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Phosphorous (P) is the leading nutrient that contributes to degraded water quality 

and the eutrophication of Lake Okeechobee.  Isolated wetlands within the Lake’s 

watershed are potentially an important phosphorus sink reducing P concentrations in the 

water column before surface runoff reaches the lake.  Hydrologic restoration of ditched 

and partially drained wetlands is hypothesized to enhance P assimilative capacity and 

therefore further reduce P contaminant loads.  Phosphorus dynamics in decomposing 

litter contributes significantly to overall P dynamics in these heavily vegetated systems.   

Our study focused on short- and long-term P release from aboveground biomass 

after vegetative senescence.  Our first objective of this project was to characterize fiber 

quality and nutrient content characterization of live and senesced tissue of different 

wetland species. By quantifying the amount of TN, TC, and TP in the litter, as well as 

running fiber quality characteristics, some predictions were made regarding the relative 

lability and recalcitrance of the detrital material.  Our second objective involved a 



xiii 

laboratory experiment to investigate the short-term release of P in response to inundation 

under aerobic and anaerobic conditions from the senesced tissue of 4 species common to 

these wetlands: Paspalum notatum, Polygonum hydropiperoides, Juncus effusus, and 

Panicum hemitomon.  Our third objective was to investigate the influence of hydrological 

zones on the decomposition rate and long-term P release of senesced vegetation.  This 

was accomplished using litterbags deployed in the field. 

Fiber quality and nutrient content varied significantly among the four plant 

species and played a significant role in P release and decomposition rate.  The P leaching 

study showed that senesced, air-dried vegetation had the potential to release a substantial 

amount of P within 72 hours.  There were statisticaly significant differences in the 

leaching rates among species, with the greatest P leaching occurring in P. 

hydropiperiodes and the least amount of leaching in P. hemitomon.  In addition, short 

term P leaching was strongly correlated with the initial P content in the senesced tissue.  

Species type also insignificantly influenced P release and decomposition in the field over 

a 12-month period.  Paspalum notatum had a significantly higher decomposition rate 

after 12 months compared to the other three species.  The C:P in the senesced tissue 

predicted phosphorus release up to a 2-month time period. 

Our results provide further insight into the potential implications of vegetative 

species changes that occur in response to hydrological restoration, or other wetland-

related Best Management Practices (BMPs) to reduce P loading into the waterways of the 

Okeechobee Basin. 
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CHAPTER 1 
INTRODUCTION AND SITE DESCRIPTION 

Introduction 

Wetlands have the ability to store and transform nutrients from surrounding 

uplands (Richardson, 1985; Reddy et al., 1995; Jordan, 2003).  Wetlands presently make 

up 17% of the Okeechobee Basin; however this percentage has decreased in recent times 

due to ditching and drainage in an effort to improve pastures for dairy and beef cattle 

operations (Haan, 1995; Tiner, 2003).  Currently, greater than 50% of the wetlands 

located in the basin have been at least partially ditched and drained to increase the 

acreage of improved pastures (McKee, 2005).  Wetlands already provide a valuable role 

in improving the water quality of Lake Okeechobee by storing water in the watershed and 

sequestering phosphorous (P), the leading nutrient causing eutrophication of the lake 

(Davis and Marshall, 1975; Federico et al., 1981).  However, it is thought that hydrologic 

restoration of those wetlands that have been ditched and drained may provide a 

significant increase in P storage and will assist in efforts to address P TMDL targets set 

for the basin. 

Lake Okeechobee is the 2nd largest lake contained entirely within the United 

States, covering an area of 1890 km2 (Reddy et al., 1995).  It was formed by a buildup of 

peat near the southern edge of the lake that restricted outflow (Brezonik and Engstrom, 

1998).  Lake Okeechobee provides many values including flood control; water supply; a 

habitat for migratory birds, fish, and other species; as well as a multimillion dollar 

recreational and commercial fishing industry.  It also serves as the head waters for the 
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Everglades.  Consequently, the water quality of the lake has the potential to impact 

numerous downstream communities (Steinman, 2003). 

Over the past 100 years, Lake Okeechobee has had numerous anthropogenic 

alterations and impacts.  After several devastating hurricanes when the lake overflowed 

its natural boundaries, a dyke was built around the perimeter, establishing total control of 

water entering and leaving the lake.  Water-level regulations have been set to maintain 

the integrity of the dyke surrounding the lake, which provides flood protection but has 

altered the wetland communities that lie within the dyke perimeter.  Rivers and many 

tributaries were channelized, allowing adjacent wetland areas to be drained and 

stormwater to be moved rapidly off the landscape.  The loss of historic sinuous flow 

along many of the rivers and streams, like the Kissimmee River, has resulted in a loss of 

their ability to treat water; and instead, the degraded water is discharged directly into the 

lake (Figure 1-1). 

Presently agriculture is the primary land use in the Okeechobee basin.  The 

watershed is dominated by beef ranches and dairy operations (Flaig et al., 1995).  Land 

use has impacted the water quality in the Okeechobee Basin, causing an increased 

nutrient load to Lake Okeechobee.  The increased contaminant load has resulted in a 

decline in species diversity, lower amounts of available oxygen, and reduced clarity in 

the Lake.    These changes have caused a shift from aquatic vegetation to phytoplankton, 

which has reduced the assimilative capacity of the lake and made the sediments less 

stable, and caused an increase in the occurrence of cyanobacteria blooms (South Florida 

Water Management District (SFWMD), 1993; Brezonik and Engstrom, 1998; Carpenter 

et al., 1998; Havens and Shelske, 2001). 
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Phosphorous is the nutrient that contributes most significantly to degraded water 

quality and eutrophication (Davis and Marshal, 1975; Federico et al., 1981; Carpenter et 

al., 1998).  Most of the phosphorus enters the lake from non-point sources in agricultural 

areas (Anderson and Flaig, 1995).  During heavy rainfall, P from fertilizers and wastes 

are incorporated into runoff from the surrounding agricultural areas, which then drains 

into Lake Okeechobee.  Dairies have been found to produce the most P load per unit area.  

They make up 27% of the land in the Okeechobee Basin, yet are responsible for 49% of 

the P load to the lake (Flaig et al., 1995; Hiscock et al., 2003). 

 
 
Figure 1-1.   Hydrological modifications of Lake Okeechobee and its watershed have 

resulted in increased channelization, transportation of contaminants to the 
lake and loss of wetlands (FDEP, 2001). 
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The second highest P load comes from improved pastures used for beef cattle 

production.  Cattle ranches make up 33% of the landscape and are responsible for 51% of 

the P entering from north of the lake (Flaig et al., 1995; Hiscock et al., 2003). 

Decreasing water quality in Lake Okeechobee has become a big concern in 

Florida primarily because it is a drinking-water source for communities in the area, and 

those populations are increasing (Anderson and Flaig, 1995). Best Management Practices 

(BMPs) such as the use of wetlands to store and retain P, planting vegetative species that 

increase the P uptake, fencing cattle from water bodies, and capturing and recycling 

manure have prevented an increase in the P load in the last decade (Bottcher et al., 1995; 

Flaig et al., 1995).  Even with the use of BMPs, the P content in the lake sediments is still 

high from historic agriculture runoff and back-pumping of drainage water in the 

Everglades Agricultural Area (EAA).  These conditions result in a high internal P 

loading, regardless of new external loading of P from the watershed. 

In 1987, the Lake Okeechobee Surface Water Improvement and Management 

Plan (SWIM) was initiated (SFWMD, 1993). The goal was to improve water quality of 

the lake using a watershed management approach.  The SWIM Plan identified four of the 

41 basins around the lake as “priority basins,” because they were contributing 35% of the 

P load while occupying only 12% of the land area (FDEP, 2001).  Lake Okeechobee has 

also been listed as an impaired water body by the Clean Water Act (CWA) section 303 

(d) and therefore a Total Maximum Daily Load or TMDL that limits the amount of P the 

lake can receive has been established. 

Between 1995 and 2000, the lake received an average of 640 tons of P per year 

(FDEP, 2001).  In 2002, the P load measured into Lake Okeechobee was 543 tons.  The 
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TMDL target P load is 140 tons per year with a concentration of 40ppb P in the pelagic 

areas of the lake by 2015.  To reach this goal an increased effort in use of BMPs and Best 

Available Technology (BATs) in the Okeechobee Basin (SFWMD et al., 2004a) is 

underway. 

Rationale for Research 

BMPs are needed to reduce the use of P and increase P retention on agricultural 

landscapes.  Wetlands have the ability to store and transform nutrients from the 

surrounding upland due to high organic matter content, the presence of vegetation, and 

low oxygen availability, but they may also function as nutrient sources depending on the 

physical and chemical characteristics of the water column and the soil (Richardson, 1985; 

Reddy et al., 1995; Jordan, 2003).  Nutrients and contaminants can become sorbed to the 

soil or organic matter, immobilized by plants and microbes, and mineralized by microbial 

processes.  This degree to which P can be reduced depends on the land use, soil type, 

retention time, slope, hydraulic connectivity, and vegetation type of the area (Raisin and 

Mitchell 1995). 

The large number of wetlands within the four priority basins may have a potential 

to significantly reduce P load if drainage pathways from ditched wetlands are blocked 

and hydrologically restored to their historically isolated state.  Restoration would increase 

the hydroperiod, thereby increasing the wetland area and the potential to retain P by plant 

immobilization, soil adsorption and reduced organic matter decomposition rates. 

Macrophytes have the ability to immobilize large amounts of nutrients from the 

water column; however this should be thought of as only a temporary storage for 

nutrients (Fig. 1-2).  It is estimated that 35-80% of the total P contained in plant biomass 

is eventually lost to the water column, or transported out of the system after senescing, 
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and the processes influencing nutrient release rates are poorly understood (Richardson, 

1989; Reddy et al., 1995).  Because a high percentage of phosphorus is assimilated and 

potentially released during the decomposition process, it is important to understand 

factors that might regulate the rate and total amount of P released (Jordan and Whigham, 

1989). 

 

Figure 1-2.   The P retention mechanism in a wetland, the potential fate of P initially 
assimilated in macrophyte plant tissue and different P fractions such as 
Dissolved Organic Phosphorus (DOP), Particulate Organic Phosphorus 
(POP), and Dissolved Inorganic Phosphorus (DIP). 

Wetlands are carbon based systems in which most of the energy driving the food 

web is derived from litter turnover (Turner, 1993; Corstanje, et al., 2006).  Because the 

rate of organic matter turnover drives the system, it is important to understand the fate of 

detrital matter in the wetland, as well as how much P is released from litter during short 

and long term decomposition.  Numerous studies have shown that carbon quality, 

primarily the fraction of recalcitrant portions of the plant, as well as the ratio of available 
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N to carbon determine the rate of litter breakdown (Melillo, 1982; Berg, 1998; Villar, 

2001). 

Nutrient loss due to leaching is not as widely investigated but has been shown to 

be a significant nutrient and carbon source (Turner, 1993).  Studies have determined that 

up to 80% of N and P contained in the litter as well as up to 80% of the litter biomass can 

be lost within 2 months after senescence due to short term leaching and mineralization in 

a tidal freshwater marsh (Simpson et al., 1978; Qiu, 2005).  Another study preformed by 

C. Boyd (1971) concluded that the rate of nutrient loss was greatest during the first 4 

months after senescence.  The study reported that 50% of N and P were released and 60% 

of the biomass (Juncus effusus) decomposed during the first 4 months in the field while 

only an additional 10% of the remaining mass was lost during the remaining 8 months.  It 

is apparent however, that the species type or environmental conditions under which 

leaching and decomposition occur has a large influence on decomposition rates (Villar et 

al., 2001). 

There is a wide range of P thought to be released through leaching and 

mineralization processes.  The rate of P loss is determined by a range of factors 

including; the decomposition rate of the litter, the species of vegetation, as well as factors 

such as temperature, moisture, nutrients, pH, carbon quality, and the microbial 

community which influence decomposition (Melillo, 1982; Benner, 1985).  It has been 

determined that there is a significant difference between the amount of phosphorus 

assimilation in different species of vegetation (McJanet et al., 1995), but the amount and 

rate of P release of different wetland species after vegetative senescence remains 

unknown.  If a species can be found that has similar uptake rates of P, yet releases a 



 

8 

significantly lower amount of P from its biomass, that species could be recommended to 

ranchers for the purpose of P retention in order to decrease the amount of P release after 

senescence. 

Site Description 

This study was conducted on three historically isolated wetlands located within 

the same pasture on the Larson Dixie Ranch (N 0270 20.966’, W 0800 56.465’) (Fig. 1-3).  

Larson Dixie Ranch is a cow-calf operation within one of the four priority basins (S-154) 

of the Lake Okeechobee Watershed (Fig. 1-4).  Cow-calf operations make up roughly 

48% of the agricultural land within the Okeechobee Basin.  Isolated wetlands cover 

approximately 12,000 ha in the four priority sub-basins and 400,000 ha within the entire 

Okeechobee watershed (Reddy et al., 1995).  Presently about 50% of the historically 

isolated wetlands within the basin are ditched to enhance drainage and increase the area 

of improved pastures.  Hydrological connections between wetlands on the landscape 

allows surface water to be transported to the lake, and results in a large P load and 

reduced water quality to Lake Okeechobee during the wet season.  Often, wetlands 

located within the Okeechobee Basin are seasonally flooded from early June to January, 

and remain relatively dry during the late winter and spring months.  The average 

hydroperiod for the wetland center, edge, and upland zones ranged from 100-200 days / 

y, 5-55 days / y, and 0-15 days / y respectively (Fig. 1-5). 

