager.  1984.  Fractionation of organic and inorganic 
phosphorus compounds in lake sediment.  An attempt to characterize ecologically 
important fractions.  Archiv fur Hydrobiologie Supplement 70: 111-155. 

Pyrzyńska, K., S. Guçer, and E. Bulska.  2000.  Flow-injection speciation of aluminium.  
Water Research 34: 359-365. 

Rai, U. N., S. Sinha, R. D. Tripathi, and P. Chandra.  1995.  Wastewater treatability 
potential of some aquatic macrophytes:  Removal of heavy metals.  Ecological 
Engineering. 5: 5-12. 

Rajan, S. S. S., K. W. Perrott, and W. H. M. Saunders.  1974. Identification of phosphate-
reactive sites of hydrous alumina from proton consumption during phosphate 
adsorption at constant pH values.  The Journal of Soil Science 38: 211-217. 

Ramamoorthy, S.  1988.  Effect of pH on speciation and toxicity of aluminum to rainbow 
trout (Salmo gairdneri).  Canadian Journal of Fisheries and Aquatic Sciences 
46:634-642. 

Ratnaweera, H., J. Fetting, and H. Odegoard.  1992.  Particle and phosphate removal 
mechanisms with prepolymerized coagulants.  In Proceedings of the 5th 
International Gothenberg Symposium on Chemical Treatment.  Springer-Verlag: 
New York.  pp. 3-18. 

Reagin, M.  2002.  Nature’s filter: constructed wetlands.  American City & County 117: 
20-26. 

Reckhow, K. H. and S. C. Chapra.  1999.  Modeling excessive nutrient loading in the 
environment. Environmental Pollution 100: 197-207. 

Reddy, K. R., E. M. D’Angelo, and T. A. Debusk.  1989.  Oxygen transport through 
aquatic macrophytes: The role in wastewater treatment.  Journal of Environmental 
Quality 19: 261-267. 

Reddy, K. R., O. A. Diaz, L. J. Scinto, and M. Agami.  1995.  Phosphorus dynamics in 
selected wetlands and streams of the lake Okeechobee Basin.  Ecological 
Engineering 5: 183-207. 

Reddy, K. R., Y. Wang, W. F. Debusk, M. M. Fisher, and S. Newman.  1998.  Forms of 
soil phosphorus in selected hydrologic units of the Florida Everglades.  Soil 
Science Society of America Journal 62: 1134-1147. 



230 

 

Reddy, K. R., R. H. Kadlec, E. Flaig, and P. M. Gale.  1999a.  Phosphorus retention in 
streams and wetlands: A review.  Critical Reviews in Environmental Science and 
Technology 29: 83-146. 

Reddy, K. R., J. R. White, A. Wright, and T. Chua.  1999b.  Influence of phosphorus 
loading on microbial processes in soil and water column of wetlands.  In Reddy, K. 
R., G.A. O’Connor, and C.L. Schelske (eds.) Phosphorus Biogeochemistry in 
Subtropical Ecosystems: Florida as a Case Example.  CRC/Lewis Publishing: Boca 
Raton, FL.  pp. 249-273. 

Rengel, Z. and W. H. Zhang.  2003.  Role of dynamics of intracellular calcium in 
aluminium-toxicity syndrome.  New Phytologist 159: 295-314. 

Rengel, Z.  1992.  Role of calcium in aluminum toxicity.  New Phytology 121: 499-513. 

Robert, M.  1995.  Aluminum toxicity: A major stress for microbes in the environment.  
In P. M. Huang et al. (eds.) Environmental impact of soil component interactions.  
Vol. II.  Metals, other inorganics, and microbial activities.  CRC Press/Lewis 
Publishing: Boca Raton, FL.  pp.227-247. 

Rufyikiri, G., J. E. Dufey, R. Achard, and B. Delvaux.  2002.  Cation exchange capacity 
and aluminum–calcium–magnesium binding in roots of bananas cultivated in soils 
and in nutrient solutions.  Communications in Soil Science and Plant Analysis 33: 
991-1009. 

Rydin, E. and E. B. Welch.  1999. Dosing alum to Wisconsin Lake sediments based on in 
vitro formation of aluminum bound phosphate.  Journal of Lake and Reservoir 
Management 15: 324-331. 

Rydin, E. and E. B. Welch.  1998.  Aluminum dose required to inactivate phosphate in 
lake sediments.  Water Research 32: 2969-2976. 

Rysgaard, S. N., N. P. Sloth, K. Jensen, and L. P. Nielsen.  1994.  Oxygen regulation of 
nitrification and denitrification in sediments.  Limnology and Oceanography 39: 
1643-1652. 

Sand-Jensen, K., C. Prahl, and H. Stokholm.  1982.  Oxygen release from roots of 
submerged aquatic macrophytes.  Oikos 38: 349-354. 

Schier, G. A.  1985.  Response of red spruce and balsam fir seedlings to aluminum 
toxicity in nutrient solutions.  Canadian Journal of Forest Research 15:29-33. 

Schoenau, J. J. and R. E. Karamanos.  1993.  Sodium bicarbonate-extractable P, K, and In 
(Carter, M. R., Ed.) Soil Sampling and Methods of Analysis.  Lewis Publishers: 
Boca Raton. pp. 51-58. 



231 

 

Schreijer, M., R. Kampf, S. Toet, and J. Verhoeven.  1997.  The use of constructed 
wetlands to upgrade treated sewage effluents before discharge to natural surface 
water in Texel Island, the Netherlands – pilot study.  Water Science & Technology 
35: 231-237. 

Sees, M., Turner, D., 1997.  Orlando Easterly Wetland; Management of a constructed 
wetland treatment system.  In Proceedings of the 6th Annual North American Lake 
Management Society Southeastern Lakes Management Conference.  May 7-9, 
1997. Palm Beach Shores, FL.  

Seitzinger, S. P.  1988.  Denitrification in freshwater and coastal marine ecosystems: 
Ecological and geochemical significance.  Limnology and Oceanography 33:702-
724. 

Shen, Y. H. and B. A. Dempsey.  1998.  Synthesis and speciation of polyaluminum 
chloride for water treatment.  Environment International 24: 899-910. 

Shutes, R. B. E., D. M. Revitt, A. S. Mungur, and L. N. L. Scholes.  1997.  The design of 
wetland systems for the treatment of urban run off.  Water Science & Technology 
35: 19-25. 

Silva, I. R., T. J. Smyth, D. W. Israel, C. D. Raper, and T. W. Rufty.  2001.  Magnesium 
ameliorates aluminum rhizotoxicity in soybean by increasing citric acid production 
and exudation by roots.  Plant Cell Physiology 42: 546-554. 

Silveira, M. L., M. K. Miyittah, and G. A. O'Connor.  2006.  Phosphorus Release from a 
Manure-Impacted Spodosol: Effects of a Water Treatment Residual.  Journal of 
Environmental Quality 35: 529-541. 

Simon, S. M.  2003.  Phosphorus retention and release of soils in a constructed wetland 
for wastewater treatment.  M.S. thesis, University of Florida, Gainesville.  107 p. 

Singer, A. and Huang, P. M.  1990.  Effects of humic acid on the crystallization of 
aluminum hydroxides.  Clays and Clay Mineralogy 38: 47-52. 

Small, M. and C. Wurm.  1977.  Data Report.  Meadow/Marsh/Pond System.  
Brookhaven National Laboratory, BNL 50675. 

Smeltzer, E., and R. A. Kirn, and S. Fiske.  1999.  Long – term water quality and 
biological effects of alum treatment of Lake Morey, Vermont.  Journal of Lake and 
Reservoir Management 15: 173-184. 

Smeltzer, E.  1990.  A successful alum/aluminate treatment of Lake Morey, Vermont.  
Lake and Reservoir Management 6: 9-19. 

Smith, S. M. and S. Newman.  2001.  Growth of southern cattail (Typha domingensis 
pers.) seedlings in response to fire-related soil transformations in the northern 
Florida Everglades.  Wetlands 21: 363-369. 



232 

 

Smith, J. S. and E. A. Paul.  1990.  The significance of soil microbial biomass 
estimations.  In Bollag, J. M. and G. Stotzky (eds.) Soil Biochemistry.  Vol. 6.  
Marcel Dekker: New York. 

Sparling, D. W. and T. P. Lowe.  1998.  Metal concentrations in aquatic macrophytes as 
influenced by soil and acidification.  Water, Air, and Soil Pollution 108: 203-221. 