The average area of each wetland in this study was 2.64 ha.  Every wetland was 

drained by one ditch that drained into a larger drainage swale and transported the water 

offsite.  The wetlands were completely surrounded by grazing pastures that were 

dominated by Paspalum notatum Flugge (Bogdan) (Bahia grass), while the wetlands 
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themselves were dominated by emergent marsh vegetation consisting of Juncus effusus 

L., Panicum spp., Polygonum hydropiperoides Michx, and Pontedaria cordata var. 

lancifolia (Muhl.) Torr (Fig. 1-6). 

 
 
Figure 1-3. Overland view of the study site including three historically isolated wetlands 

on Larson Dixie Ranch 

The soils within the Okeechobee Basin are primarily poorly drained, sandy, 

Spodosols that have limited P retention within the upper horizons and a water table 

generally less than 20 cm from the soil surface (Anderson and Flaig, 1995; Haan, 1995).  

The P content was the greatest in center soils compared to the edge and upland soils of 

the seasonally isolated wetlands on Larson Dixie Ranch (Fig. 1-7).  The isolated wetlands 

Larson South 
(LS) 

Larson East 
(LE) 

Larson 
West (LW) 
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on the study site are flooded throughout the majority of the year with an occasional dry 

period from late March to early June.  Soil on the Larson Dixie ranch is classified as 

Siliceous, hyperthermic Spodic, Psammaquents (Basinger series), which is a deep, poorly 

drained, rapidly permeable soil formed from sandy marine sediments (Anderson and 

Flaig, 1995). 

 

 
 
Figure 1-4.   Location of Larson Dixie Ranch within the 4 priority basins (McKee, K.A. 

2005. Predicting Phosphorus Storage in Historically Isolated Wetlands 
within the Lake Okeechobee Priority Basins. Masters Thesis. University of 
Florida. Gainesville, FL.) 

 
The soils within the Okeechobee Basin are primarily poorly drained, sandy, 

Spodosols that have limited P retention within the upper horizons and a water table 

generally less than 20 cm from the soil surface (Anderson and Flaig, 1995; Haan, 1995).  

The P content was the greatest in center soils compared to the edge and upland soils of 

Larson Dixie Ranch
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the seasonally isolated wetlands on Larson Dixie Ranch (Fig. 1-7).  The isolated wetlands 

on the study site are flooded throughout the majority of the year with an occasional dry 

period from late March to early June.  Soil on the Larson Dixie ranch is classified as 

Siliceous, hyperthermic Spodic, Psammaquents (Basinger series), which is a deep, poorly 

drained, rapidly permeable soil formed from sandy marine sediments (Anderson and 

Flaig, 1995). 

• Objective 1:  Characterize plant tissue from live and recently senesced vegetation 
of dominant species found in the three isolated wetlands on the Larson Dixie 
Ranch. 
 

• Objective 2:  Determine the short term P release from senesced plant material 
under aerobic and anaerobic conditions. 
 

• Objective 3:  Measure the litter decomposition and long term P release rate of four 
dominant species in situ at four different hydrologic regimes. 

 
The objectives mentioned above and their related hypotheses, methods, and 

results are discussed further in Chapters 2, 3, and 4 respectively.  Chapter 5 summarizes 

results from all three chapters and evaluates the potential effects of hydrological 

restoration of isolated wetlands on decomposition rates and P release as a BMP in the 

Okeechobee Basin. 
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Figure 1-5.  Average hydroperiod for center, edge, and upland zones of seasonally 

isolated wetlands on Larson-Dixie Ranch 
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Figure 1-6.  Species occurrence in seasonally isolated wetlands located in the 

Okeechobee Basin.  A) Wetland Centers, B) Wetland Edge, C) Surrounding 
Uplands. 
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Figure 1-7.  Soil total phosphorus storage in wetland zones and surrounding upland. 

• Objective 1:  Characterize plant tissue from live and recently senesced vegetation 
of dominant species found in the three isolated wetlands on the Larson Dixie 
Ranch. 
 

• Objective 2:  Determine the short term P release from senesced plant material 
under aerobic and anaerobic conditions. 
 

• Objective 3:  Measure the litter decomposition and long term P release rate of four 
dominant species in situ at four different hydrologic regimes. 

 
The objectives mentioned above and their related hypotheses, methods, and 

results are discussed further in Chapters 2, 3, and 4 respectively.  Chapter 5 summarizes 

results from all three chapters and evaluates the potential effects of hydrological 

restoration of isolated wetlands on decomposition rates and P release as a BMP in the 

Okeechobee Basin. 
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CHAPTER 2 
PLANT TISSUE CHARACTERIZATION 

Introduction 

Wetland vegetation is able to assimilate nutrients into its biomass from the soil and 

surrounding water column, thereby potentially reducing nutrient levels discharged from 

the wetland through ditches.  Macrophytes only serve as a temporary sink for nutrients 

however, and tend to undergo leaching and mineralization of biomass after senescence.  

Observations from several studies suggest that the degree of decomposition and nutrient 

leaching is greatest during the first 4 months after senescence when up to 50% of N, P, 

and biomass can be lost in marsh communities (Boyd, 1971; Richardson, 1989; Flaig, 

1995).  Numerous physical and environmental factors such as temperature, moisture 

content, nutrients, pH, carbon quality, and the microbial community can influence litter 

decomposition and leaching rates (Melillo, 1982; Benner, 1985). 

Nutrient ratios such as C:N and C:P, as well as the quantity of residual fiber in the 

plant tissue is also important and often used to determine the physical and chemical 

composition of vegetation (Day, 1982; DeBusk and Reddy 1998; Lewis, 2005).  

Numerous studies have shown that nitrogen and lignin content (one of the most 

recalcitrant organic structural compounds) are the 2 most important factors that determine 

the rate of decomposition (Melillo, 1982; Berg, 1998; Carreiro, 2000; Villar, 2001; 

Corstanje, 2006).  During the decomposition process, carbon compounds are lost, and in 

the short-term nutrients are either gained or lost depending on the surrounding 

environment and the nutrient ratios of the litter. 
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Due to the role of C:N and lignin content play in decomposition, it may be possible 

to predict P release by assessing these two parameters in conjunction with wetlands 

where P assimilation and retention is being considered.  It is necessary to perform an 

initial characterization on live and recently senesced vegetation in order to quantify 

nutrient concentrations and fiber quality of the dominant vegetative species on the site. 

Lignin is the organic compound contained in plant biomass that is the most 

recalcitrant or resistant to decomposition.  It is thought to be the limiting factor of long-

term decomposition because it can only be degraded by a few organisms.  Microbes are 

able to degrade lignin with the help of various enzymes (Benner, 1984); however it is 

extremely resistant to decomposition in anaerobic environments even by microbes 

(Criquet et al., 2001).  Lignin helps provide structural support to the plant in order to 

remain upright, as well as provide a protective layer against microbial attack; therefore it 

is often abundant in the bark of woody trees (Hammel, 1997). 

Due to a greater assimilative capacity of wetland vegetation compared to edge and 

upland vegetation, there may be significant differences in the nutrient content of the plant 

species found in these 3 respective zones (McJanet et al., 1995).  Differences in nutrient 

content may cause some species to have a lower or higher C/N ratio or residual fiber 

content compared to others, and may ultimately influence the quantity of P released from 

senesced vegetation through short term leaching and long term decomposition.  It is 

important to characterize the nutrient and residual fiber to assess whether any tissue 

parameters are strongly correlated to P retention so that the amount of P released from a 

species after senescing may be predicted with some certainty.  This information could 

provide further insight as to how species shift as a result of hydrological restoration, or 
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other practices may impact the amount of P released into the water column after 

vegetative senescence. 

• Hypothesis 1:   The species of vegetation surveyed will have different amounts of 
carbon, nitrogen, phosphorus, and residual fiber. 

 
Materials and Methods 

Live and recently senesced (standing dead) vegetation were harvested from Larson 

Dixie ranch in November 2004.  Species found in the wetland center, edge, and upland 

were collected, placed in paper bags according to species.  After the material was brought 

back to the laboratory, all the live species collected were analyzed for TN, TC, TP, and 

tissue fiber analysis, while only the senesced tissue of 4 of the live species collected were 

analyzed for fiber and nutrient content due to their dominance on the site and presence in 

different hydrological zones.  The 4 dominant species were all perennial species 

including: Paspalum notatum Flugge (Bogdan) (Bahia grass) in the upland, and Juncus 

effusus L., Panicum spp., Polygonum hydropiperoides Michx in the edge and interior of 

the wetland. 

Vegetation was dried at 60º C for at least 72 hrs.  The plants were then ground to 

pass a # 40 mesh sieve using a Wiley Mill.  Analysis of total carbon and total nitrogen 

was done using a Thermo Electron Flash EA1112 Nitrogen/Carbon analyzer.  Tissue P 

was analyzed using acid digestion of ashed tissue (Anderson 1976) and P content was 

quantified using an auto analyzer (Method 365.4; USEPA, 1993).  An Ankom 200 Fiber 

Analyzer was used to quantify the NDF, ADF, and residual fiber fractions of tissue; this 

method is further described below (Ankom Technology Corp., 1998a).  The means of all 

species were compared using Tukey-Kramer HSD (honestly significant differences) to 

determine significant differences. 
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Fiber Analysis Method 

Residual fiber content in tissue has been quantified in the past using the Klasson 

method by the hydrolysis of cellulose with the use of 72% H2SO4 (Rowland and Roberts, 

1999).  This technique alone has proven to be time consuming due to lengthy 

pretreatments and is not easily reproducible in the laboratory (Rowland and Roberts, 

1999).  The neutral detergent fiber (NDF) and acid detergent fiber (ADF) method 

provides a simple technique for quantifying amounts of labile components as well as 

hemicellulose contained in the plant biomass, and is the method used in this study (Fig. 

2-1).  Sequential NDF and ADF extractions were recommended to improve the digestion 

of cell wall proteins and minimize the influence of tannins on the recovery of residual 

fiber (Terrill et al., 1994). 

 

Figure 2-1.  Extraction sequence used to determine carbon quality of vegetation. 

In this study “residual fiber” is referred to as lignin.  This material is highly 

recalcitrant, however also contains non-carbon compounds, therefore it is functionally 

defined as any compound that has not been previously leached or degraded during the 

fractionation scheme.  The NDF, ADF, and H2SO4 detergent fiber (strong acid detergent 

fiber or SADF) extractions sequentially remove sugars, hemicellulose, and cellulose 

fractions of the plant material.  The NDF extraction removes the labile components of the 

Dried, ground 
vegetation sample 

Neutral detergent 
fiber digestion 

72% H2SO4 
digestion

Residual Fiber Acid detergent 
fiber digestion 

Sugars Hemicellulose Cellulose “Lignin” 

Increasing Recalcitrance 
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vegetation, such as sugars and starch.  The ADF extraction removes hemicellulose, while 

the SADF extraction strips away any remaining hemicellulose as well as cellulose, 

leaving behind lignin and ash (Table 2-1). 

Table 2-1.  Neutral detergent fiber and acid detergent fiber fractionation methods 
(Rowland and Roberts, 1999) 

 

 
Results 

There was a wide range of C:N and N:P in the live tissue of the species surveyed 

(Fig. 2-2).  Panicum hemitomon had the highest C:N of all the live species characterized, 

while L. fluitans had the lowest C/N ratio compared to other live species.  However, 

Paspalum notatum had the highest N/P ratio out of all the species surveyed while B. 

caroliniana had the lowest N/P ratio. 

There were also significant differences in C:P in the live species surveyed (Fig. 2-

3).  In addition to having the highest C:N, P. hemitomon also had the highest C:P, 

followed by P. notatum, and J. effusus respectively, while P. cordata had the highest C:P 

associated with the live tissue. 
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Figure 2-2.   The C/N and N/P ratios of live tissue for species surveyed.  Values represent 

mean (± 1 standard deviation). 

In addition, a wide range of NDF (neutral detergent fiber) and residual fiber was 

found in the different species surveyed (Fig. 2-4 & 2-5).  Hydrocotyle umbellata, had a 

lower C/N and C/P ratio and had the highest NDF fraction in the live tissue, resulting in 

lower percentages of ADF and SADF.  Panicum hemitomon had the lowest NDF fraction 

associated with its biomass, and therefore higher ADF and SADF percentages.  Paspalum 

notatum, the dominant upland species, had the lowest percentage of residual fiber 

compared to all other species, and A. philoxeroides had the highest residual fiber content. 

Each of the 4 dominant species had a significantly lower P content in the senesced tissue 

compared to the live tissue (Fig. 2-7).  Polygonum hydropiperoides contained a 

significantly higher live and senesced P tissue content compared to other 3 dominant 

species of vegetation, while the P content in P. hemitomon was significantly lower in the 
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senesced tissue compared to the other 3 species of senesced vegetation.  In addition to a 

higher %P in the live tissue of the 4 dominant species, the C/P ratio in senesced tissue 

was also significantly lower than the C/P values observed in the live tissue (Table 2-2). 
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Figure 2-3.   Mean C/P ratios in live tissue of species surveyed.  Values represent mean 

(± 1 standard deviation). 
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Figure 2-4.   Fiber quality (NDF, ADF, SADF and Residual Fiber) percentages for 

species surveyed. 
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Figure 2-5.   Residual fiber fractions for live tissue.  Values represent mean (± 1 standard 
deviation). 
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Figure 2-6.   Nutrient ratios of C:N in senesced tissue of dominant species.  Values 

represent mean (± 1 standard deviation). 
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Figure 2-7.   Comparison of phosphorus values for live and senesced vegetation.  Values 

represent mean (± 1 standard deviation). 