Sprenger, M. and A. McIntosh.  1989.  Relationship between concentrations of 
aluminum, cadmium, lead, and zinc in water, sediments, and aquatic macrophytes 
in six acidic lakes.  Archives of Environmental Contamination and Toxicology 18: 
225-231. 

Srinivasan, P. T. and T. Viraraghavan.  2002.  Characterisation and concentration profile 
of aluminum during drinking-water treatment.  Water SA 28: 99-106. 

Steinman, A., R. Rediske, and K. R. Reddy.  2004.  The reduction of internal phosphorus 
loading using alum in Spring Lake, Michigan.  Journal of Environmental Quality 
33: 2040-2048. 

Sterner, R. W. and J. J. Elser.  2002.  The stoichiometry of autotroph growth.  In 
Ecological Stoichiometry.  Princeton University Press: Princeton, NJ.  pp.  80-134. 

Stevens, C. E., A. W. Diamond, and T. S. Gabor.  2002.  Anuran call surveys on small 
wetlands in Prince Edward Island, Canada restored by dredging of sediments.  
Wetlands 22: 90-99. 

Tangen, G., T. Wickstrom, S. Lierhagen, R. Vogt, and W. Lund.  2002.  Fractionation 
and determination of aluminum and iron in soil water samples using SPE cartridges 
and ICP-AES.  Environmental Science and Technology 36: 5421-5425. 

Tanner, C. C.  1996.  Plants for constructed wetland treatment systems – A comparison of 
the growth and nutrient uptake of eight emergent species.  Ecological Engineering 
7: 59-83. 

Taylor, G. J.  1989.  Aluminum toxicity and tolerance in plants.  In Adriano, D. C. and A. 
H. Johnson (eds.) Advances in Environmental Science.  Acidic Precipitation Vol. 2.  
Springer-Verlag: New York.  pp. 327-361. 

Taylor, G. J. and A. A. Crowder.  1984.  Copper and nickel tolerance in Typha latifolia 
clones from contaminated and uncontaminated environments.  Canadian Journal of 
Botany 62:1304-1308. 

Templeton, D. M., F. Ariese, R. Cornelis, L. Danielsson, H. Muntau, H. P. Van Leeuwen, 
and R. Lobinski.  2000.  Guidelines for terms related to chemical speciation and 
fractionation of elements – Definitions, structural aspects, and methodological 
approaches (IUPAC recommendations 2000).  Pure and Applied Chemistry 72: 
1453-1470. 



233 

 

Tettenhorst, R. and A. Hoffmann.  1980.  Crystal chemistry of boehmite.  Clays and Clay 
Minerals 28: 373-380. 

Thiebaut, G. and S. Muller.  2000.  Linking phosphorus pools of water, sediment and 
macrophytes in running waters.  Annales de Limnologie – International Journal of 
Limnology 39: 307-316.  

Thornton, F.C., M. Schaedle, and D. J. Raynal.  1987.  Effects of aluminum on red spruce 
seedlings in solution culture. Environmental and Experimental Botany 27: 489–
498. 

Topp, G. C.  1993.  Soil water content.  In Carter, M. R. (ed.) Soil Sampling and Methods 
of Analysis.  Lewis Publishers: Boca Raton. pp. 541-557. 

Upchurch, J. B., J. K. Edzwald, and C. R. O’Melia.  1974.  Phosphates in sediments of 
Pamlico Estuary.  Environmental Science and Technology 8: 56-58. 

USEPA 600/R-93/100 (U.S. Environmental Protection Agency).  1993.  Methods of 
Chemical Analysis of Water and Wastes.  Environmental Monitoring Support 
Laboratory: Cincinnati, OH. 

Van Benschoten, J. E. and J. K. Edzwald.  1990a.  Chemical aspects of coagulation using 
aluminum salts – I. Hydrolytic reactions of alum and polyaluminum chloride.  
Water Research 24: 1519-1526. 

Van Benschoten, J. E. and J. K. Edzwald.  1990b.  Measuring Al during water treatment: 
Methodology and application.  Journal of American Water Works Association 82: 
71-78. 

Van Hullebusch, E. V., F. Auvray, V. Deluchat, P. M. Chazal, and M. Baudu.  2003.  
Phosphorus fractionation and short-term mobility in the surface sediment of a 
polymictic shallow lake treated with a low dose of alum (Courtille Lake, France).  
Water, Air, and Soil Pollution 146: 75-91. 

Van Hullebusch, E. V., V. Deluchat, P. M. Chazal, and M. Baudu.  2002.  Environmental 
impact of two successive chemical treatments in a small shallow eutrophied lake: 
Part I. Case of aluminum sulphate.  Environmental Pollution 120: 617-626. 

Vazques, M. D., J. Lopez, S. Diaz, and A. Carballeira.  2000.  The effect of pH on the 
kinetics of intra- and extracellular uptake of Al in Fontinalis antipyretica: Changes 
in the cellular contents of K, Mg, and Ca.  Archives of Environmental 
Contamination and Toxicology 39: 74-85. 

Verhoeven, J. T. A.  1986.  Nutrient dynamics in minerotrophic peat mires. Aquatic 
Botany 25: 117–167. 



234 

 

Viola, R. E., J. F. Morrison, and W. W. Cleland.  1980.  Interactions of metal (III)-
adenosine 5’-triposphate complexes with yeast hexokinase.  Biochemistry 19: 
3131-3137. 

Viraraghavan, T. and C. H. Wimmer.  1988.  Polyaluminum chloride as an alternative to 
alum coagulation: a case study.  Proceedings of the Canadian Society for Civil 
Engineering Annual Conference, Calgaray, Alberta.  pp.480-498. 

Vitousek, P. M.  1982.  Nutrient cycling and nutrient use efficiency.  American Naturalist 
119: 553-572. 

Vymazal, J.  2001.  Types of constructed wetlands for wastewater treatment: Their 
potential for nutrient removal.  In Vymazal, J. (ed.) Transformations of Nutrients in 
Natural and Constructed Wetlands.  Backhuys Publishers: Leiden, Netherlands.  pp. 
1–93. 

Wang, H., J. W. Jawitz, J. R. White, C. J. Martinez, and M. Sees.  2006.  Rejuvenating 
the largest municipal treatment wetland in Florida.  Ecological Engineering 26: 
132-146. 

Welch, E. B. and G. D. Cooke.  1999.  Effectiveness and longevity of phosphorus 
inactivation with alum.  Journal of Lake and Reservoir Management 15: 5-27. 

Welch, E. B. and G. D. Schrieve.  1994.  Alum treatment effectiveness and longevity in 
shallow lakes.  Hydrobiologia 275/276: 423-431. 

Welch, E. B., J. P. Michaud, and M. A. Perkins.  1982.  Alum control of internal 
phosphorus loading in a shallow lake.  Water Research Bulletin 18: 929-936. 

White, J.R., M.A. Belmont, and C.D. Metcalfe. 2006a. Pharmaceutical compounds in 
wastewater: wetland treatment as a potential solution. Scientific World J. 6:1731-
1736. 

White, J. R., and K. R. Reddy. 1999. The influence of nitrate and phosphorus loading on 
denitrification enzymes activity in Everglades wetland soils.  Soil Science Society 
of America Journal 63: 1945-1954. 

White, J. R. and K. R. Reddy.  2000.  Influence of phosphorus loading on organic 
nitrogen mineralization of Everglades soils.  Soil Science Society of America 
Journal 64: 1525-1534. 

White, J. R. and K. R. Reddy.  2003. Nitrification and denitrification rates of everglades 
wetland soil along a phosphorus-impacted gradient.  Journal of Environmental 
Quality 32: 2436-2443. 

White, J. R., K. R. Reddy, and J. Majer-Newman.  2006b.  Hydrologic and vegetation 
effects on water column phosphorus in wetland mesocosms.  Soil Science Society 
of America Journal 70: 1242-1251. 



235 

 

White, J. R., K. R. Reddy, and M. Z. Moustafa.  2004.  Influence of hydrologic 
regimeand vegetation on phosphorus retention in Everglades stormwater treatment 
area wetlands.  Hydrological Processes 18: 343-355. 

White, J. S., S. E. Bayley, and P. J. Curtis.  2000.  Sediment storage of phosphorus in a 
northern prairie wetland receiving municipal and agro-industrial wastewater.  
Ecological Engineering 14: 127-138. 

Whitting, L. D. and W. R. Allardice.  1986.  X-ray diffraction techniques.  In Klute, A. 
(ed.) Methods of Soil Analysis.  Part 1.  2nd ed.  Agronomy 9.  American Society of 
Agronomy: Madison, WI. 