Table 2-2.   The C/N and C/P ratios for live and senesced tissue.  Values represent mean 
(± 1 standard deviation). 

Species Live C:N 
Senesced 

C:N Live C:P Senesced C:P 
Panicum 
hemitomon 34.7 ± 1.6 51.8 ± 2.4 289.3 ± 7.4 2165.1 ± 129.8 
Paspalum notatum 24.4 ± 0.5 50.7 ± 4.4 274.9 ± 9.0 520.4 ± 56.3 
Polygonum 
hydropiperoides 20.5 ± 0.7 40.4 ± 0.5 160.0 ± 19.7 350.5 ± 33.7 
Juncus effusus 25.1 ± 0.9 40.3 ± 1.4 257.9 ± 12.4 557.2 ± 15.0 

 
Additionally, the NDF fraction in the senesced tissue was lower compared to the 

live tissue (Fig. 2-8).  Differences in NDF content between live and senesced tissue were 

significant in P. hydropiperoides and P. notatum.  The highest NDF fraction was seen in 

P. hydropiperoides.  There were also differences in the residual fiber content in the live 

and senesced tissue.  Residual fiber was slightly lower in the live tissue of the 4 dominant 

species compared to the senesced tissue (Fig. 2-9).  The only significant difference in the 

residual fiber content between the live and senesced tissue was seen in P. 
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hydropiperoides.  In addition to having the highest NDF fraction, this species also had 

significantly higher residual fiber content in live and senesced tissue compared to the 3 

other species. 

0

5

10

15

20

25

30

35

40

45

50

Panicum hemitomon Paspalum notatum Polygonum
hydropiperoides

Juncus effusus

%
 N

D
F

Live Tissue
Senesced Tissue

 
Figure 2-8.   Neutral detergent fiber content contained in the senesced tissue of 4 

dominant species.  Values represent mean (± 1 standard deviation). 
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Figure 2-9.   Residual fiber content contained in the senesced tissue of 4 dominant 

species.  Values represent mean (± 1 standard deviation). 
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Discussion 

Different qualities of vegetative tissue were observed in this study depending on 

the species, the landscape position which the species was found, and whether the 

vegetation was live or senesced.  A range of chemical and physical characteristics in live 

and senesced tissue of different vegetative species may influence P release rates through 

short term leaching and long term decomposition.  Species included in the 

characterization with a low N and P content, a high percentage of residual fiber, or a high 

C/N or C/P ratio may have slower decomposition or leaching rates which may also 

decrease the rate of P release. 

High nutrient ratios may limit the amount of microbial degradation as well as the 

decomposition rate.  Senesced vegetation with a high N and P content as well as a low 

residual fiber percentage, may have a greater rate of decomposition because it will serve 

as a nutrient rich substrate with a higher likelihood of microbial colonization.  Various 

studies have reported increased decomposition of tissues with a higher N content (Berg, 

1998; Carreiro, 2000; Corstanje, 2006), and an N limitation may suppress decomposition 

rates due to a lack of microbial colonization of the substrate.  In general, a C:N > 30 or a 

C:P > 200 in the senesced tissue may result in an N or P limitation and decrease 

microbial decomposition under aerobic conditions(Fenchel et al., 1998). 

Based on values in Table 2-2, vegetation collected from the Larson Dixie site 

suggests that all species of senesced tissue may have an N and P limitation, due to ratios 

greater than 30:1 and 200:1 respectively, and may not result in a net mineralization of N 

and P under aerobic conditions.  Species with a nutrient limitation and restricted 

microbial decomposition may release a lower amount of P compared to species with a 

high nutrient content.  Furthermore, the nutrient ratios are likely to be higher in the live 
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tissue compared to the senesced tissue due to a leaching event which may have removed 

some of the labile N and P or a resorbtion of nutrients back into the living plant tissue.  

Observations have shown that some species of emergent marsh vegetation, like P. 

hemitomon, can remain as standing dead biomass for up to 2 months or more after 

senescence (Lewis, 2005), which may allow multiple leaching events to take place before 

the senesced vegetation enters the water column. 

Whether the species is an annual or perennial may also influence the amount of 

nutrient uptake, resorbtion, and P release rate.  It is believed that the species used in this 

study were all perennial, and may therefore have a higher degree of nutrient resorbtion 

back into the live tissue of the plant, especially into the below ground tissues.  Perennial 

species may also have a lower rate of biomass accumulation, and a lower P release rate 

compared to annual species (Tobe, 1998; Fraser and Karnezis, 2005).  On highly 

disturbed landscapes there may be a higher proportion of annual plant species which may 

further contribute to eutrophication of nearby water bodies due to a potentially greater 

rate of decomposition and P release, possibly as a result of higher  nutrient 

concentrations, NDF, and a lower residual fiber content compared to perennial species. 

Different amounts of NDF, ADF, SADF, and residual fiber were seen in the 

vegetative species surveyed.  It is likely that species with high residual fiber content will 

have a slower decomposition rate and possibly a slower P release rate compared to 

species with low residual fiber content and a higher NDF fraction.  The NDF content was 

higher for each species in the live tissue compared to the senesced tissue which may 

indicate the NDF or labile carbon fraction in the vegetation is rapidly lost in some species 

after senescence.  Significant differences between the NDF fractions in the live and 
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senesced vegetation of P. notatum and P. hydropiperoides, suggest that soluble sugars 

and carbohydrates may be lost the fastest in these species or they had been senesced for a 

longer period of time before collection.  A leaching event could have occurred after 

senescence, removing some of the labile sugars and carbohydrates associated with the 

standing dead vegetation.  Residual fiber also made up a higher percentage of biomass in 

the senesced vegetation due to the reduction of NDF in the litter biomass. 

In summary this chapter addressed the hypothesis that different species of 

vegetation found on isolated wetlands in the Okeechobee Basin contained different 

nutrient levels quantified by the C/N ratio and %P in live and senesced tissues, as well as 

various fiber qualities.  Findings suggest that the N and P content and fiber quality varied 

significantly among the different species collected, which supports the original 

hypothesis.  Results also suggest some senesced species may provide a better substrate 

for the colonization of microorganisms, and possibly a rapid rate of decomposition and P 

release due to a lower C/N ratio and residual fiber fraction, a higher P content and NDF 

fraction.  Lastly, there were significant differences in the substrate quality between the 

live and senesced tissue in terms of C:N, C:P, NDF, and residual fiber content, indicating 

that leaching, and a rapid breakdown of sugar occurs shortly after senescence. 
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CHAPTER 3 
SHORT TERM PHOSPHORUS LEACHING 

Introduction 

The term leaching, as used in this thesis, is a natural process where mass is lost 

from senesced vegetation due to the release of soluble organic and inorganic compounds 

from the plant biomass (Robertson, 1988).  The leaching process is the first of three 

phases of decomposition, and is subsequently followed by microbial mineralization and 

physical and biological fragmentation (Valiela, 1985; Webster and Benfield, 1986).  

There is evidence that leaching is correlated with rainfall when standing dead vegetation 

is attached to the plant (Taylor et al, 1989; Qiu, 2005), and may continue after the litter is 

incorporated into the detrital layer and immersed in the water column.  The most rapid 

period of leaching usually lasts from a few days to a few weeks (Davis et al., 2003) 

depending on water availability, and is not mediated by microbial processes.  The 

greatest leaching rates usually occur during the first rainfall or the first hours after 

emersion in the water column (Tope, 2003; Qiu, 2005). 

Leaching processes can result in a large nutrient flux of P, N, and C from plant 

biomass into the water column during fall and spring as a result of vegetative senescence 

(Mitsch et al., 1989).  This is the primary reason why leaching has recently become one 

of the primary concerns relating to water quality in agricultural areas (Kuusemets and 

Mander, 2002).  The processes influencing P leaching rates are poorly understood, 

however temperature, moisture, pH, Eh, P concentration, and land use, are the primary 

variables influencing the P leaching rate of vegetation (Melillo, 1982; Benner, 1985; 
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Richardson, 1989; Moore and Reddy, 1994; Findlay et al, 2003; Flaig, 1995; Lewis, 

2005). 

Short-term P leaching from senesced tissue can lead to a significant release of P 

into the environment.  Anywhere from a 20-50% loss of the total P in the plant biomass 

can be released from the vegetation in a few hours and upwards of 80% of the total P can 

be released during the first 2 months of mineralization (Simpson et al., 1978; Webster 

and Benfield, 1986; Tope, 2003; Qiu, 2005; Reddy et al., 2005). 

Leaching is an important nutrient cycling process to consider when understanding 

the fate of P within a wetland ecosystem.  A significant portion (30-80%) of the 

bioavailable P in the water column can be immobilized by macrophytes (Dolan et al., 

1981), depending on the plant species, the growth rate of the plant, plant density, 

harvesting frequency, climate, and the oxygen availability in the sediment (Reddy et al., 

1995).  Vegetation only serves as a temporary sink for nutrients however.  It is estimated 

that 35-80% of the total P contained in the biomass is lost to the water column, to the soil 

or transported out of the system after plant senescence (Richardson, 1989; Reddy et al., 

1995).  A portion of the total P obtained in the standing dead tissue is resorbed back into 

the living part of the plant, preventing all the P contained within the senesced biomass 

from leaching out.  Nutrient resorbtion in a hardwood forest was estimated to be 

approximately 30-34% of the total N and P contained within the senesced tissue (Ryan, 

1982). 

The main objective of this study is to quantify the amount and rate of P loss from 

senesced vegetation into the water column under aerobic and anaerobic conditions, and in 

response to N enrichment.  This study provided a more suitable sampling frequency to 
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assess short-term P release associated with different species of litter in the wetland that 

would have been difficult to quantify in the field.  The litterbag study in the subsequent 

chapter, evaluated decomposition over a longer period of time. 

It is likely that different species will have various leaching rates after vegetative 

senescence, due to the fact that some species have higher tissue P concentrations than 

others (Hobbie, 1992; Knops et al., 2002).  The species that releases the lowest amount of 

P in this study relative to its P assimilation rate could be used to increase P storage on 

historically isolated wetlands.  In addition, knowing species specific P leaching 

characteristics provides managers and landowners with guidance on beneficial and 

problematic plants when trying to retain P on pastures and in wetlands.  

Hypotheses 

• A greater P flux will be observed under anaerobic conditions than aerobic 
conditions. 

• Elevated nitrogen levels will increase P flux rates when compared to ambient site 
water and site water diluted with deionized water. 

• Short term P release will be positively related to the concentration of P in the 
senesced tissue. 

Materials and Methods 

Recently senesced (standing dead) vegetation was harvested from Larson Dixie 

ranch in November 2004, this was the same material used in the characterization study 

described in the previous chapter as well as the decomposition study explained in the 

following chapter.  Dominant species in the wetland center, edge, and upland were 

collected then placed in paper bags according to species.  Species that were adapted to 

longer hydroperiods included Panicum hemitomon, which had a P concentration of 0.209 

± 0.01 mg P/g tissue, and Polygonum hydropiperoides with 1.278 ± 0.11 mg P/g tissue.  
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The dominant edge species was Juncus effusus, which had 0.804 ± 0.02 mg P/g tissue.  

Lastly, the dominant upland species was Paspalum notatum which had 0.830 ± 0.08 mg 

P/g tissue. 

The senesced vegetation was air dried due to evidence that oven drying can 

artificially alter chemical composition as well as leaching rates (Tope, 2003).  

Approximately 1.5 grams of air dried litter material was placed in a 250 ml covered 

plastic container and filled with 200 ml of treatment water.  The litter added to the 

containers was scaled down from the mass of litter naturally present within a 1m x 1m 

quadrat.  Vegetation was misted with deionized (DI) water approximately 12 hours 

before the treatment water was added in order to reconstitute the litter so it wouldn’t float 

up to the top of the container and to bring the moisture content of the air dried litter up to 

field conditions.  Empty fluxing containers, with no vegetation added, were filled with 

200 ml of treatment water and used as the control. A hypodermic needle was inserted into 

the head space of the container through a rubber septum in the top of the container.  This 

needle functioned as a pressure relief vent.  A longer needle was pushed through the same 

rubber septum and below the water surface to bubble atmospheric gas (aerobic 

conditions) or nitrogen gas (anaerobic conditions) (Fig. 3-1) into the container and gently 

mix the water column. 

In addition to species and oxygen availability treatments, three water quality 

conditions were tested.  Water treatments consisted of low P water collected from a 

cypress slough near the research site, which is defined as “Site Water” in this chapter 

(SRP concentration of 0.09 ± 0.00 mg/L, a DOP concentration of 0.18 ± 0.00 mg/L, and 

an NO3 concentration of 0.22 ± 0.00 mg/L).  Other water treatments included site water 
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diluted 50% with DI water (SRP concentration of 0.04 ± 0.00, a DOP concentration of 

0.12 ± 0.01, and an NO3 concentration of 0.15 ± 0.00), and site water spiked with 3 mL of 

1000 ppm NO3 to double the N concentration to 0.41 ppm (SRP concentration of 0.09 ± 

0.00, a DOP concentration of 0.18 ± 0.00, and an NO3 concentration of 0.41 ± 0.00). 

  
         A            B 
 
Figure 3-1.   The P leaching study.  A) Overview of the experimental setup and aerobic 

and anaerobic treatments B) Individual fluxing container and tubing 
bubbling ambient air in the water column through the hypodermic needle. 

This experimental design resulted in a total of 90 flux containers.  Flux containers 

were covered and kept in darkness to prevent algae growth.  The water column was 

sampled a total of 5 times.  The timescale of sampling was after 2 hrs, 24 hrs, 3 days, 7 

days, and 17 days, with an initial characterization of site water before the experiment 

began.  At each sampling period 20 ml of water was removed from the flux container and 

analyzed for SRP.  At time zero and after 17 days, an additional 40 ml of water was 

removed and analyzed for Dissolved Organic Phosphorus (DOP) and Total Kjeldahl 

Nitrogen (TKN).  The DOP samples were filtered and digested in the autoclave (Method 

365.1; USEPA, 1993), while TKN samples were unfiltered and digested according to 

EPA Method 351.2 (USEPA, 1993). 
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After each sampling period, an equivalent volume of treatment water was added to 

each container to maintain a constant volume of 200 mL.  The dilution factor and P mass 

loss in sample water were taken into account when calculating cumulative flux of tissue P 

over the course of the experiment.  At the end of the experiment, litter and any newly 

formed particulates within the water column were filtered using a glass fiber filter, oven 

dried at 70º C for at least 24 hours, and weighed to determine the mass loss from the 

litter.  Samples and glass fiber filters were subsequently ground to pass a # 40 mesh sieve 

using a Wiley Mill and analyzed for total carbon and total nitrogen using a Thermo 

Electron Flash EA1112 Nitrogen/Carbon analyzer. 

The mean P flux rates of each species were compared using Tukey-Kramer HSD 

(honestly significant difference) to determine significant differences between the 

cumulative P flux among species.  Regression analyses and one way analysis of variance 

(ANOVA) were used to determine which substrate quality parameter, quantified in 

Chapter 2, was the best predictor of short term P release using the R2 and p-values. 

Results 

Cumulative P flux was averaged, combining three water treatments and ranged 

from an average of 0.01 ± 0.01 mg P/g tissue over a period of 17 days(P. hemitomon) to 

0.96 ± 0.17 mg P /g tissue (P. hydropiperoides) under aerobic conditions (Figure 3-2a).  

Cumulative P flux from P. notatum and J. effusus fell between this range with values of 

0.59±.15 and 0.35±.08 mg P /g tissue, respectively, over the same 17 day period under 

aerobic conditions.  Leaching was greater under aerobic conditions in each species except 

J. effusus, which had the greatest P flux under anaerobic conditions.  The water treatment 

and redox condition had little effect on the P released from senesced vegetation over a 17 

days period, and an obvious trend between N enrichment or redox and P release was not 
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seen.  The only statistically significant differences observed between aerobic and 

anaerobic conditions over 17 days was in P. notatum, where P flux was significantly 

higher under aerobic conditions and J. effusus where P fluxes were greater under 

anaerobic conditions (Table 3-1).  At the end of the study, on Day 17, the only significant 

difference between aerobic and anaerobic conditions was seen in P. hemitomon. 

Significant differences in flux rate among individual species under aerobic 

conditions (Fig. 3-2a) occurred within the first 2 hours.  At this sampling period, P flux 

from P. notatum and P. hydropiperoides were significantly higher than the other 2 

species, and P. hemitomon had a significantly lower P release compared to all other 

species.  After 1 day of incubation and for the remainder of the study, each species each 

species had a significantly different flux rate. 

Flux containers incubated under anaerobic conditions also began to show 

significant differences in P flux rates only 2 hrs after water was added (Fig. 3-2b).  At 

this sampling period P. hydropiperoides again had a significantly greater P flux, while P. 

hemitomon still had the smallest.  This trend continued throughout the course of the 

study.  At day 17, there were significant differences seen among each species. 

After a period of 17 days, P. hemitomon, had the least amount of P leaching from 

the litter.  The P released from P. hemitomon was significantly lower at every sampling 

period compared to other species of vegetation under both aerobic and anaerobic 

conditions (Fig. 3-2).  The cumulative P flux for P. hemitomon peaked after just 2 hours, 

then declined nearly to 0 mg P/g tissue.  The minimum 2 hr flux value for this species 

was 0.085 ± 0.009 mg P/g tissue observed in the site water + DI under aerobic conditions, 

while the maximum flux value was 0.101 ± 0.031 mg P/g tissue observed in the site water 
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treatment under anaerobic conditions (Fig. 3-3a).  There was not a significant difference 

between redox conditions or among water treatments (Fig. 3-3) in P. hemitomon over the 

course of 17 days (Table 3-1), however there was a significant difference between redox 

condition for this species on Day 17 only.. 
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Figure 3-2.   Phosphorus leaching rates of 4 senesced species averaged across all 3 water 
treatments A) aerobic B) anaerobic  conditions.  Values represent mean (± 
standard deviation). 
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The species with the highest P flux under aerobic and anaerobic conditions was P. 

hydropiperoides (Fig. 3-2).  The P flux of this species continuously increased throughout 

the experiment, with the highest cumulative flux of 1.00 ± .215 mg P/g plant tissue 

observed under aerobic conditions in the site water + N treatment, and 0.976 ± 0.223 

under anaerobic conditions in the site water + DI treatment after 17 days (Fig. 3-4).  The 

lowest 17 day P flux for this species was seen in the site water + DI treatment under 

aerobic conditions (0.94 ± 0.15) and site water + N treatment under anaerobic conditions 

(0.74 ± 0.08). 
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Figure 3-3.   Litter phosphorus release rate for P. hemitomon litter under (a) aerobic and 

(b) anaerobic conditions with 3 different water treatments.  Values represent 
mean (± 1 standard deviation). 

The remaining 2 species, P. notatum and J. effusus had a moderate amount of P 

released from the litter compared to P. hydropiperoides.  There were not any significant 

differences between water treatments in P. notatum under aerobic conditions, however 

the site water + N treatment had a significantly lower P flux for this species under 

anaerobic conditions compared to the other 2 treatments over the course of 17 days (Fig. 

3-5).  Juncus effusus however, had no significant differences in P flux between water 

treatments under aerobic or anaerobic conditions (Fig. 3-6), however P flux was 

significantly higher under anaerobic conditions compared to aerobic conditions for this 

species over the course of the entire study (Table 3-1). 
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Figure 3-4.   Litter phosphorus release rate for P. hydropiperoides litter under a) aerobic 

and b) anaerobic conditions with 3 water treatments.  Values represent mean 
(± 1 standard deviation) 
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Figure 3-5.   Phosphorus release rate for P. notatum litter under a) aerobic and b) 

anaerobic conditions with 3 water treatments.  Values represent mean (± 1 
standard deviation). 
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Figure 3-6.   Phosphorus release rate for J. effusus litter under a) aerobic and b) anaerobic 

conditions with 3 water treatments.  Values represent mean (± 1 standard 
deviation). 
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Table 3-1.  Cumulative P release (mg P/g litter) and percent tissue P released from four 
species over a 17 day period, under aerobic and anaerobic conditions.  Values 
represent mean (± 1 standard deviation).  Lowercase letters indicate 
significant differences over the entire 17 day study between species, water 
treatment, and redox conditions with a p-value of .05. 

 17 Day Total Cumulative Flux (mg P/g tissue) 

Species Treatment Aerobic 
% P 

Released Anaerobic  
%P 

Released 

Site Water 
0.002 

(a) ± 0.003 0.80 
0.007 

(a) ± 0.001 3.55 

Site Water + N 
-0.002 

(a) ± 0.001 -1.08 
0.003 

(a) ± 0.004 1.28 
Panicum 

hemitomon 

Site Water + DI 
0.024 

(a) ± 0.026 11.61 
0.011 

(a) ± 0.006 5.45 

Site Water 
0.551 

(b) ± 0.126 66.37 
0.414 

(c) ± 0.203 49.86 

Site Water + N 
0.694 

(b) ± 0.170 83.58 
0.197 

(d) ± 0.034 23.78 
Paspalum 
notatum 

Site Water + DI 
0.539 

(b) ± 0.144 64.94 
0.377 

(c) ± 0.022 45.41 

Site Water 
0.925 

(e) ± 0.149 72.34 
0.911 

(e) ± 0.066 71.22 

Site Water + N 
1.004 

(e) ± 0.215 78.55 
0.738 

(f) ± 0.082 57.74 
Polygonum 

hydropiperoides 

Site Water + DI 
0.937 

(e) ± 0.149 73.32 
0.976 

(e) ± 0.223 76.32 

Site Water 
0.355 

(g) ± 0.112 44.16 
0.461 

(h) ± 0.030 57.33 

Site Water + N 
0.342 

(g) ± 0.079 42.52 
0.636 

(h) ± 0.275 79.09 Juncus effusus 

Site Water + DI 
0.351 

(g) ± 0.055 43.72 
0.517 

(h) ± 0.074 64.32 
 

Over the span of 17 days, SRP concentration significantly increased from the initial 

0.09 mg/L in the site water flux containers of every species except P. hemitomon.  

Approximately 96% of the P in the water column at the end of the study was SRP, a 

readily labile form, while the small remaining P fraction was DOP (Table 3-2). 

In general TKN concentrations were higher under anaerobic conditions compared 

to aerobic conditions, however few significant differences were seen (Table 3-3).  

Polygonum hydropiperoides was the only species where TKN concentrations were higher 

under aerobic conditions (in site water and site water + N treatment).  In addition there 

were not any significant differences observed in the TKN concentrations among species 

or water treatments. 
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Table 3-2.  Mean concentrations (± 1 standard deviation) of water column P for various 
species under aerobic and anaerobic conditions after 17 days.  Negative DOP 
values are due to high standard errors and represent virtually no measurable 
DOP in the water column. 

  SRP (mg/L) DOP (mg/L) 
Species Treatment Aerobic Anaerobic Aerobic Anaerobic 
P. hemitomon Site Water 0.03 ± 0.01 0.03 ± 0.01 0.06 ± 0.02 0.09 ± 0.02 

P. notatum  2.72 ± 0.67 2.07 ± 1.09 
-

0.22 ± 0.06 0.15 ± 1.07 
P. 

hydropiperoides  4.99 ± 0.84 4.84 ± 0.37 0.18 ± 1.00 -0.03 ± 0.33 
J. effusus  1.87 ± 0.65 2.37 ± 0.25 0.05 ± 0.53 0.13 ± 0.33 

P. hemitomon 
Site Water + 

N 0.02 ± 0.00 0.03 ± 0.00 0.06 ± 0.03 0.07 ± 0.01 
P. notatum  3.57 ± 0.88 0.92 ± 0.16 0.23 ± 1.91 0.18 ± 0.13 

P. 
hydropiperoides  5.51 ± 1.07 3.97 ± 0.34 0.05 ± 1.11 0.04 ± 0.64 

J. effusus  1.77 ± 0.34 3.61 ± 1.65 0.06 ± 0.31 0.14 ± 1.56 

P. hemitomon 
Site Water + 

DI 0.11 ± 0.00 0.02 ± 0.00 0.09 ± 0.16 0.06 ± 0.01 
P. notatum  2.68 ± 0.74 1.74 ± 0.17 0.12 ± 0.70 0.23 ± 0.13 

P. 
hydropiperoides  5.13 ± 0.73 5.17 ± 1.27 0.23 ± 0.57 0.11 ± 1.29 

J. effusus  1.77 ± 0.27 2.67 ± 0.43 0.09 ± 0.28 0.24 ± 0.20 
 
Table 3-3.  Mean concentrations (± 1 standard deviation) of water column TKN for 

various species under aerobic and anaerobic conditions after 17 days.  Letters 
indicate significant differences between species and redox condition. 

  TKN (mg/L) 
Species Treatment Aerobic  Anaerobic 

P. hemitomon Site Water 
3.61 
(a) ± 2.42 

6.21 
(a) ± 0.24 

P. notatum  
5.53 
(a) ± 0.32 

6.31 
(a) ± 0.68 

P. hydropiperoides  
7.34 
(a) ± 3.54 

6.08 
(a) ± 1.69 

J. effusus  
3.46 
(a) ± 0.58 

6.47 
(a) ± 2.13 

P. hemitomon Site Water + N 
4.41 
(A) ± 1.19 

6.62 
(A) ± 1.54 

P. notatum  
5.15 
(A) ± 1.08 

6.49 
(A) ± 0.60 

P. hydropiperoides  
6.02 
(A) ± 1.28 

5.4 
(A) ± 1.55 

J. effusus  
3.81 
(A) ± 0.18 

6.31 
(B) ± 1.50 

P. hemitomon Site Water + DI 
7.07 
(a’) ± 3.48 

6.47 
(a’) ± 1.54 

P. notatum  
6.02 
(a’) ± 1.94 

9.47 
(a’) ± 5.17 

P. hydropiperoides  
3.53 
(a’) ± 0.38 

5.13 
(a’) ± 2.28 

J. effusus  
2.97 
(b’) ± 0.73 

6.78 
(b’) ± 1.04 
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After 17 days of incubation, there were no significant differences in the mass loss 

among species, although a substantial decline in mass occurred.  The largest mass loss 

was observed in P. hydropiperoides while P. hemitomon had the smallest. 
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Figure 3-7.   Percent mass loss from the vegetation over a 17 day period.  Values 

represent mean ± 1 standard deviation. 

Multiple ANOVAS were run in order to determine which parameter provided the 

best predictor of the amount of P released from vegetation (Table 3-4).  Regressions were 

made between the cumulative P flux on day 17 and initial tissue concentration of N, P, 

and C and various ratios of these parameters.  It was determined with 99.99% confidence 

that a relationship exists between P contained in the tissue and the amount of P that tissue 

will release to the water column.  Tissue P content explained 89% of the variability in P 

flux in site water under aerobic conditions on Day 17, while %NDF explained 76% of the 

variability in P flux (Fig. 3-8). 
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Table 3-4.  The P-Values associated with initial nutrient parameters of senesced tissue to 
estimate the best predictor of P flux for site water under aerobic conditions on 
Day 17. 