Wickstrøm, T., N. Clarke, K. Derome, J. Derome, and E. Røgeberg.  2000.  Comparison 
study of five analytical methods for the fractionation and subsequent determination 
of aluminium in natural water samples.  Journal of Environmental Monitoring 2: 
171-181. 

Wigand C., Stevenson J.C. & Cornwell J.C. 1997. — Effects of different submersed 
macrophytes on sediment biogeochemistry. Aquatic Botany 56: 233-244. 

Williams, R. B. and M. B. Murdoch.  1972.  Compartmental analysis of the production of 
Juncus roemerianus in a North Carolina salt marsh.  Chesapeake Science 13: 69-
79. 

Ye, Z. H., A. J. M. Baker, M. H. Wong, and A. J. Willis.  1997.  Zinc, lead and cadmium 
tolerance, uptake and accumulation by Typha latifolia.  New Phytologist 136:469-
480. 

Zhang, G. and G. J. Taylor.  1988. Effect of aluminum on growth and distribution of 
aluminum in tolerant and sensitive cultivars of Triticum aestivum L.  
Communications in Soil Science and Plant Analysis 19: 1195-1205. 

Zhou, J., B. Xia, D. S. Treves, L.-Y. Wu, T. L. Marsh, R. V. O’neill, A. V. Palumbo, and 
J. M. Tiedje.  2002.  Spatial and resource factors influencing high microbial 
diversity in soil.  Applied and Environmental Microbiology 68: 326-334. 

Zvomuya, F., C.J. Rosen, and S.C. Gupta. 2006. Phosphorus sequestration by chemical 
amendments to reduce leaching from wastewater applications.  J. Environ. Qual. 
35:201-215.



 

236 

 
BIOGRAPHICAL SKETCH 

Lynette Marie Malecki was born in South Bend, Indiana.  She graduated from Saint 

Joseph’s High School in South Bend with a 4.2 GPA as a Saint Joseph’s Scholar.  She 

attended Saint Mary’s College in Notre Dame, Indiana for her undergraduate degree.  

Lynette graduated suma cum laude in May of 1999 with a Bachelor of Science degree in 

biology, with chemistry and mathematic minors.  She also was the recipient of the Sigma 

Xi Award for Outstanding Research in 1999 for her senior comprehensive research 

project investigating the effect of acidification on plant tissue somatic embryogenesis.   

In the fall of 1999 she entered the Environmental Engineering Department at the 

University of Florida in the Center for Wetlands to pursue her Master of Science degree.  

Here she studied wetland community structure changes along a nutrient gradient in the 

Orlando Easterly Wetland, one of the largest and oldest treatment wetlands in the United 

States.  In 2001 she transferred to the Soil and Water Science Department in the Wetlands 

Biogeochemistry Laboratory at the University of Florida to continue her pursuit of an 

M.S. degree.  Here she studied the spatial and seasonal variability of phosphorus and 

nitrogen present in sediment throughout the Lower St. Johns River (LSJR) as well as 

studying the nutrient fluxes from these sediments.  She graduated with her M.S. in 

December 2002 and received the IFAS Thesis of the Year award for her research.  She 

received an IFAS Alumni Fellowship to remain at the University of Florida to pursue her 

doctorate.  She returned to the Orlando Easterly Wetland to assess the use of alum as a 

possible management strategy in sequestering phosphorus and to investigate any impacts 



237 

 

on the vegetation, microbial community, or mineralogy.  In fall 2005 she passed her 

qualifying exams becoming a Ph.D. candidate, and a few weeks later married Eric Ahrens 

Brown, changing her name to Lynette Malecki Brown.  She finished her field research in 

October 2006 and laboratory research in February 2007 while diligently writing, and 

submitting two manuscripts prior to her defense.  She hopes to obtain an Environmental 

Scientist position at one of the Water Management Districts within the state of Florida. 