Substrate Quality Parameter P-value R 2 
% C .314 .101 

% SADF .252 .129 
% N .110 .235 

% Residual Fiber .104 .242 

C:N .062 .306 
% ADF .030 .390 
C:P .001 .670 
N:P .001 .687 
% NDF .0002 .757 
% P < .0001 .887 
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Figure 3-8.   Bivariate fit of cumulative P flux by initial senesced tissue P content.  

Correlation is for site water treatment under aerobic conditions on day 17. 

Table 3-5 shows R-square values for the correlations between cumulative P 

release and tissue P concentration for each sampling period under aerobic and anaerobic 

conditions.  The correlation improves throughout the course of the study under aerobic 

P. hemitomon  
 
P. notatum 
 
P. hydropiperoides 
 
J. effusus  

Cumulative Flux= -0.21 + 8.58x

R2 = .887 
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conditions with the highest R value occurring on day 17, while under anaerobic 

conditions the R value is the highest on day 1 and 7.  Phosphorus concentration in the 

litter is a slightly better indicator under anaerobic conditions as to the amount of P that 

will be released from that species.  Other initial substrate quality parameters such as 

%NDF, N:P, and C:P had significant p-values, however the relationship between these 

parameters and the amount of P released from the senesced vegetation was not as strong 

compared to the relationship between the initial %P in the senesced tissue and cumulative 

P release. 

Table 3-5.  The R-Square values from %P and cumulative P release correlation in site 
water under aerobic and anaerobic conditions 

 R-Square values 
Time (days) 0.08 1 3 7 17 
Aerobic 0.732 0.861 0.853 0.864 0.887 
Anaerobic 0.885 0.914 0.911 0.914 0.908 

 
Table 3-6.  The P-Values associated with initial nutrient parameters of live tissue to 

estimate the best predictor of P flux for site water under aerobic conditions on 
Day 17. 

Substrate Quality Parameter P-value R2 
N:P 0.7696 0.009 

% Residual Fiber 0.0967 0.251 
% ADF 0.0129 0.477 

% C 0.0076 0.526 
% P 0.0014 0.658 
C:P 0.0007 0.696 
% N <.0001 0.829 
C:N <.0001 0.830 

% SADF <.0001 0.862 
% NDF <.0001 0.883 

 

Initial substrate quality parameters of the live tissue characterized in Chapter 2, 

were also correlated with the short term cumulative P release from each senesced species 

of vegetation.  The strongest correlation was between short term P flux and % NDF or the 

labile fiber fraction associated with the live tissue with an R2 of .883 (Table 3-6). 
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Discussion 

Findings suggest the potential for vary rapid and significant amounts of tissue P 

release from plant litter upon exposure to rainfall or inundation, and the amount of P 

released from the senesced tissue was primarily dependant on the species type.  

Phosphorus release from the 4 litter species tended to peak during the first 2 hours after 

the water treatment was added to the vegetation through the first 3 days of the study.  

After day 7, bacterial growth began to appear in the flux containers likely resulting in 

water column P uptake and a possible explanation for the slight decline in cumulative 

flux values. 

Approximately 70% of the P in the tissue of P. hydropiperoides was released on 

average after 17 days, while P. notatum and J. effusus both released 55% of the P that 

was initially associated with the biomass, and P. hemitomon released only 4% of the P 

associated with its biomass.  The P flux values closely follow the amount of P each 

species originally contained in the biomass, which helps explain why the cumulative P 

flux from P. hydropiperoides was greater than the cumulative flux for other species 

because this species had the highest percentage of P initially, while P. notatum and J. 

effusus initially had similar P concentrations, and P. hemitomon had the least amount of 

P.  The cumulative amount of P released over the 17 day period is just below the 80% 

value that was lost during biomass decomposition in the study preformed by Reddy et al. 

(1995) and below the 35% value reported by Richardson (1989). 

Panicum hemitomon contained only 25% of the P in the senesced tissue of P. 

notatum and J. effusus, and 6.2% of the P contained in P. hydropiperoides.  In addition to 

having the lowest P flux, P. hemitomon also had the highest initial C:N and the lowest 

NDF fraction out of all the live species surveyed.  Neutral detergent fiber content was the 
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parameter that was the best predictor of short term P release in the live tissue.  The small 

amount of P within the tissue of P. hemitomon was held onto tightly throughout the 

study. 

A large quantity of P was released from the senesced tissue within a relatively short 

period of time.  The rate at which P was released from the senesced vegetation quickly 

increased between 2 hours and 3 days, after which the release rate slowed and leveled off, 

then stopped or reversed.  This information suggests that a potentially large amount of P 

can be released from the senesced tissue shortly after vegetative senescence due to 

rainfall or upon entering the water column.  Results from this study are similar to a 

leaching experiment preformed by Davis et al. (2003) which reported the most rapid 

leaching from Rhizophora mangle L. leaf litter after 2 days of incubation.  High 

quantities of P fluxing into the water column after senescence could have the potential to 

increase the eutrophication of seasonally isolated wetlands and downstream waterways.  

Hydrological restoration could also cause species shifts which may significantly impact 

the amount and rate of P leaching. 

In each species with the exception of P. hydropiperoides, there was a negative P 

flux observed in either aerobic or anaerobic conditions during the last 7-14 days of the 

study.  A decrease in the cumulative P flux can only be explained by microbial uptake of 

P from the water column or P uptake by the litter.  Near day 7, a bacterial growth is 

thought to have occurred around the needles bubbling gases into the fluxing containers 

since light was available during incubation.  It is likely that the negative slopes depicted 

in the graphics above were due to microbial nutrient uptake.  In future studies, it may be 
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interesting to have a light vs. dark treatment to quantify the P uptake by algae and 

bacteria. 

Looking at the cumulative flux curves for each species, it is estimated that P 

leaching took place for approximately the first 7 days of this study.  Around day 7, the P 

flux slowed, leveled off, or became negative, suggesting microbial mineralization 

processes began to take over.  It was suspected that the water spiked with N may increase 

P release during mineralization because all species initially had a high C:N, and would 

have been N limited under aerobic conditions.  A nitrogen addition would increase the N 

concentration as well as the amount of nutrients available to microbes, and therefore 

stimulating mineralization, C breakdown and P release beyond a 7 day period. 

The low NDF fraction and initial P concentrations in P. hemitomon is likely the 

reason why this species had the lowest change in mass after a 17 days, while P. 

hydropiperoides underwent the highest mass change because it’s initial NDF fraction was 

higher than the 3 other species.  It is likely that the NDF fraction or the soluble sugars 

and starches associated with the litter is what mostly contributed to the mass loss of the 

litter, along with the N and P associated with this fiber fraction.  A even higher mass loss 

was reported in a 21 day leaching study preformed by Davis et al. (2003), where leaching 

accounted for 33% of the dry mass from R. mangle leaves.  Physical factors such as the 

fiber quality of the litter are likely to influence short term leaching and mass loss more 

than the nutrient content of the litter or the C/N ratio, which may influence P release over 

a longer period of time.  This may be a possible reason why the %NDF in the live tissue 

had the strongest correlation with short term P release.  It is thought that the majority of 
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the mass differences resulted from nutrient leaching through day 7, and perhaps microbial 

mediated decomposition processes for the remainder of the study. 

The empty flux containers used as the control had an extremely low amount of 

measurable P flux.  This could be attributed to a small amount of sediment that was 

suspended in the water column when the treatment water was added to the containers.  

The control did not have any vegetation, and therefore had a post experiment C:N of 10.0 

± 6.2 as a result of bacterial growth which appeared in all of the containers around day 7. 

Overall, there did not appear to be a large difference in P release under aerobic or 

anaerobic conditions, and there wasn’t a clear trend as to which condition caused the 

most P to flux from the vegetation.  Even though there were no significant differences 

between treatments on Day 17, N enrichment seemed to enhance P release under aerobic 

conditions, but inhibited P flux, or had no effect on P release under anaerobic conditions.  

Anaerobic microbes often require a lower amount of available N to carry out metabolic 

activities since NO3 is often not available in reduced environments.  It is possible that the 

site water + N treatment had no effect under anaerobic conditions because the C:N was 

initially lower than 80:1; therefore the species used in this study would not be considered 

N limited under anaerobic conditions.  Because enough N was already present to carry 

out metabolic activities under anaerobic condition, additional N may not have made a 

difference in increasing the P mineralization after Day 7. 

The large proportion of SRP in the water column is significant because SRP is an 

extremely labile form of P that is readily bioavailable.  After rainstorms in the 

Okeechobee Basin, there is a high possibility that substantial amounts of labile P can 

easily be transported out of ditched wetlands and increase P loading downstream 
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waterways and possibly even to Lake Okeechobee.  Table 3-3 illustrates that TKN 

concentrations were slightly higher under anaerobic conditions, although few significant 

differences were observed.  It is likely that there would be a higher concentration of 

reduced forms of N in the anaerobic treatment due to the utilization of N as an electron 

acceptor for microbial respiration. 

Results from this experiment show that approximately 90% of the P releases from 

litter after vegetative senescence can be predicted using the initial P tissue concentration 

of the senesced tissue (Figure 3-8), and therefore P fluxes are likely to vary depending on 

the species type.  Live tissue parameters such as the % NDF can also be used to predict 

short term P flux in the event senesced tissue is not available.  The relationship between 

short term P release and the % NDF contained in the living tissue appears to be just as 

strong as the relationship between short term P release and the initial % P contained in 

the senesced tissue.  This could indicate that a substantial amount of P contained in the 

senesced vegetation is contained within the labile NDF fraction of the plant, and is 

released along with the soluble sugars and carbohydrates.  In addition, there were a 

greater number of significant relationships between short term P release and an initial live 

substrate quality characteristic such as the %SADF, C:N and %N.  The relationship 

between short term P release and the initial P content in the live tissue may have not been 

as strong due to relatively high amount of P resorbtion from senesced tissue into live 

plant tissue.  If changes in the P mass can be predicted with confidence using a live tissue 

parameter, the application of the data may be more useful since live vegetation is more 

abundant than senesced tissue throughout most of the year. 
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The results from this short term leaching study are important because it is likely 

that short term P release from senesced tissue can be predicted with a high level of 

confidence for many different species found on historically isolated wetlands in the 

Okeechobee Basin, not just the four species used in this study.  Therefore the release and 

transport of P may be managed using short term P release rates predicted by an initial 

substrate quality parameter in live or senesced tissue; species that may release a high 

degree of P after senescence can be avoided.  Future studies may indicate that P. 

hemitomon should be promoted along with hydrological restoration because this species 

may reduce P transport and improve the water quality in the Okeechobee watershed 

compared to other species within the wetland.  It is likely however, that P. hemitomon 

will only persist on these landscapes if grazing is limited.  If overgrazed, there may be a 

shift to an alternate species with a different P release rate. 

Relative to the original hypotheses there were no strong trends to show that oxygen 

availability and N enrichment enhance P leaching, however P. hemitomon, the species 

with the lowest initial P concentration, did release the lowest amount of P released 

compared to other species of vegetation.  Also the majority of P loss was attributed to 

leaching rather than microbial mineralization processes that seemed to take effect after 7 

days of incubation.  This study suggests that leaching is an extremely important 

component of P cycling and nutrient movement especially in the fall when many species 

begin to senesce and there is a high proportion of standing dead vegetation.  This study 

not only provides an increased understanding of nutrient losses from senesced vegetation, 

but also provides some degree of species specific leaching potential based on initial tissue 
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P concentration.  This information should provide managers with better insight into 

wetland related Best Management Practices and reduction of nutrient discharge offsite. 
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CHAPTER 4 
LITTER DECOMPOSITION AND LONG TERM PHOSPHORUS RELEASE 

Introduction 

Organic matter is made up primarily of carbon, and is a driver of many ecosystem 

heterotrophic processes.  Organic carbon can function as a nutrient source for microbes, 

can adsorb toxic compounds or nutrients, and can provide an exchange capacity for 

cations (Cotrufo, 2006).  The breakdown of organic matter or microbial mineralization of 

nutrients is known as decomposition.  Decomposition occurs in all ecosystems and it is 

often accompanied by a net release of nutrients from senesced vegetation (Mitsch et al., 

1989).  The environmental factors influencing organic matter decomposition include 

moisture, temperature, electron acceptor availability, and pH (Melillo, 1982; Benner, 

1985; Qualls and Richardson, 2000). 

Plant tissue substrate quality partly determines decomposition rates in addition to 

environmental factors listed above (Melillo, 1982; Berg, 1998; Villar, 2001).  Substrate 

quality is determined partly by the recalcitrance or lability of the fiber fractions within the 

plant tissue.  In addition, the amount of available nutrients such as N and P relative to the 

available carbon content is also a component of substrate quality.  Substrate quality is an 

important parameter to consider when estimating decomposition rates of different plant 

species because it can either enhance or inhibit microbial colonization of the litter.  The 

more labile organic polymers present in the litter material such as starches and sugars, the 

easier microbes can utilize the litter as a substrate for nutrients. 
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In most cases nutrient enrichment has been shown to increase decomposition 

because N and P are often limiting factors controlling microbial growth (Qualls, 1984; 

Taylor et al., 1989; Corstanje et al., 2006).  Others have found that nutrient enrichment 

has no effect or can cause a lower rate of decomposition due to a possible C limitation 

(Berg et al., 1998; Carreiro et al., 2000; Villar et al., 2001).  It may also be that the 

influence of nutrient content is variable during different stages of decomposition. Lewis 

(2005) suggests that litter nutrient content may be the controlling factor during the initial 

phase of decomposition, or before 30% of the initial mass is lost but thereafter available 

carbon may become the primary factor limiting decomposition rate. 

Lignin is the organic compound that is the most recalcitrant or resistant to 

decomposition.  It is the limiting factor of long-term decomposition because it can only 

be digested by a few organisms.  Microbes are able to degrade lignin with the help of 

various enzymes (Benner, 1984); however it is extremely resistant to decomposition 

under anaerobic environments (Criquet et al., 2001).  Lignin helps provide structural 

support to plants so they can remain upright, as well as provide a protective barrier 

against microbial attack (Hammel, 1997).  Lignin content or the lignin/N ratio may be a 

better predictor of decomposition rates compared to the P concentration or the C/N ratio 

(Melillo et al., 1982; Sinsabaugh et al., 1993; DeBusk and Reddy, 1998; Rowland and 

Roberts, 1999; Carreiro et al., 2000).  For instance litter with a high N concentration and 

low lignin content is likely to be a relatively labile substance with a rapid decomposition 

rate. 

Lignocellulose is another recalcitrant C fraction.  It is comprised of approximately 

25% lignin and it forms a protective layer around the cellulose tissue, preventing rapid 
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breakdown (Donnelly et al., 1990).  Cellulose generally decomposes faster than lignin, 

but slower than more labile fiber fractions such as sugars, carbohydrates, and 

hemicellulose.  Lignocellulose is formed as labile components of the vegetation 

decompose and lignin and cellulose decomposition rates slow down (Melillo et al., 1982, 

1989).  Although lignocellulose formation may increase the litter recalcitrance, 

decomposition will continue with the addition of nutrients or new substrates to the litter 

(Donnelly et al., 1990), if optimum conditions for decomposition such as warm 

temperatures, moisture, and oxygen are provided. 

When living plants are present in a wetland, they are likely accumulating P and 

incorporating it into their biomass, however when the plant senesces and litter enters the 

water column, the litter may become a P source (Moore and Reddy, 1994).  During 

different phases of decomposition, various amounts of P could potentially be released 

from litter depending on how much P is stored in the fiber fractions of the litter.  The 

species type is likely to be an important factor when estimating long-term P release since 

some species accumulate more nutrients than others (Hobbie, 1992; Knops, et al., 2002).  

McJanet et al. (1995) reported significant differences in the N and P content of 41 

different wetland plant species with N concentrations ranging from 0.25-2.1% and P 

concentrations of 0.13-1.1%.  The age of the senesced material may also play a role in the 

rate of decomposition.  Younger tissues generally have less recalcitrant fractions and a 

higher proportion of N and P associated with their biomass compared to older plant 

tissues. 

The emergent macrophyte species used in this study retain standing dead biomass 

for a longer period of time (up to one year) compared to submerged aquatic vegetation, 
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which have virtually a non-existent standing dead phase.  During the standing dead 

phase, biomass is likely exposed to leaching from rainfall as well as colonization and 

initial breakdown by aerobic microbes. Therefore, standing dead litter may go through a 

significant degree of nutrient leaching before the litter enters the water column.  Leaching 

occurring before the litter enters the water column could affect nutrient and fiber 

character of substrate quality and thereby influence decomposition rate as well as long-

term P release. 

The fiber quality, hydroperiod, and depth of inundation are likely to influence the 

decomposition rate of various species which may significantly affect the quantity of P 

that is released during decomposition.  A higher degree of decomposition is likely to 

occur under aerobic conditions; however moisture may be a limiting factor during the 

standing dead phase.  Recalcitrant organic matter may be resistant to breakdown under 

anaerobic conditions, and may retain P in the recalcitrant portions of the litter, therefore 

litter may serve as a storage mechanism for P as organic matter continues to accumulate 

in the wetland and eventually form new soil.  This may help decrease the P concentration 

in the surrounding water column as well as reduce P export from the wetland and nutrient 

loading downstream. 

Although the P assimilation rate by plants is a critical factor in assessing potential 

efficacy of wetland P storage, if plants are allowed to senesce in-situ, the overall 

effectiveness of a wetland to immobilize and store P is also dependant on the release rate 

of P during litter decomposition.  The relationship between decomposition rates and 

substrate quality, as well as substrate quality and plant species suggest that the type of 

plant species present in a wetland is also a critical factor regulating litter mineralization 
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rates and long-term P storage.  Therefore, this chapter investigates long-term 

decomposition rates and compares these rates to various substrate qualities and 

environmental parameters.  A better understanding of the relationship between tissue 

substrate quality and P litter mineralization will assist in evaluating the implications of 

vegetative community change in response to hydrologic restoration on downstream P 

load to Lake Okeechobee. 

Hypotheses 

• Decomposition rates will be lowest in wetland centers due to longer hydroperiod 
and anaerobic conditions. 

 
• Tissue with high C:N ratios and or high residual fiber content will have slower 

decomposition rates than tissue with low C:N ratios or low residual fiber content. 
 

Materials and Methods 

Field Methods 

Litter decomposition rates were determined by measuring percent mass loss of 

standing dead vegetation collected from wetland center, wetland edge, and upland 

communities.  Recently senesced standing dead biomass was collected from P. 

hemitomon, P. hydropiperoides (representative of the dominant vegetation in the wetland 

center), J. effusus (representative of the dominant edge species), and P. notatum 

(representative of the dominant upland species) during November 2004.  The biomass 

was air dried in the laboratory for 10 days resulting in less variability in the litter 

moisture content without altering the chemical composition by oven drying.  The litter 

was then manually broken into smaller segments approximately 7-9 cm in length.  Six 

grams of air dried vegetation was placed in 15 cm x 15 cm litterbags made of 1mm 

screen mesh, and each litterbag was individually labeled with plastic labels.  The initial 
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amount of litter in each bag was based field litter biomass estimates and normalized to 15 

x 15cm area.  The litterbags were deployed on April 1st, 2005 in 3 isolated wetlands 

located within the same pasture.  Litterbags were deployed along a hydrological gradient 

from the center of the wetland to the upland in four different wetland zones defined as 

center, edge, transitional zone, and upland (Fig. 4-1), which had a hydroperiod of 100-

200 days / yr, 5-60 days / yr, and 0-15 days / yr respectively (Fig. 4-2). 

Five sets (one set for each time collection) of 8 litterbags (2 bags for of each of four 

species) were deployed in each zone within the three wetlands to determine the influence 

of different environmental factors and substrate quality on decomposition rates (Fig. 4-2).  

Each set of litterbags was tied together with monofilament fishing line, spaced evenly 

across the soil surface.  Monofilament fishing line was attached to the soil with a metal 

nail on the corner of each bag, and then covered by 3 x 3 cm plastic nylon netting to 

prevent the cattle from eating or relocating the litterbags (Fig. 4-3).  Litterbag coordinates 

were determined using GPS, and mesh coverings were marked with one inch diameter 

PVC poles to aid in relocation. 

One set of litterbags from each zone in each wetland was harvested during each 

sampling period.  Litterbags sets were harvested June 1st, 2005, July 27th, 2005, 

December 8th, 2005, and April 5th, 2005, representing 2, 4, 8, and 12 months of exposure.  

The location of each set of litterbags was found using GPS and a metal detector.  Once a 

set of litterbags was located, they were placed in plastic Ziploc bags and stored in a 

cooler and transported to the laboratory. 
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Figure 4-1.   Litterbag distribution and deployment locations in 4 hydrological zones 

within the wetland. 
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Figure 4-2.  Hydrological information for the seasonally isolated wetlands on Larson 

Dixie Ranch.  A) The yearly stage information in meters from April 1, 
2004–March 10, 2006, B) the average hydroperiod for the center, edge, and 
upland zones during November, March, and July. 

 
 
Figure 4-3.   Aerial view of the three historically isolated wetlands on Larson Dixie 

Ranch where the litterbags were deployed. 
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Figure 4-4.   Litterbag experiment showing A) litterbags and netting in upland, B) 
litterbags attached to soil and covered by nylon netting as a precaution 
against cattle, C) a close up of litterbag filled with P. notatum,  D) P. 
notatum growing in and through the litterbag after 8 months of exposure, E) 
the large amount of vegetation covering the bags in the upland after 8 
months, F) vegetation covering netting in the transitional zone after 8 
months. 
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Laboratory Methods 

After litterbags were collected from the field and brought back to the laboratory, 

vegetation growing on the outside of the litterbag was removed and sediment was rinsed 

out of the litterbags using tap water.  The procedure for sediment removal was to dunk 

each litter bag into its own individual container of tap water, gently agitate the bag while 

submersed and let drain.  This procedure was repeated three times.  Litterbags were not 

rinsed in the field because site water was not always present at the time of collection.  

After rinsing, litterbags were cut open and remaining green vegetation and roots were 

removed.  Litterbag contents were then placed in a labeled paper bag and dried at 60° C 

for at least 72 hrs.  After drying, litter was weighed to determine mass loss after each 

exposure time.  In an effort to further reduce mass change errors associated with 

inclusion of field sediments into the litter, litterbags deployed in the center were also 

sieved using a 250 µm or #60 mesh to remove small particulate matter mostly 

representing mineral soil.  After drying and weighing all samples were ground using a 

Wiley Mill and passed through a # 40 mesh.  Analysis of total carbon and total nitrogen 

was determined using a Thermo Electron Flash EA1112 Nitrogen/Carbon analyzer.  

Tissue phosphorus content was determined using acid digestion of ashed tissue and 

analyzed using colorimetric procedures (Method 365.4; USEPA, 1993).  An Ankom 200 

Fiber Analyzer was used to quantify the neutral detergent fiber (NDF) which is the 

starches, sugars and labile components associated with the plant tissue, the acid detergent 

fiber (ADF) which is the hemicellulose fiber fraction, the strong acid detergent fiber 

(SADF) which is the cellulose fiber fraction, and the residual fiber or “lignin” 

percentages of the litter (Ankom Technology Corp., 1998a).  Fiber analysis was only 

conducted on litter collected 12 months after deployment. 
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The decomposition rates and P content means of all species were compared using 

Tukey-Kramer HSD (honestly significant differences) method to determine significant 

differences between species decomposition and species P mass.  Regression analyses and 

one way analysis of variance (ANOVA) were used to determine which substrate quality 

parameter, quantified in Chapter 2, was the best predictor of % mass loss and long term P 

release after 12 months using the R2 and p-values. 

Results 

There were no significant differences in decomposition rates among the three 

wetlands when all species were combined.  Overall, results indicate a slightly slower 

decomposition rate in Larson South (LS) compared to Larson East (LE) which had the 

highest percent mass loss of the three wetlands (Fig. 4-5). 

Litter decomposition in the four hydrologic zones (center, edge, transitional zone, 

and upland) did not vary significantly over the course of this study.  The only significant 

difference between litter mass loss and hydrologic zone occurred after 2 months when the 

center litterbags had a higher percent mass loss compared to the other three zones (Fig. 4-

6).  Decomposition rates over time were best modeled by an exponential decay curve, 

with similar rates between zones. 

Although there were not any additional significant differences in decomposition 

rate between the four hydrologic zones after the first 2 months, there were significant 

differences in decomposition rates among the four different plant species.  Paspalum 

notatum had a significantly higher decomposition rate over 12 months compared to the 3 

other species of senesced vegetation.  During the first 2 months, there were not any 

significant differences among the decomposition rates of the four species. However, P. 
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notatum had a significantly greater percent mass loss compared to the three other species 

during the 4 and 12 month sampling periods (Fig. 4-7). 
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Figure 4-5.   Litter decomposition of all species in all hydrologic zone among the 3 

different wetlands, Larson East (LE), Larson West (LW), and Larson South 
(LS).  Values represent mean ± 1 standard deviation. 

The greatest amount of decomposition occurred in P. notatum litter in the upland 

with roughly a 62% mass loss after 12 months.  The least amount of decomposition 

occurred in P. hydropiperoides in the edge (a 32 % mass loss after 12 months) (Table 4-

1).  An average of 43 % of the original litter mass from each species within the four 

hydrological zones had decomposed after 12 months.  In addition, the highest rate of 

decomposition in every species was observed during the first four months where 

approximately 34% of the original biomass had decomposed, while roughly only an 

additional 9% of the remaining biomass was lost during the next 8 months (Fig. 4-7). 
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Figure 4-6.   Decomposition in 4 wetland zones over a 12 month period.  Values 
represent mean ± 1 standard deviation. 

None of the initial substrate quality parameters characterized in Chapter 2, in either 

the live or senesced tissue, was highly correlated with the mass loss among the 4 different 

species after 12 months in the field.  The initial substrate quality parameter in senesced 

tissue that most closely associated with the mass remaining after 12 months was carbon 

content, this relationship grew progressively stronger and was not significant after only 2 

months however.  Although the relationship was significant, it only explained 37% of the 

variability in the decomposition rate (R2 = .368 and a p-value < .0001).  The substrate 

quality parameter in the live tissue which had the best association with mass loss after 12 

months was the initial N/P ratio (R2 = .262 and a p-value < .0001), however this 

relationship was not consistent throughout the course of this study. 
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Figure 4-7.   Average litter decomposition of each species over a 12 month period.  

Values represent mean ± 1 standard deviation. 

There were not any significant differences in the % P remaining in any of the four 

hydrological zones throughout the entire 12 month study.  The % P in the center 

remained relatively constant during 12 months of deployment.  After 12 months, the % P 

contained in the litter was higher in the edge and transitional zone compared to the center 

and the upland, although the differences in % P were not significant (Fig. 4-8). 

During the first 2 months, P. hydropiperoides released approximately 50% of the 

initial P contained in the biomass, while J. effusus released approximately 30% of its 

original P mass during the first 2 months in the field.  Panicum hemitomon had a 

significantly greater % P remaining compared to the other 3 species surveyed during each 

sampling period over 12 months, while P. hydropiperoides had the significantly lowest % 

P remaining during every sampling period except after 4 months.  In addition, P. 
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hemitomon accumulated approximately 50% more P than was originally contained in the 

biomass of the litter during the first 4 months of deployment (Fig. 4-9). 

Table 4-1.  Species decomposition in each zone of litterbag deployment after 12 months.  
Values represent mean (± 1 standard deviation). 

Species Zone Mass Loss (%) 
P. hemitomon center 42 ± 7 

 edge 36 ± 15 
 transitional 41 ± 7 
 upland 36 ± 8 

P. notatum center 58 ± 4 
 edge 48 ± 9 
 transitional 58 ± 5 
 upland 62 ± 13 

P. hydropiperoides center 36 ± 16 
 edge 32 ± 13 
 transitional 43 ± 6 
 upland 39 ± 4 

J. effuses center 42 ± 19 
 edge 36 ± 10 
 transitional 42 ± 10 
 upland 42 ± 5 
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Figure 4-8.  Change in % P in the 4 hydrological zones over a 12 month period.  Values 

represent mean ± 1 standard deviation. 
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Figure 4-9.  Change in % P in the 4 dominant species over a 12 month period.  Values 
represent mean ± 1 standard deviation. 

Table 4-2.  Significance and R2 values of the relationship between the change in P content 
and initial senesced substrate quality characteristics for each sampling period. 

Time (months) 
2 4 8 12 

Substrate 
Quality 

Parameter p-value R2 p-value R2 p-value R2 p-value R2 

% SADF <.0001 .283 <.0001 .263 <.0001 .271 <.0001 .307 
% C <.0001 .384 <.0001 .165 <.0001 .330 <.0001 .250 

ln C:N <.0001 .479 <.0001 .520 <.0001 .483 <.0001 .544 
ln N:P <.0001 .573 <.0001 .521 <.0001 .573 <.0001 .530 
% N <.0001 .586 <.0001 585 <.0001 581 <.0001 .626 

% ADF <.0001 .638 <.0001 .550 <.0001 .614 <.0001 .626 
% Residual 

Fiber 
<.0001 .694 <.0001 .581 <.0001 .665 <.0001 .664 

ln C:P <.0001 .719 <.0001 .685 <.0001 .720 <.0001 .701 
% P <.0001 .818 <.0001 .738 <.0001 .806 <.0001 .787 

% NDF <.0001 .813 <.0001 .767 <.0001 .802 <.0001 .796 
 

When many initial substrate quality parameters in the senesced tissue were 

correlated with the change in P over time the strongest association was between the initial 

NDF fraction contained in the biomass and the loss or gain of P mass through time (Table 
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4-2) with an R2 of .796 after 12 months and a p-value <.0001 (Fig. 4-10).  In addition, the 

correlation between these two parameters remained strong regardless of hydrologic zone, 

and the initial P content explained at least 77% of the variability in the loss or gain in P 

mass regardless of sampling time. 

 
 
Figure 4-10.  Correlation between initial NDF fraction in the senesced tissue and P loss or 

gain after 12 months. 

Initial substrate quality parameters of the live tissue characterized in Chapter 2, 

were also correlated with the long term changes in P mass in the senesced litter.  The 

initial C:P ratio in the live tissue was the best parameter to predict P loss or gain after 12 

months (R2 = 0.790 and p-value < .0001) (Table 4-3).  The ability to predict the change in 

P using the initial C:P in the live tissue remained consistent throughout each sampling 

period.  The second best parameter to predict the change in P after 12 months was the 

-0.5

-0.4

-0.3

-0.2

-0.1

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

P 
lo

ss
/g

ai
n 

(g
)

21 22 23 24 25 26 27 28 29 30 

% NDF

P. hemitomon 

P. notatum 

P. 
hydropiperoides 

J. effusus 

P loss/gain (g)  = -1.77 + 0.07 % NDF 

R2 = .796 



69 

 

initial %P contained in the live tissue.  Figure 4-11 shows the strong correlation between 

the change in P mass and the initial C:P in the live tissue of the four dominant species. 

Table 4-3.  Significance and R2 values of the relationship between the change in P content 
and initial live substrate quality characteristics for each sampling period. 

Time (months) 
2 4 8 12 

Substrate 
Quality 

Parameter p-value R2 p-value R2 p-value R2 p-value R2 

N:P <.0001 .280 .0001 .143 <.0001 .242 <.0001 .217 
C:N <.0001 .437 <.0001 .501 <.0001 .460 <.0001 .465 
% N <.0001 .480 <.0001 .524 <.0001 .499 <.0001 .496 
% C <.0001 .498 <.0001 .546 <.0001 .503 <.0001 .586 

% ADF <.0001 .548 <.0001 .553 <.0001 .544 <.0001 .592 
% Residual 

Fiber 
<.0001 .593 <.0001 .455 <.0001 .557 <.0001 .547 

% NDF <.0001 .580 <.0001 .675 <.0001 .602 <.0001 .655 
% SADF <.0001 .719 <.0001 .741 <.0001 .726 <.0001 .753 

% P <.0001 .834 <.0001 .715 <.0001 .810 <.0001 .786 
C:P <.0001 .833 <.0001 .726 <.0001 .813 <.0001 .790 

 
The %N remaining in the litter doubled on average and only a slight decrease in N 

was seen during the first 2 months in every zone excluding the center.  The N content in 

the litter increased from 2-8 months in every zone, while a decrease in the %N was 

observed from 8-12 months in the upland and transitional zones (Fig. 4-12).  There were 

not any significant differences seen between hydrological zones over the 12 month study.  

The only significant difference between hydrological zones was seen after 2 months 

when the center had a significantly higher % N remaining. 
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Figure 4-11.   Correlation between initial C:P in the live tissue and P loss or gain after 12 

months. 
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Figure 4-12.  Change in litter %N (all species combined) among different wetland 

hydrologic zones over time.  Values represent mean ± 1 standard deviation. 
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The %N remaining in P. notatum and J. effusus was significantly higher than the 

%N in P. hemitomon and P. hydropiperiodes over the course of 12 months (Fig. 4-13).  

The C:N for each species was roughly the inverse of the %N remaining in the litter, and 

after 8 months exposure, changes in C: N in each species appeared to stabilize, and 

converged around 15-25 after 12 months.  Polygonum hydropiperoides had the lowest 

C:N after2 and 4 months, while P. notatum had the lowest C:N after 8 and 12 months.  In 

addition, the average %N in the litter doubled after 1 year in the field. 
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Figure 4-13.  Change in litter %N among species over time.  Values represent mean ± 1 

standard deviation. 

The residual fiber content of the litter after 12 months was significantly higher than 

the initial fiber content for every species (Fig. 4-14).  After 12 months, P. 

hydropiperoides had the highest residual fiber fraction among the 3 species surveyed in 

the upland, edge, and transitional hydrologic zones.  In addition, P. hydropiperoides had 
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a significantly higher residual fiber fraction compared to J. effusus and P. hemitomon in 

the center zone.  There were also significant differences in residual fiber content within 

each species among the 4 hydrologic zones.  Residual fiber content in bags deployed in 

the upland and transitional hydrologic zones were generally significantly lower in 

residual fiber content than litterbags located in the center and edge hydrologic zone (Fig. 

4-15). 
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Figure 4-14.  Comparison of residual fiber content of initial and 12 month exposed litter 

among four species tested.  Values represent mean (± 1 standard deviation). 
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Figure 4-15.  Residual fiber content of species in each hydrologic zone after 12 months.  

Values represent mean (± 1 standard deviation). 

Discussion 

An average of 43% of the original litter had decomposed after 12 months 

exposure.  The rate of decomposition in this study was lower than the 50% loss in litter 

mass observed within 4 months of a litterbag study of J. effusus in a freshwater marsh 

(Boyd, 1971), but greater than the 23% mass loss in J. effusus observed over 268 days in 

an additional freshwater marsh decomposition study (Kuehn et al., 2000).  Lower 

decomposition rates in our study may be attributed to the initial low N content of the litter 

or perhaps a lower degree of wetting and drying compared to Boyd’s study.  All species 

in this study were N limited initially under aerobic conditions for the first 4-8 months, 

and higher N content could have possibly enhanced decomposition rates (Qualls, 1984; 

Taylor et al., 1989; Corstanje et al., 2006).  Most decomposition took place during the 

first 4 months of the study.  Other studies have reported a leveling off or a lower rate of 
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decomposition after the first 4 months, which may indicate that most of the labile 

components associated with the biomass of the senesced tissue have been lost by this 

time (Boyd, 1971; Berg et al., 1998; Villar et al., 2001; Davis et al., 2003). 

Regardless of zone (center, edge, transitional, or upland), P. notatum decomposed 

faster than P. hemitomon, P. hydropiperoides, and J. effusus, and lost an average of 56% 

of the biomass over the 12 month period (Fig. 4-7).  Results from initial characterization 

of litter quality indicate that P. notatum also had the lowest initial amount of residual 

fiber.  A low percentage of residual fiber in the biomass of P. notatum could have been 

responsible for a higher degree of decomposition compared to other species.  Lower litter 

recalcitrance can increase the likelihood of microbial colonization since carbon 

compounds are more bioavailable and material can be broken down more easily. 

Results from Chapter 2 indicate that P. hydropiperoides had the greatest initial 

NDF (non-detergent fiber) fraction as well as the most residual fiber compared to the 3 

other species of vegetation.  Sugars, starches and other components that are easily broken 

down make up the NDF fraction.  It is likely that the leaves of this species are relatively 

labile and contain the majority of the NDF fraction, while the woody stems of the plant 

contain most of the residual fiber.  The high NDF fraction as well as the significantly 

high N and P content of this species could explain why P. hydropiperoides had the 

highest degree of decomposition for the first 2 months (Fig. 4-7).  After this fraction was 

consumed by microbes, the decomposition rate decreased because the remaining biomass 

was primarily composed of residual fiber.  After 12 months exposure, P. hydropiperoides 

had the highest amount of residual fiber compared to the other species in each zone of 

litterbag deployment. 
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Panicum hemitomon had a relatively high percentage of residual fiber initially in 

the senesced tissue and the lowest N and P content, which may explain why this species 

had the lowest amount of decomposition primarily during the first 2 months.  Slow 

decomposition of species with a low nutrient content could be supporting evidence that 

nutrients control decomposition until more than 30% of the original mass is lost, similar 

to findings by Lewis (2005). 

Although litter quality appears to have some effect on decomposition rates, a 

strong relationship between a live or senesced initial substrate quality parameter and the 

% mass loss after 12 months was not seen.  When initial substrate quality parameters 

were correlated with % mass loss after 2 months, a strong association was still not 

observed. 

It was surprising that decomposition rate was not more significantly influenced by 

hydrological zones of the wetland.  It was originally thought that increased oxygen 

availability in the upland would promote decomposition since oxygen is the preferred 

electron acceptor and yields the most energy during microbial catabolism.  Results from 

this experiment suggest that species type is what primarily determines short-term P 

release, while the location may influence decomposition and P release over a time period 

greater than one year. 

Presence of cattle is an environmental factor on the research site that may 

significantly impact decomposition rate of litter, especially in the center where soil is 

primarily organic and more influenced by trampling.  Cattle may actually encourage 

decomposition in the center by stepping on litterbags, pushing them underneath the soil 

surface, and breaking the litter into smaller fragments.  After the litterbags had been 
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deployed in the field for 12 months the bags located in the center were buried up to 30 cm 

beneath the soil surface.  While litterbags located in the 3 other hydrological zones were 

covered with a mat of vegetation, they were not pushed underneath the soil surface by 

cattle, indicating that the bags in the center may have had environmental factors which 

could influence mass loss that were not an issue in other zones (Fig. 4-16).  It is likely 

that mechanical fragmentation was not seen in the edge because the soil was much firmer 

in this zone compared to the center. 

Fiber analysis results from the litter collected after 12 months of exposure indicate 

that the residual fiber content after 12 months was greatest in the center compared to 

other hydrologic zones.  Results support the idea that residual fiber or “lignin” is not 

broken down under anaerobic conditions.  This may be the strongest evidence for 

potentially less decomposition in the center compared to the upland, and may suggest that 

greater mass was lost in the center due to mechanical fragmentation of the as a result of 

cattle trampling.  Lower % mass loss of litter in the wetland edge compared to the 

wetland center may indicate that cattle have a greater effect on litter decomposition this 

zone (Table 4-1).  In the future it may be beneficial to repeat this study with cattle 

exclosures in order to quantify the impact that cattle may have on decomposition and P 

release in isolated wetlands.  Many different confounding physical and environmental 

factors present in the field may have been the reason why a clear relationship between 

initial substrate quality parameters and the percent mass remaining the litter after 12 

months was not seen. 
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        A            B 
 
Figure 4-16.  Litterbags collected after 12 months from A) wetland center, which were 

approximately 20-30 cm underneath the soil surface and B) wetland edge, 
which were on top of the soil surface. 

Litter often alternates between releasing and absorbing nutrients as it decomposes 

(Jordan et al., 1989).  The N content in each species was higher after 12 months 

compared to the initial %N contained in the litter at the beginning of the study (Fig. 4-

13).  The %N remaining in the tissue declined in some species during the 12 month 

period.  The decrease in the %N remaining is likely due to microbial 

mineralization/immobilization processes.  It is possible that a leaching event could have 

decreased the %N contained in the tissue during the first 2 months of exposure.  It is 

thought that N was assimilated by microbes from the water column, or sorbed to the 

surface of the litter as particles from manure or urine of cattle in the upland and 

transitional zone where standing water was rarely present, causing and increase in %N 

remaining.  An increase in N, or a decrease in the C/N ratio has been reported in other 

decomposition studies (Brinson, 1977; Kuehn et al., 2000; Davis et al., 2003).  Villar et 

al. (2001) reported that the N content of litter increased 7 times after 2 years in the field 

while the N concentration doubled over 1 year for each of the species in this study. 



78 

 

A slight decrease in the %N remaining the edge (0-2 month period) and in the 

upland and transitional (0-2 and 8-12 month periods) may suggest leaching or microbial 

mineralization during the dry months of the year (Dec. – June) instead of N accumulation 

relative to C losses seen in the wetland edge and center. 

Panicum hemitomon acted as a P sink throughout the course of this study, while 

other species alternated between a P source and a P sink.  Some species of litter in this 

study, P. hemitomon and P. notatum, had a greater amount of %P remaining after 12 

months compared to the %P initially in the litter, while P. hydropiperoides and J. effusus 

had lower or roughly the same %P remaining in the litter after 12 months (Fig. 4-9).  It 

was surprising not to see a decline in the %P remaining in the litter in every species due 

to mineralization processes; however similar results of an increase in the P mass have 

been reported from past decomposition studies (Kuehn et al, 2000; Villar et al., 2001; 

Davis et al., 2003). 

It is likely that the presence of uncontrolled environmental factors such as cattle, 

cycles of wetting and drying, changing moisture content, and various temperatures in 

different hydrological zones could have had a significant impact on the %P remaining in 

the litter after 12 months.  The increase in P content throughout the study was likely 

caused by microbial assemblages adhering to the litter or manure particles.  It is not likely 

that soil particles adhering to the litter would have caused an increase in P.  Figure 1-7 

reports the mg P/m2 stored in the center, edge, and upland soil which is less than 

the5200mg P/m2 stored in P. hemitomon, the species with the lowest P content. 

Findings from the laboratory leaching study provided an estimate of short-term P 

release (described in Chapter 3) and P release rates were well correlated with initial P 
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content in the senesced tissue.  When P release was evaluated at the field scale and over 

longer periods, the initial %NDF contained in the senesced tissue had the strongest 

relationship with long term change in P over 12 months.  It is possible that the NDF 

fraction of the litter has a high P content and as labile sugars and starches are consumed 

or leached much of the P associated with that fiber fraction is released, hence the strong 

association between these 2 parameters.  The relationship between the initial C/P ratio in 

the live tissue and the %P remaining after 12 months was just as strong as the relationship 

between the initial %NDF in the senesced tissue and %P remaining.  This information 

could be beneficial in managing seasonally isolated wetlands in the Okeechobee Basin 

because possible to predict the %P remaining after 12 months using tissue quality 

information from live or senesced vegetation. 

Differences in P release among species during this study suggest that species 

composition of a wetland may significantly influence P storage capacity in litter and 

soils. A marsh dominated by P. hemitomon would have significantly %P remaining in the 

litter compared to a marsh dominated by P. hydropiperoides. The large amount of P 

released by P. hydropiperoides after senescing could indicate that much of the P in this 

species was associated with the NDF fiber fraction and therefore relatively labile 

compared to the P contained in P. hemitomon which may be associated with residual 

fiber fraction and remain incorporated in the litter for a longer period of time.  Because 

wetland species often have different hydrologic tolerances, changes in hydrologic regime 

of a wetland may result in changes in species dominance within the wetland.  The 

relationship between species specific P release rates and factors that may result in shifts 

in species composition could have significant effect on water quality of the isolated 
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wetland and potentially influence efforts to address P loading to Lake Okeechobee.  

Therefore, the resulting effects of hydrologic restoration on vegetative community shifts 

should be considered to determine implications of this management action on P storage 

capacity of wetlands.  

In summary, relative to the original hypotheses, there was no significant 

difference between the decomposition rates observed in the 4 wetland hydrologic zones.  

Although the results from this study suggest that wetland centers have relatively the same 

rate of decomposition compared to uplands, these results may have been due to many 

confounding environmental factors including the presence of cattle which may cause 

mechanical fragmentation of the litter.  If these factors had not been present it is likely 

that wetland centers would have lower amounts of decomposition compared to upland 

hydrologic zones.  Alternatively, if findings of this study were not confounded by other 

factors, it is possible that expected differences in decomposition rate among hydrologic 

regimes require longer time periods (greater than one year) to become evident.  In 

addition, we can conclude that both P. hemitomon and P. hydropiperoides had the lowest 

decomposition rates compared to P. notatum and J. effusus.  It is believed that high 

residual fiber content limited P. hydropiperoides decomposition, while P. hemitomon 

decomposition may have been limited by relative high residual fiber content and a low N 

and P concentration which possibly decreased the rate of litter breakdown. 
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CHAPTER 5 
SYNTHESIS AND CONCLUSIONS 

Four plant species dominant on the site, but located in different hydrological zones 

within the wetlands and adjacent pasture were evaluated to determine the rate of P release 

during the first and second phases of decomposition.  From these results, correlations 

were made between a substrate quality characteristic and P release from litter over time 

due to decomposition and leaching.  Findings suggest a strong relationship between some 

initial substrate quality parameters (%NDF, C:P, or P content) and short and long term P 

release that can potentially be used as a predictor of P stability and storage under various 

restoration techniques and management practices. 

Results pertinent to plant tissue characterization (Chapter 2) indicated that live and 

senesced tissue of species surveyed contained different nutrient and fiber contents.  Live 

tissue had a significantly higher N and P content, but had a lower residual fiber content 

compared to senesced tissue of the same species.  These results may indicate that there 

was either a leaching event that took place that removed some N, P, and labile fiber 

fractions associated with senesced tissue or some nutrient resorbtion took place before 

senesced tissue was collected.  In subsequent chapters, it was revealed that nutrient 

content and labile fiber of an individual species can significantly influence the amount of 

P released within a 12 month period.  Information provided by characterizing live and 

senesced plant tissue from different vegetative species was important to assess which 

tissue parameters are strongly correlated to P retention in an attempt to predict the 

amount of P released from dominant species present. 
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Species type was the major factor that influenced short-term P release (Chapter 3).  

Despite the original hypotheses, redox condition and nitrogen enrichment did not seem to 

have a significant effect on P leaching over the 17 day period, however there were 

significant differences in P leaching among the four dominant species investigated.  

Panicum hemitomon, the species that contained the lowest amount of P initially, released 

a much lower amount of P compared to P. hydropiperoides, the species that had the 

greatest initial P content.  These results suggest that a shift in dominant species as a result 

of hydrological restoration or other mechanism could significantly affect the amount of P 

leached from senesced vegetation and could consequently impact water quality of 

wetlands as well as Lake Okeechobee.  Below is a hypothetical situation comparing short 

and moderate-term P release from four dominant species present in different hydrological 

zones on the site (Table 5-1).  Panicum hemitomon was the only species that continually 

increased the %P remaining in the biomass throughout 12 months.  The amount of P 

remaining in the other 3 species fluctuated considerably over time and therefore the net 

release or assimilation of P for the 3 remaining species would be different depending on 

the time period. 

In the leaching study, the greatest amount of P was released from each species of 

senesced vegetation within 2-72 hrs after treatment water was added to containers, and P 

leaching decreased considerably or ended after 72 hours of incubation.  Air dried, 

senesced vegetation had a high leaching potential upon initial contact with treatment 

water.  In a field situation, a large quantity of P could potentially be released into the 

water column during a heavy rainstorm after senescence or the first time the wetland 

becomes inundated after litterfall. 
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Table 5-1.  Variation in short and moderate-term P assimilation or release from 1m 2 of 
litter over 2 months for the 4 dominant species investigated. 

Species Initially 
250 g litter / m2 P. hemitomon P. notatum P. hydropiperoides J. effusus 

Initial P (g) 5.2 20.7 32.0 20.1 
 

P remaining after 
leaching (g) 5.0 9.2 9.1 9.0 

 
Litter mass remaining 

after 2 months (g) 
 215.3 208.1 198.8 206.0 

P remaining after 2 
months 

decomposition (g) 
 5.7 20.9 13.8 14.1 

Net release (-) or 
assimilation (+) of P 

in litter (g) + 0.5 + 0.2 - 18.2 - 16.0 
 

There was a strong relationship between initial P content of senesced tissue and the 

amount of P released over a 17 day period.  These relationships had high R2 values, 

indicating that initial tissue P content in senesced tissue could possibly be used as a 

predictor of short-term P release from leaching.  From this finding it may be possible to 

predict short-term P release across a variety of species present on isolated wetlands 

within the Okeechobee Basin if the P content of senesced species is known. 

Because senesced tissue is often hard to find during the summer months in isolated 

wetlands in the Okeechobee Basin, it may be easier to characterize live tissue of different 

species.  The initial P content of live tissue was not the best substrate quality parameter to 

predict P leaching rates (as compared to senesced tissue), however there was a strong 

relationship between short term P release and the initial % non-detergent fiber (%NDF) 

in the live tissue. 

The litter decomposition study (Chapter 4) attempted to predict long-term P release 

after litter had been exposed to field conditions for 1 year.  A significant relationship 

between the %P remaining in the litter after 12 months and the initial NDF fraction in the 
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senesced tissue was observed.  In addition, phosphorus content remaining in the litter 

after 12 months was also predictable using the C:P in the live tissue. 

Phosphorus content among the four species seemed to fluctuate considerably over 

12 months; resulting in an increase in %P remaining in some species while others had a 

lower %P remaining compared to their initial condition.  It is thought that an increase in 

the microbial biomass or manure particles adhering to the litter even after washing may 

have caused an increase in P content of litter tissue. 

Due to many environmental factors introduced in the field that were not present in 

the lab, a strong relationship between an initial substrate quality parameter in either the 

live or senesced tissue and the % mass loss of the litter could not be drawn, although it 

appeared that litter quality had some effect on decomposition since one of the four 

dominant species did have a significantly greater rate of decomposition.  It is possible 

that cattle present on the research site had a significant influence on the litter quality or 

decomposition processes even after 2 months in wetland centers. 

In rejection of the original decomposition hypotheses litterbags deployed in the 

wetland center did not have the slowest decomposition rate among the four hydrologic 

zones.  Landscape position did not seem to significantly influence decomposition rates as 

over the 12 month study period as originally thought.  It is believed that cattle may have a 

higher impact than biogeochemical processes, or that the role of hydrology may not be 

significant until later phases in the decomposition process.  The presence of cattle is 

thought to have enhanced decomposition in the center due to mechanical breakdown of 

the litter within this zone.  There is little previous research on the effect that cattle may 

have on ecosystem processes and P release.  Future studies may want to consider cattle 
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exclosures in each hydrologic zone to better compare litter decomposition and nutrient 

changes in areas where cattle are present compared to areas where they are not. 

Plant species type appeared to be the major factor influencing decomposition and 

nutrient release rates in isolated wetlands during the time period investigated.  Parameters 

such as the NDF fraction, as well as the quantity of P in the litter are unique to various 

species and were significant factors determining the rate of decomposition and nutrient 

release.  Of the four species evaluated, P. notatum had a significantly higher rate of 

decomposition compared to the other three species.  This species also had the lowest 

initial residual fiber fraction. 

There were no significant differences identified in decomposition rate of the three 

remaining species, however there were significantly higher percent mass losses observed 

at certain sampling periods in some species compared to others.  Polygonum 

hydropiperoides had the lowest decomposition rate compared to other species.  This 

species had a significantly greater residual fiber content initially which may have limited 

decomposition.  Panicum hemitomon had a slightly higher mass loss over the course of 

12 months compared to P. hydropiperoides.  In addition, P. hemitomon had the lowest 

initial N and P content compared to the three other species.  In regards to the second 

hypothesis in Chapter 4, it seems that fiber quality and nutrient content may play a role in 

decomposition since species with the lowest initial residual fiber content (P. notatum) 

had the fastest decomposition rate, while species with the highest residual fiber content 

(P. hydropiperoides) and the lowest initial nutrient content (P. hemitomon) had the lowest 

mass losses. 
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Interactions between plant substrate quality, environmental conditions and effect of 

cattle disturbance on wetland P storage are not well understood and this study provides 

additional insight into this dynamic topic. Important findings in this study include a 

surprisingly high amount of P flux from litter shortly after water column exposure.  On 

average, approximately 46% of the P contained in the litter was released within the first 2 

– 72 hrs.  In addition, P. hemitomon released a fraction of the P that was released by the 

three other species.  Further studies may indicate that this species should be promoted to 

optimize wetland efficacy as a BMP while accompanied with hydrological restoration to 

increase P storage, however in order to promote P. hemitomon, cattle grazing must be 

limited..  Panicum hemitomon may have the ability to reduce P transport out of the 

wetland which will subsequently reduce nutrient loading and eutrophication in Lake 

Okeechobee compared to other species such as P. hydropiperoides.  The results presented 

in this study also provide insight on the effect cattle may have in isolated wetlands and P 

storage in senesced vegetation, as well as valuable information on improving the water 

quality of the Okeechobee Basin and increasing P storage in isolated wetlands with the 

use of a particular wetland species. 
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