 

 

 


	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	LITERATURE REVIEW
	Constructed Treatment Wetlands
	Phosphorus in Wetlands
	Wetland Macrophytes
	The Problem
	Aluminum Sulfate (Alum)
	Concerns in Alum Application
	Effect of Alum on Aquatic Macrophytes
	Effect of Alum on Mineralogy
	Effect of Alum on Microbes and P Cycling
	Alum Forms and Alternatives
	Alum Dose Determination and Effectiveness
	Hypotheses and Objectives
	Site Description
	RESTORATION OF PHOSPHORUS SEQUESTRATION IN TREATMENT WETLAND SOIL USING AL-CONTAINING AMENDMENTS
	Introduction
	Materials and Methods
	Site Description
	Field Sampling, Laboratory Set-Up and Analysis
	Statistical Analysis
	Results and Discussion
	Soil Physicochemical Characteristics
	Soil Microbial Characteristics
	Soil Phosphorus Forms
	Water Column Results
	Soluble Reactive Phosphorus – Incubation Study
	Soluble Reactive Phosphorus – Re-Spiking Study
	Water Column pH
	Water Column Soluble Aluminum
	Conclusions
	INFLUENCE OF ALUM ON WATER QUALITY AND MACROPHYTE GROWTH: A MESOCOSM STUDY
	Introduction
	Materials and Methods
	Site Description
	Mesocosm Establishment
	Experiment Initiation
	Statistical Analysis
	Results and Discussion
	Water Quality Characteristics
	pH
	Dissolved Oxygen
	Conductivity
	Dissolved Organic Carbon
	Dissolved Inorganic Nitrogen
	Total Dissolved Nitrogen
	Total Kjeldahl Nitrogen
	Soluble Reactive Phosphorus
	Total Dissolved Phosphorus
	Total Phosphorus
	Particulate Phosphorus
	Macrophyte Characteristics
	Emergent Growth Study
	Destructive Biomass and Growth
	Total Carbon, Nitrogen, Phosphorus Concentrations and Storage 
	Other Macronutrient and Micronutrient Concentrations
	Conclusion
	INFLUENCE OF ALUM ON TREATMENT WETLAND SOIL PHYSICOCHEMICAL AND MICROBIAL CHARACTERISTICS 
	Introduction
	Materials and Methods
	Site Description
	Mesocosm Establishment
	Experiment Initiation
	Laboratory Analysis
	Statistical Analysis
	Results and Discussion
	Soil Physicochemical Characteristics
	Soil Microbial Characteristics
	Soil Phosphorus Forms
	Mass Balance of Phosphorus
	Conclusions
	SPATIAL AND TEMPORAL EFFECTS OF CONTINUOUS LOW-DOSAGE ALUM ON FIELD SOIL CHARACTERISTICS
	Introduction
	Materials and Methods
	Site Description
	Experiment Initiation
	X-ray Diffraction Analysis
	Statistical Analysis
	Results and Discussion
	Soil Physicochemical Characteristics
	Bulk Density and LOI
	Soil pH
	Soil Total Phosphorus
	Total Calcium and Magnesium
	Total Iron
	Soil Aluminum Characterization
	Total Aluminum
	Amorphous Aluminum
	Crystalline Aluminum
	Soil Microbial Characteristics
	Microbial Biomass Phosphorus
	Soil Oxygen Demand
	Potentially Mineralizable Phosphorus
	Soil Phosphorus Forms
	Soluble Phosphorus
	Calcium and Magnesium-bound Phosphorus
	Aluminum and Iron–bound Phosphorus
	Organically-bound Phosphorus
	Residual Phosphorus
	X-Ray Diffraction 
	Conclusions
	SPATIAL AND TEMPORAL EFFECTS OF CONTINUOUS LOW-DOSAGE ALUM ON FIELD WATER QUALITY AND AQUATIC MACROPHYTE CHARACTERISTICS 
	Introduction
	Materials and Methods
	Site Description
	Pre-experiment Water Quality Monitoring
	Transect Establishment
	Experiment Initiation
	Statistical Analysis
	 Results and Discussion
	Water Quality Characterization
	pH
	Dissolved Oxygen
	Dissolved Organic Carbon
	Soluble Reactive Phosphorus
	Total Dissolved Phosphorus
	Total Phosphorus
	Particulate Phosphorus
	Typha spp. Characterization
	Plant and Leaf Densities
	Biomass
	Relative Growth Rate
	Total Carbon and Nitrogen Concentrations
	Total Phosphorus Concentrations
	Metal Concentrations
	Conclusions
	EFFECTS OF ALUM ON A MUNICIPAL WASTEWATER TREATMENT WETLAND: A SUMMARY
	CORE STUDY RAW DATA
	Lake Alum Application Summary
	Water Column Analyses
	MESOCOSM STUDY RAW DATA
	FIELD STUDY SPATIAL DATA
	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH

