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In wetlands, the nitrogen (N) cycle is dynamically controlled by hydrology, fire and 

phosphorus (P), but despite its role as both a limiting nutrient and pollutant, N cycling 

has received little attention in most of the Everglades system.  This dissertation 

investigated the spatial and temporal patterns of N cycling in the context of ecosystem 

restoration using the short-hydroperiod, marl prairies of the Hole-in-the-Donut (HID) 

region of Everglades National Park.  Specifically, two restored sites with high P and a 

native reference site with low P were followed seasonally and in response to a 

prescribed fire to assess the role of N in this landscape and in the recovery of these 

systems following restoration.  

N2 fixation by periphyton was significantly higher in the more N-limited restored 

sites, and most of this occurred during only 3 months in the early wet season.  For the 

soil, NH4
+ and NOX

- dominated the wet and dry seasons, respectively, and accumulated 

NOX
- levels were quickly consumed by denitrification at the onset of the wet season.  N 

mineralization and enzyme activity also revealed dramatic shifts in the abundance of 

bacteria and fungal communities during these hydrologic transitions. Fire resulted in 

immediate increases in soil N, and at the restored sites, increased rates of periphyton 
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N2 fixation suggesting either a direct input of N through charcoal or an indirect 

stimulation of mineralization/nitrification by P in ash. Overall, these findings illustrate the 

importance of hydrology and fire in maintaining N balance and fate in the Southern 

Everglades, and an increased need for consideration of N cycle processes during the 

management of restoration of P-impacted sites. 
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CHAPTER 1 
INTRODUCTION 

Background 

Nitrogen (N) cycle includes a variety of potential inputs, numerous forms ranging 

from particulate and dissolved organic to dissolved inorganic (e.g., NO3
- and NH4

+) and 

gaseous species (e.g., N2, NH3, and N2O), and a diversity of transformations (e.g., 

ammonification, N mineralization, nitrification and denitrification). These complexities 

first involve understanding, describing, and quantifying the natural N cycle at different 

landscapes. N has ecological significances, for example, it is the limiting nutrient for 

most plant growth typically in temperate forests, grasslands and the coastal ocean 

(Vitousek and Howarth 1991). N2 fixation plays as an important N source especially in a 

N-limited ecosystem; and the N2O gas is 298 times more powerful than carbon dioxide 

as a greenhouse gas (IPCC 2007). There is a large variability on the magnitude of the 

natural fluxes of N and the storage of N in the N reservoirs. For instance, the estimates 

of marine N fixation range from 40-200 million metric tons per year, atmosipheric 

deposition of organic N 10-100 million metric tons per year, terrestrial 

ammonia/ammonium (NH3/NH4
+) emissions 91-186 million metric tons N per year 

(http://www.isws.illinois.edu/nitro/hinfl.asp). It is difficult to precisely quantify the 

magnitude of the major components of the N cycle since the natural world is large and 

heterogeneous and moreover, has been widely influenced by a variety of human 

disturbance (Vitousek and Farrington 1997).  

Intensive agricultural activities are believed to be a major factor contributing to the 

degradation of ecosystems (Hausman 2007; Bending et al. 2000; Kalinina et al. 2009), 

which input excess nutrients into the native ecosystems, lead to nutrient problems and 

http://www.isws.illinois.edu/nitro/hinfl.asp
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invasion of exotic species (Hamilton and Landman 2011). N and phosphorus (P) are 

responsible for most of the nutrient problems (Conley et al. 2009). Accordingly 

ecological restoration has attracted increasing attention from the general public, 

scientists and the government. Many theories, specific cases, mechanisms and 

techniques of ecosystem restoration have been proposed and studied to restore the 

degraded ecosystems (Fraser and Kindscher 2001; Mitsch and Day Jr. 2004; Hausman 

et al. 2007; Kiehl and Pfadenhauer 2007; Smith et al. 2011).  

The restoration processes modify the N and P cycle, and the nutrient status would 

change during the restoration (Davidson et al. 2007). Therefore, a diversity of indicators 

has been used to demonstrate different nutrient status. For example, field fertilizations 

are the standard approach to testing nutrient limitation, but these require a long time 

(Craine and Jackson 2010). TN:TP ratio of plant tissues was then found to be a more 

simple indicator (van den Driessche 1974; Powers 1980; Koerselman and Meuleman 

1996; Vitousek et al. 2010). Microbial parameters recently were paid more attention on 

its utility as a dynamic indicator of the restoration and nutrient limitation (Olander and 

Vitousek 2000; Harris 2003, 2009). N2 fixation (i.e., nitrogenase activity), for example, 

was reported to negatively related with N availability (Tyler et al. 2003). Extracellular 

enzyme activities can rapidly respond to different nutrient status (Sinsabaugh et al. 

1993, 2009; Garcia-Ruiz et al. 2008; Geisseler and Horwath 2009; Hernández and 

Hobbie 2010; Tabatabai et al. 2010) and were even suggested as a functional 

measurement, which can vary independently of microbial community structure (Waldrop 

et al. 2004; Cusack et al. 2011). Most recently, N stable isotope ratio (δ15N) is being 
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used as an indicator of plant N demand and N2 fixation (Davidson et al. 2007; Inglett 

and Reddy 2006). 

Numerous factors regulate different N transformation and N species, such as soil 

physical properties, nutrient supply, and climate condition (e.g., temperature, permafrost 

and freeze, and precipitation) (Harrison et al. 2005; Heffernan et al. 2010; Hefting et al. 

2004). Spatial and temporal variations of these factors and their interactions often lead 

to the high variability of soil N cycle (Clément et al. 2002). Hydrology is the major driver 

of the N cycle in wetland ecosystems (Christense et al. 1990; Heffernan et al. 2010; 

Hefting et al. 2004). It was reported that water table could enhance nitrification and N2O 

fluxes on peatlands (Regina et al. 1996; Elmi et al. 2005). The frequency of dry-

rewetting period and the intensity of the wetting pulse have significant effects on 

microbial biomass N, N mineralization, nitrification, denitrification, and N2 fixation (Olfs 

et al. 2004; Borken and Matzner 2009; Muhr et al. 2008; Jeffries et al. 1992). Especially 

when a globally increasing likelihood of severe drought has been predicted during this 

century (Meehl et al. 2007), it is emergent to investigate the seasonal changes or 

hydroperiod effects on the N flux which would further correlate with the primary 

production of plants, greenhouse gas emission (i.e., N2O). 

Fire is considered as another important disturbance both natural and 

anthropogenic that can modify the N cycle (Wan et al. 2001). During the combustion, 

heat releases, transports to the soil and elevates the soil temperature, leading to N loss 

through volatilization, the transformation of organic N to inorganic forms, and the further 

biochemical reactions like nitrification and denitrification (Raison 1979). Similarly, the 

combustion converts the organic P to available forms and deposes as a form of ash. 
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The P was reported to stimulate the N cycling especially in P-limited ecosystems 

(Howarth et al. 1988a; White and Reddy 1999, 2000; Inglett et al. 2004). Charcoal as 

another fire residue, would have the potential of increasing nitrification and N 

mineralization that has been found in forest ecosystem (Zackrisson et al. 1996; DeLuca 

et al. 2002; DeLuca and Sala 2006). Compared to the terrestrial ecosystems, little is 

known about fire effects on nutrient cycle or specifically N cycle in a wetland ecosystem 

where the interaction between fire and water makes the N cycle more complex. 

However, fire is widely used as a restoration and management tool in wetlands to 

reestablish the native vegetation. More is needed to know the underlying mechanisms 

that how fire could work better.  

Everglades Restoration and Nitrogen Cycle 

The Everglades is the second largest wetland on the planet and to save it from 

historical degradation, the largest environmental restoration project in America’s history 

was early performed as the Comprehensive Everglades Restoration Plan (CERP) in 

which the water including both water quality and quantity is the key issue. The diversity 

of hydrology across the Everglades featured a variety of spatial and temporal patterns 

of N cycle. Most existing researches on N cycle focused on the long hydroperiod 

wetlands (e.g., northern marshes, Shark River and Taylor River Sloughs) that remain 

flooded for more than 8 months of the year (Rudnick et al. 1999; Sutula et al. 2001, 

2003; White and Reddy 1999, 2000, 2003; Inglett et al. 2004, 2011). For example, 

Sutula et al. (2001) made rough N budgets in the Taylor Slough/C-111 basin wetlands 

during the wet and dry season and pointed out that high N2 fixation rates or an 

underestimation of groundwater N flux may explain the difference between estimates of 

hydrologic N import and sediment N burier rates. In contrast, N cycle in the short 
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hydroperiod wetlands that remain inundated for less than 8 months of the year (e.g., 

southern marl and calcareous wetlands) has rarely received any attention. However, 

those ecosystems undergo more pronounced dry-rewetting periodic cycles driven by 

seasonal patterns of rainfall (Ewe et al. 2006), which would lead to distinctive seasonal 

patterns of N cycle. 

Besides reestablishing a more natural hydrology, the establishment of natural fire 

regime is also a guarantee for the successful Everglades restoration (Lockwood et al.  

2003). The Everglades is a fire-dependent landscape during the large-scale and long-

term restoration (Beckage et al. 2005). Numerous fire projects have been conducted or 

been going on in a variety of landscapes across Everglades, such as the River of Grass 

Prescribed Fire Plan for the wet prairie and sawgrass marsh ecosystems, the Pineland 

burn plan, the mangrove-marsh ecotone fire, and the fire project in Water Conservation 

Area 2A (WCA 2A) of the northern Everglades (Spier and Snyder 1998; Qian et al. 

2009; Beckage et al. 2005). However, most of the projects focused on restoring native 

plant species, little is known about the fire effects on nutrient biogeochemistry, let alone 

on the N cycle that has been ignored across the whole Everglades ecosystem (Miao 

and Sklar 1998; Miao and Carstenn 2006; Qian et al. 2009).  

In addition, with the human disturbance, many areas of Everglades accumulated 

excess P, forming two contrasting wetlands that is P-enriched versus P-limited 

ecosystems (Noe et al. 2001). In highly P-impacted areas, N can even be the limiting 

nutrient (McCormick and O’Dell 1996). As previously discussed that N cycle can be 

affected by P, the study on N cycle between the high and low P would become more 

interesting.   
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Case Study and Objectives  

Base on the literature review and those to-be-explored questions in the 

Everglades, a case study on the N cycle was chosen in a unique ecosystem, the Hole-

in-the-Donut (HID), which combined the major features of wetland restoration, 

contrasting P impacts, short-hydroperiod, and fire disturbance together.  

The HID is located in the Miami-Dade County of Miami, Florida. As early as the 

Everglades National Park (ENP) was established in 1948, farming was allowed in the 

park. Historic farming enriched the P; and after the farming ceased in 1975, Brazilian 

pepper (Schinus terebinthifolius) was invaded and dominated (Li and Norland 2001). To 

restore HID to the natural sawgrass (Cladium jamaicense Crantz) ecosystem, various 

methods were tried, and the complete soil removal (CSR) technique that removed all 

the plants and soils down to the bedrock were proved to be the most efficient 

(Dalrymple et al. 2003). Then the ENP initiated a large-scale restoration program in 

spring1997: during each dry season (December to May), a new area was restored 

through CSR method. By 2010, about 4,100 acres have been restored 

(http://www.nps.gov/ever/naturescience/hidprogram.htm).   

During the restoration to a native marl/calcareous prairie wetland ecosystem, the 

N and P status would shift from more N-limited immediately after the CSR to more P-

limited status (Inglett et al. 2011; Smith et al. 2011). At the very beginning of the 

restoration, periphyton mats colonize the bedrock, cause the precipitation of the calcite 

to form soils and simultaneously fix N2. With the accumulation of N and the consumption 

of P, the TN:TP ratio would accordingly vary with time, and become closer to the native 

calcareous wetlands with low N and P. The comparison of N cycle between the restored 

and native reference sites could thus help to trace the trajectory of the restoration.  

http://www.nps.gov/ever/naturescience/hidprogram.htm
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In addition, the hydrology modified by the shallow soil at the restored sites could 

differ from that at the native reference site, which would affect the seasonal patterns of 

N cycle when different flooding occurred. Therefore, the specific objectives of the 

proposed study were to (1) demonstrate the different nutrient status of the restored and 

native wetlands in the HID using various biogeochemical indicators; (2) investigate the 

spatial and temporal patterns of N2 fixation of periphyton in the restored and native 

wetlands in the HID; (3) determine the seasonal pattern of the soil N dynamics in the 

restored and native wetlands in the HID; and lastly, (4) explore the effects of fire on the 

N cycle in the restored and native wetlands in the HID.  

Dissertation Format 

Chapter 1 provides an introduction for the overall dissertation, beginning with a 

review of the N cycle, its large variability and the relative controlling factors, then 

narrowing down to the Florida Everglades, discussing the lack of attention on the N 

research across the Everglades ecosystems, interpreting the need of the dissertation 

work, and finally stating the reason why the case study in the HID was selected. 

Chapter 2–6 are formatted as complete manuscript works intended for subsequent 

publication with each containing appropriate literature citations for the specified 

processes discussed. Chapter 2 integrates all the components of the ecosystem (plants, 

soil, and the periphyton), discussing the potential indicators for nutrient status including 

not only the commonly reported foliar TN:TP ratio and nutrient use and adsorption 

efficiency, but also the newly-reported soil enzyme activities, N stable isotopes, and the 

N2 fixation of periphyton. Chapters 3 and 4 focus on the component of periphyton, 

presenting the spatial and temporal patterns of the N2 fixation of periphyton. Chapter 5 

focuses on the component of soil, investigating the temporal pattern of the main N 
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processes (e.g., denitrification and N mineralization). Chapter 6 explores the effects of 

fire on the N cycle. Finally, a summary of these studies with concluding remarks as to 

the limitation and further efforts of the current research is presented in Chapter 7.
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CHAPTER 2 
INDICATORS OF NUTRIENT STATUS DURING THE RESTORATION OF 

CALCAREOUS WETLANDS IN THE FLORIDA EVERGLADES 

Background 

Due to the increase of human disturbance, degradation of various ecosystems has 

become a serious global issue. Ecological restoration has thus attracted increasing 

attention from the general public, scientists and governments. Many theories, specific 

cases, mechanisms and techniques of ecosystem restoration have been proposed and 

studied (Zedler 2000; Fraser and Kindscher 2001; Hausman et al. 2007; Kiehl and 

Pfadenhauer 2007). Around the world, there are several ecosystems that are 

characterized as low-nutrient and species-rich ecosystems. The plants in these 

nutrient–poor ecosystems are very sensitive even to small changes in nutrient 

availability (Fischer and Stöcklin 1997). Heathland with acidic soils and calcareous 

ecosystems with alkaline soils are two typical examples (Gibson et al. 1991; Mitchell et 

al. 2000; Niinemets and Kull 2005; Diaz et al. 2008; Piqueray et al. 2011). When 

historical agricultural activities were abandoned in these ecosystems, residual nutrients 

were left, leading to nutrient problems and invasion of exotic species (Bending et al. 

2000; Hausman 2007; Kalinina et al. 2009; Hamilton and Landman 2011). One of the 

key objectives for ecological restoration of these ecosystems is to reduce the nutrient 

levels. Nitrogen (N) and phosphorus (P) are responsible for most of the nutrient 

problems. During the restoration processes, the ecosystem would exhibit different N- 

and P-cycling patterns, and a specific case is that N could be more limited on young 

soils, while P could become the limiting element for the ecosystem with old soils 

(Walker and Syers 1976; Vitousek and Farrington 1997; Davidson et al. 2007).  
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Field fertilization is the standard approach to testing nutrient limitation, but this 

approach is time and labor intensive (Craine and Jackson 2010). As a result, many 

indirect indicators have been discussed and recommended (van den Driessche 1974; 

Powers 1980; Koerselman and Meuleman 1996; Vitousek et al. 2010; Piqueray et al. 

2011). The TN:TP ratio of plant tissues is widely used to determine the nutrient 

limitation to primary production in terrestrial ecosystems (van den Driessche 1974; 

Koerselman and Meuleman 1996; Niinemets and Kull 2005). McGroddy et al. (2004) 

estimated global nutrient ratios for limitation of N and P in terrestrial ecosystems based 

on molar basis, and reported that global C:N:P ratios for limitations of N and P were 

1212:28:1 for foliage. By reviewing data on fertilization studies in a variety of European 

freshwater wetland ecosystems (bogs, fens, wet heathlands, dune slacks, wet 

grasslands), Koerselman and Meuleman (1996) generalized that at N:P mass ratios >16 

community biomass production is P-limited; at N:P-values <14, N limits plant growth; at 

N:P ratios between 14 and 16, either N or P may limit plant growth or both elements are 

equally limiting (co-limitation), but they also pointed out that the method can only be 

used under conditions where either N or P controls plant growth. It is also argued that 

the critical ratios have large spatial and temporal variations (Reich and Oleksyn 2004).  

In addition to foliar critical values, the Diagnosis and Recommendation Integrated 

System (DRIS) index is another way to determine nutrient limitations of different 

ecosystems (Comerford and Fisher 1984). The DRIS method ranks automatically 

excesses or deficiencies of nutrients in order of importance (Walworth and Sumner 

1987) based on a DRIS norm that needs to be established for each ecosystem. Since a 

norm is usually determined easier for agronomic crops, it has been successfully used to 
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interpret results of nutrient sufficiency or deficiency of many different crops (Bangroo et 

al. 2010). Only one DRIS norm has been established for a plantation forest of Loblolly 

pine in Georgia and the Carolinas (Nguyen 2011).  

Other nutrient indicators of plant nutrient status include nutrient use efficiency 

(NUE) and nutrient resorption use efficiency (NRE). The underlying theory behind these 

two indicators is that plants themselves develop a physiological strategy to deal with the 

nutrient limitation or deficiency. They can either use the limiting nutrients more efficiently 

or withdraw the nutrients from senescing parts to the young tissues. Compared to the 

plants, no agreement has been made in using soil TN:TP ratio to assess the nutrient 

status in terrestrial ecosystem, but it somehow indicates a general pattern of nutrient 

limitation in the sites. For example, Fenn et al. (1998) used both foliar C:N and soil C:N 

ratios to evaluate N saturation of the mixed forest (Pine, Oak, Fern) in the San Gabriel 

Mountains, Northeast Los Angeles, CA, and concluded that indications for N saturation 

in the mixed forest were from 24 to 48 for foliar C:N and from 18.8 to 26.6 for soil C:N. 

Carlyle and Nambiar (2001) showed that soil C:N ratios for N saturation in the Yellow 

podsolic, Krasnozem, Siliceous sand soil were 31.3, 34.1, 37.7; Soil N:P ratios for P 

limitation ranged from 13 to 18.8 and did not differ much among three types of soils. 

Cleveland and Liptzin (2007) found that similar to the marine phytoplankton, there was a 

consistent atomic C:N:P ratios in the soil (186:13:1) at the global scale.  

Microbial indicators recently were paid more attention on its utility as a dynamic 

indicator of the restoration and nutrient limitation (Burke et al. 2011; Olander and 

Vitousek 2000; Harris 2003, 2009). N2 fixation (i.e. nitrogenase activity), for example, 

was reported to negatively related with N availability (Tyler et al. 2003). Extracellular 
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enzyme activities can rapidly respond to different nutrient status (Sinsabaugh et al. 

1993; Sinsabaugh et al. 2009; Geisseler and Horwath 2009; Hernández and Hobbie 

2010; Tabatabai et al. 2010), and were even suggested as a functional measurement, 

which can vary independently of microbial community structure (Waldrop et al. 2004; 

Cusack et al. 2011). Most recently, N stable isotopic ratios (δ15N) is being used as an 

indicator of plant N demand (Davidson et al. 2007; Inglett and Reddy 2006). 

Sundareshwar et al. (2003) further observed that in the same ecosystem, 

individual trophic groups could show different nutrient limitation. For example, primary 

production of plants in coastal wetlands was limited by N; but the bacterial community in 

the soil was limited by P.  

To test those indicators of nutrient status, two restored wetlands with young soils 

and high P, and a native reference wetland with old soils and low P were selected in the 

Florida Everglades National Park, USA. The total nutrients of the major components, 

extractable nutrients, microbial activities, and plant nutrient use and resorption efficiency 

were measured. The objectives of this study are to 1) describe the nutrient status during 

the restoration, and 2) to see if different nutrient indicators could give the consistent 

results.   

Methods and Materials 

Study Site  

Two wetlands restored in 2000 and 2003 as well as an unfarmed reference site 

adjacent to the restored areas were selected in the HID region of Everglades National 

Park (Fig. 2-1). In each site, five sampling stations were identified. Soil depth varied 

among the three sites, with deeper marl soils (Biscayne and Perrine series) in the 
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reference areas (10 cm) and shallower soils (2–3 cm) which have developed after site 

clearing in the restored areas (Smith et al. 2011).  

Sampling Methods 

Unlike most areas of the United States, the Everglades experiences only two 

seasons: dry and wet, corresponding to winter and summer. The dry winter season 

begins from November through April, with cooler and scant rainfall. The wet summer 

season accounts for approximately 80% of the region's average annual rainfall of 137 

cm (54 inches). Rainfall within the Everglades system can vary dramatically from year to 

year. Historically, some wet years peaked at over 254 cm (100 inches) of rainfall, 

whereas some dry years received less than 76 cm (30 inches) 

(http://www.waterencyclopedia.com/En-Ge/Everglades.html).  

Samples were collected in October 2009 (wet season) and February 2010 (dry 

season). To estimate soil bulk density, soil cores were collected with three replicates 

and each depth recorded by driving 3.6 cm diameter aluminum pipe into the soil. The 

soil depth was measured every 0.5 m along a 10 m line northwards at each transect in 

each site and then averaged them as the soil depth.   

At each of the 15 transect locations three composite samples of surface soil and 

periphyton were collected. Live healthy leaves of the dominant vegetation were 

collected by hand at the 15 locations in both wet and dry season. Not all species were 

sampled, but an effort was made to include species that were present at the most sites. 

The targeted species included representatives of the genera Muhlenbergia, Cladium, 

Typha, Andropogon, and Schinus (Dalrymple et al. 2003). All samples were sealed in 

plastic bags and kept on ice until their return to the laboratory where the samples were 

refrigerated at 4°C until subsequent analysis. Soil samples were sieved to remove roots 

http://www.waterencyclopedia.com/En-Ge/Everglades.html
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and rock fragments greater than 2 mm diameter. Sieved soil samples were used in 

determination of all microbial and enzyme related parameters, while a subsample of 

sieved soil was oven dried at 105°C for 3 days and ground using a mortar and pestle for 

moisture content and total nutrient  determinations. Plant tissues were oven dried at 

65°C for 3 days and ball milled for total nutrient and isotopic ratio determination. 

Plant Biomass and Nutrient-Use/Resorption Efficiency  

In April, 2010, four replicates of aboveground plant biomass were collected in four 

1 m2 square plots at two locations in the three sites (Fig. 2-1). After bringing them to the 

lab, dead and live parts were separated; then oven dried at 65°C for 3 days and ball 

milled for total nutrient and isotopic ratio determination.  

The nutrient use efficiency (NUE) and nutrient resorption efficiency (NRE) of N and 

phosphorus were determined following methods outlined by Berendse and Aerts (1987), 

Aerts et al. (1999), and Feller et al. (2002). The live and senescent fractions of each 

biomass collection were used in the following calculations. The NRE was calculated as 

the percentage of N (or P) recovered from senescing leaves before stem fall: 

NRE = (Nlive – Nsenescent)/(Nlive) * 100 (%)  

The NUE was calculated as: 

NUE = A/Ln, (g biomass mg-1 N)  

where A is the N productivity, dry matter production per unit of N in the plant and is 

calculated as: 

A = biomass production (g dry wt m-2 yr-1)/biomass N (mg N m-2 yr-1), (g dry wt mg-

1 N)  

and Ln is the N requirement per unit of N in the plant and is calculated as: 

Ln = Nlive (mg m-2) / Nsenescent (mg m-2), (unitless)  
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The NRE is the fraction of N that is remaining in the biomass during a given time 

period. The NUE at the ecosystem level was taken as biomass production per unit of N 

in senescent leaves (g dry wt biomass mg-1 N). 

Biogeochemical Analysis 

Total C and N contents were measured using a Thermo Flash EA 1112 elemental 

analyzer (CE Elantech, Inc.). Total P was measured colorimetrically using a Shimadzu 

UV-160 spectrometer (method 365.1, U.S. EPA 1993) following ashing and dissolution 

in 6M HCl (Anderson 1976). Loss-on-ignition (LOI) was estimated by weight loss after 4-

5h combustion in the muffle furnace at 550°C. 

Extractable NH4-N was determined by 0.5M K2SO4 extraction and analyzed 

colorimetrically for NH4-N using a TechniconTM Autoanalyzer (method 350.1 EPA 1993). 

Microbial biomass C and N (MBC and MBN) were determined using the chloroform 

fumigation-extraction technique (Brookes et al. 1985). The extraction efficiency factors 

for MBC and MBN in the study were 0.37 and 0.42, respectively. These parameters 

were performed by the Wetland biogeochemistry Laboratory in the Soil and Water 

Science Department, University of Florida. 

Four extracelluar enzymes related to the N and P cycles, i.e., alkaline 

phosphatase (AP, EC 3.1.3.1), phosphodiesterase (BisP, EC 3.1.4.1), N-acetyl-β-D-

glucosaminidase (NAG, EC 3.2.1.30), and Leucine aminopeptidase (LAP, EC 3.4.11.1), 

were measured using fluorogenic enzyme substrates (Hoppe 1983). Methods were 

modified from Sinsabaugh et al. (1997) to optimize the substrate concentrations in soil 

samples with fluorogenic substrates methylumbellifheryl for phosphatase and NAG, and 

L-leucine 7-amido-4- methyl coumarin (AMC) for LAP. Fluorescence was measured at 



 

30 

excitation of 350nm and emission of 450nm using a Bio-Tek Model FL600 fluorometric 

plate reader (Bio-Tek Instruments, Inc. Winooski, VT).  

The measurement of nitrogenase activity (potential N2 fixation) was using the 

acetylene (C2H2) reduction (AR) assay and the experiment details were according to 

those of Inglett et al. (2004).  

Statistical Analysis 

Data were analyzed with JMP v.8© statistical software (SAS Institute Inc., Cary, 

NC). Comparisons of means between different sites and seasons were determined 

using a one-way univariate analysis of variance (ANOVA) with Tukey-Kramer test. Two-

way ANOVA was applied to test for difference of the means of various soil properties 

among sites, seasons and their interaction. Simple regression analysis was applied to 

evaluate the relationship between different properties. Where applicable variables were 

log transformed to improve normality. Principal component analysis (PCA) was used to 

ordinate sites on the basis of the multiple nutrients and microbial parameters. 

Significances and correlation coefficients are significant at the P<0.05 level, unless 

otherwise noted. 

Results 

Basic Properties of the Soil, Periphyton, and the Plants 

The two-way ANOVA showed the TC, TN, TP, and TN:TP ratios did not show 

significant seasonal differences (Table 2-1). For the soil, the pH, TC, and TN at the 

restored sites and reference site were similar (Table 2-2). However, significantly higher 

TP values were observed at the restored sites compared to those at the reference site 

(P<0.001, n=15) (Table 2-2). Accordingly, the TN:TP molar ratio at the reference site 

was markedly higher than those in the two restored site. Moreover, significantly higher 



 

31 

extractable inorganic P and N (i.e., NH4-N) were observed in the restored sites 

compared to the reference site and the magnitudes varied with season (Table 2-1 and 

2-3). For the periphyton, TP concentration at the restored sites were approximately 

three folds higher than that at the reference site; and accordingly the TN:TP molar ratio 

of the periphyton was significantly higher at the reference site (P<0.001, n=15, Table 2-

2). 

The foliar TN and TP values were plotted with the two critical TN:TP thresholds 

reported by Koerselman and Meuleman (1996) across the three sites and species (Fig. 

2-2). Foliar TN:TP ratios varied with different plant species, seasons, and sites.  

Significantly higher δ15N values were measured for the soil at the reference site in 

both wet and dry seasons (Table 2-4). Similar trends were also found for the periphyton 

δ15N values but were only significantly different in the dry season (Table 2-4). In 

contrast, the δ15N values of plants at the species level were much lower at the reference 

site relative to the younger restored site (i.e., Res03) except for the Cladium. At the 

community level, the δ15N values for the dead fraction of plant aboveground biomass 

were significantly lower at the reference site compared to the Res03 site, but no 

significant differences were observed for the live tissues between the three sites (Table 

2-4). 

Plant Nutrient Use and Resorption Efficiency 

The community level nutrient-resoprtion efficiency of N (NRE-N) was significantly 

lower for the reference site (approximately 23%) relative to the two restored sites with 

values above 40%. A significantly lower nutrient-use efficiency of N (NUE-N) was also 

observed at the reference site with the average of 0.25 g biomass mg-1 N compared to 

the two restored sites with the NUE-N values above 0.4 g biomass mg-1 N (Table 2-5). 
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However, the NRE-P and NUE-P did not show consistent pattern between the three 

sites (Table 2-5).  

Extracellular Enzyme Activities  

In general, the activities of the enzymes involved in the N-cycle, i.e., LAP and 

NAG, were significantly higher at the restored sites compared to the reference site (Fig. 

2-3ab). In contrast, activities of the enzymes related to the P cycle, i.e., AP and BisP, 

were significantly higher at the reference site (P<0.05, n=15) (Fig. 2-3cd).  

Significantly higher N2 fixation rates (measured by the acetylene reduction 

method) were found in periphyton mats of the sites cleared in 2000 and 2003 (3 –10 

nmol g-1dw h-1) compared to the reference marl prairie wetland site (< 1 nmol g-1dw h-1) 

(Fig. 2-4, Liao and Inglett 2012). 

Multivariate Analyses 

The multivariate statistical technique of principal components analysis (PCA) was 

used to characterize the sites on the basis of the biogeochemical parameters of soil and 

periphyton (Fig. 2-5). The first two components explained approximately 60% 

information, and were used to categorize the three sites. In the wet and dry season, 

restored sites were separated from the reference site predominantly on the basis of PC 

1 with major factor loadings of soil and periphyton TP, TC:TP, TN:TP, soil extractable 

inorganic and organic P. Principal component 2 also contributed to this separation on 

the basis of soil TN, TC, TC:TN ratio, and MBC. 

Discussion 

TN:TP Ratio and Nutrient Limitation 

Based on the threshold of N:P ratio given by Koerselman and Meuleman (1996), 

the TN:TP mass ratio for the plant foliar in this study could not tell any solid information 
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about nutrient limitation. In the wet season, it seemed that most of the TN:TP ratios at 

the Res03 site fell in the N-limitation zone, and reference site fell in the P-limitation 

zone. However, all the TN:TP values fell in the P-limitation zone in the dry season (Fig. 

2-2a). Moreover, the plant species also have large effects on the TN:TP rations as 

shown in the Fig. 2-2b. All of these results suggested that the critical values of TN:TP 

ratios for diagnosing nutrient limitation would have large temporal and seasonal 

variation and should be used with caution (Güsewell 2004; von Oheimb et al. 2010).  

Comparing with foliar N:P ratio, no agreement has been made in using soil TN:TP 

ratio to assess the nutrient status in terrestrial ecosystem, but the TN:TP ratios for both 

periphyton and soil in this study showed consistent trends between the restored sites 

and the reference site that is significantly higher TN:TP ratios were observed at the 

reference sites compared to the restored sites (Table 2-2), which attributed to the 

significantly higher P in the restored sites. As Cleveland and Liptzin (2007) found that 

similar to the marine phytoplankton, there was a consistent atomic C:N:P ratios in the 

soil (186:13:1) at the global scale, it was likely to expect that there could potentially be a 

critical values for different nutrient limitation.  

Nutrient Use and Resorption Efficiency 

Nutrient use and resorption efficiency (NUE and NRE) have been commonly used 

to evaluate the response of vegetation to different levels of nutrient availability (Vitousek 

1982; Eckstein et al. 1999). It has been suggested that in nutrient limited systems the 

NRE of senescing leaves will be greater than in nutrient rich environments (Güsewell 

2005). In this study, the NRE and NUE of N at the restored sites were significantly 

higher relative to that at the reference site, which would indicate that the restored sites 

were more likely to be limited by N. However, the NUE and NRE of P did not show the 
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patterns as expected and interestingly showed higher numbers in both high P restored 

sites and low-P reference site (Table 2-5). The inefficiency of NUE and NRE in 

supporting the nutrient limitation was discussed by earlier reviews of the literature (Aerts 

1996; Eckstein et al. 1999), and a study on wetland graminoids by Güsewell (2005) 

found that NRE of both N and P were on average higher in P-limited systems. More 

NRE and NUE data were needed for individual species since the index varied widely 

among and within species (Aerts 1996; Vitousek 1998). 

Extracellular Enzyme Activities  

In this study, the enzyme activities were reported based on MBC. Many studies 

have found significant correlations between soil enzyme activities, soil organic matter 

and microbial biomass (Ajwa et al. 1999). Therefore, sometimes enzyme activities 

based on dry weight cannot give us the real picture of the microbial activities; the 

enzyme activities normalized by MBC on the other hand would be a better indicator. 

There are two categories of enzymes: constitutive enzymes which are always present 

and active; inducible enzymes which are synthesized or activated when needed. Thus 

the inducible enzymes related to N- and P-cycling will be produced differently under 

different N and P availability. Chróst (1991) found out that the activities of 

aminopeptidases were induced at limited N availability. NAG involved in the degradation 

of chitin which is a relevant source of N in soils (Hanzlikova and Jandera 1993; Gooday 

1994). Sinsabaugh et al. (1993) assumed NAG activity to be induced by low N 

conditions. The phosphatase was widely discussed as an indicator of P limitation 

(Olander and Vitousek 2000). 

In this study, higher NAG and LAP activities were observed in the restored sites, 

indicating that the restored sites were lack of available N. Similarly, significantly higher 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T4B-4WNPDH2-1&_user=2139813&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000054276&_version=1&_urlVersion=0&_userid=2139813&md5=4e48825c8364966123fcd760c6991ec6#bib15#bib15
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T4B-4WNPDH2-1&_user=2139813&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000054276&_version=1&_urlVersion=0&_userid=2139813&md5=4e48825c8364966123fcd760c6991ec6#bib39#bib39
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AP and BisP enzyme activities were observed in the reference site, suggesting that the 

reference sites were more likely to be limited by P.  

N2 Fixation of Periphyton 

Periphyton at the young restored site (Res03) was found to have higher N2 fixation 

rates (Res03 area) compared to the reference sites. This agreed with the assumption 

that the young soils tend to be N limitation. There was a significantly linear positive 

relationship between N2 fixation rates and TP, accordingly, significantly negative 

relationship between N2 fixation rates and periphyton TN:TP were found in both dry and 

wet season (Liao and Inglett 2012, also see the details in the Chapter 3), indicating that 

P may limit the N2 fixation. Rejmánková and Komárková (2000, 2001) have already 

demonstrated that addition of P increases N2-fixation of periphyton in the P-limited 

Belizean marshes. Inglett et al. (2004, 2009) also found similar results that periphyton 

N2 fixation rates were much higher in the areas with high levels of P and low TN:TP 

ratios in the Everglades. 

Stable Isotope Ratios (δ15N) of Soil, Periphyton, and Plants  

The δ15N value can be an indicator of N2 fixation. N2 fixing cyanobacteria should 

have δ15N close to that of atmoshphere (i.e., 0‰) (Goericke et al. 1994). N2 fixing 

organisms generally show slight isotope fractionation against 15N which results in 

negative δ15N (Peterson and Fry 1987; Gu and Alexander 1993). In this study, the 

stable N isotope signature of the periphyton at the three sites all fell within the range of -

2‰ to 2‰ (Table 2-1) as observed by Nadelhoffer and Fry (1994).  

The soil δ15N values were more positive than periphyton, suggesting that other 

processes except atmospheric N2 fixation affected their δ15N values. For example 

coupled nitrification/denitrification and ammonia volatilization or atmospheric deposition 
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of 15N enriched nitrate or ammonium may have caused shifts in δ15N within the soil. 

Thus, natural 15N abundance of soils is presumed to be an indicator of N cycling 

(Dawson et al. 2002).  

In this study, significant positive correlation between δ15N and the TN: TP ratio for 

both the soil and the periphyton was found (Fig. 2-5ab) though the points were in two 

clusters along the regression linear line, suggesting the potential of δ15N as the indicator 

of nutrient limitation. Along a chronosequence spanning 3 to 3000 Ky in a California 

annual grassland, Brenner et al. (2001) found that the mean δ15N values of the soil 

increased by several ‰ from the youngest to oldest sites (3.5 to 6.2 ‰). In Hawaii, the 

two youngest sites have relatively negative δ15N values whereas the 20 Ky or older sites 

(which should approach steady state) have a peak at 20 Ky (4.8‰) (Vitousek and 

Farrington 1997). As Vitousek et al. (1989) generalized, lower δ15N values would be 

expected early in soil development since biota are strongly limited by N, microbial 

immobilization of 15N-enriched N is rapid, and nitrification is very slow. Later in primary 

succession, N is not limiting, elevated N losses would enrich the remaining N in 15N. In 

that case, soil δ15N will serve as a proxy of the nutrient status or restoration.  

Most non-nitrogen-fixing plants have positive δ15N values, reflecting the fact that 

most soils are enriched in 15N compared to atmospheric N2 (Vitousek et al. 1989). In this 

study, the soil is indeed enriched 15N compared to the periphyton that fixes atmospheric 

N, while the native species Cladium also showed positive δ15N values (Table 2-4). 

However, strongly negative δ15N values have been observed in other non-nitrogen-

fixing plants (Table 2-4). It could be caused by the inputs of 15N-depleted N from 

precipitation coupled with very low N outputs as supposed for the Hawaii forests 
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(Vitousek et al.1989). However, in contrast with the results of Hawaiian (Vitousek et 

al.1989) and Amazonian (Davidson et al. 2007) forests, most of the species with 

negative δ15N values in this study were found at the old site (i.e., reference site) rather 

than the early successional sites (i.e., two restored sites). Isotope discrimination can 

occur during the N uptake, assimilation, and allocation, and different plant parts can 

have different δ15N values (Dawson et al. 2002). Yoneyama et al. (2001) proposed that 

there may be large whole plant depletion in 15N at high N concentrations. Therefore, it is 

still needed to be tested if foliar δ15N could be a indicator of nutrient status. 

Overall, the PCA separated the three sites into two groups based on all the 

nutrient parameters (Fig. 2-5), i.e., the restored sites and reference site, indicating that 

the nutrient status between the two groups is different. The results from PCA also 

showed that the soil physical properties and δ15N had week correlation with the two 

principal components, suggesting the soil fertility changed more dramatically and rapidly 

during the restoration. 

Conclusions 

The restoration in the HID of Florida Everglades through complete soil removal 

enables a primary succession in the ecosystem. Periphyton primarily colonizes the 

habitat and facilitates the soil development, followed by pioneer plants expansion. At the 

same time, the restoration aims in gradually shifting the P-enriched ecosystem to low-

nutrient status. In this study, the biogeochemical properties (e.g., total nutrients, 

available nutrients, microbial activities, and biomass) of the three major components 

(soil, plants, and periphyton) were measured at two restored and a native reference 

calcareous wetlands in the wet (October, 2009) and dry season (February, 2010) in the 

Florida Everglades National Park. The results showed that (1) foliar TN:TP ratio varying 
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with species and seasons should be carefully used as a indicator of nutrient limitation; 

(2) the N use efficiency and N resorption efficiency were significantly higher at the 

restored sites than the reference site suggesting that restored sites were more likely to 

be limited by N; (3) N enzyme (i.e., NAG and LAP) activities were significantly higher at 

the restored sites and P-related enzymes (Alkaline phosphatase and 

phosphodiesterase) were significantly higher at the reference site, suggesting different 

nutrient demands between the restored and reference wetlands; (4) periphyton at the 

restored sites fixed more N2 compared to that at the reference site, especially in the wet 

season; (5) soil and periphyton δ15N values could be indicators of the restoration and 

availability of N but plant δ15N patterns during restoration still requires more explicit 

testing. These results indicated that the microbial activities could be more sensitive to 

the nutrient status, and should be paid more attention during the restoration process. 
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Table 2-1.  Summary of two-way ANOVA tests for effects of season (seas.), site, and 
their interaction on basic properties of soil and periphyton. ***-P<0.001, **-
P<0.01, *-P<0.05, NS-not significant. 

Parameter                                          Soil Periphyton 
 site seas. site×seas. site seas. site×seas. 

Loss on ignition (LOI) *** NS NS ** ** NS 
Total phosphorus (TP) *** NS NS *** NS NS 
Total nitrogen (TN) ** NS NS *** ** ** 
Total carbon (TC) ** NS NS NS ** NS 
TN:TP ratio *** NS NS *** NS NS 
Extractable inorganic P(Pi) *** *** *    
Extractable organic P *** *** *    
Extractable NH4

+-N *** *** NS    
Extractable organic N NS *** ***    
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Table 2-2.  Basic properties of soil and periphyton at Res00, Res03, and Reference 
sites (mean ± SE, n=90). Different lowercase letters denotes significant 
difference, P<0.05. 

 

Parameter Unit Site 

Res00 Res03 Reference 

Soil 
pH   7.61 ± 0.02 7.55 ± 0.03 7.98 ± 0.03 

bulk density  g cm-3 0.50 ± 0.03 0.57 ± 0.05 0.52 ± 0.03 

soil depth  cm   2.2 ± 0.2   1.8 ± 0.2 11.7 ± 1.2 
Loss on Ignition (LOI)  % 18.5 ± 0.6a 18.1 ± 0.5a 12.9 ± 0.5b 
Total Phosphorus (TP)  mg kg-1  630 ± 32b  983 ± 47a  140 ± 6c 
Total Nitrogen (TN)   g kg-1   7.5 ± 0.3a   6.3 ± 0.2b   6.7 ± 0.2b 

Total Carbon (TC)  g kg-1  155 ± 2a  143 ± 3b  149 ± 1ab 
TN:TP molar ratio mol:mol    28 ± 1b    15 ± 1c  109 ± 3a 
Periphyton 
Loss on Ignition (LOI)  % 30.0 ± 1.6b 38.7 ± 1.9b 35.3 ± 2.2ab 
Total Phosphorus (TP)  mg kg-1  313 ± 30a  314 ± 34a    99 ± 7b 
Total Nitrogen (TN)   g kg-1 12.9 ± 0.4b 13.2 ± 22.6b 16.2 ± 0.6a 
Total Carbon (TC)  g kg-1  244 ± 4a  246 ± 3a  250 ± 6a 
TN:TP molar ratio mol:mol  121 ± 12b  102 ± 8b  393 ± 23a 



 

41 

Table 2-3.  Soil extractable nutrients at Res00, Res03, and Reference sites in the dry 
and wet season (mean ± SE, n=15). Different lowercase letters denotes 
significant difference, P<0.05. Ext. ON-extractable organic nitrogen; Ext. Pi-
extractable inorganic phosphorus; Ext. Po-extractable organic phosphorus. 

 

Parameter Unit season Res00 Res03 Reference 

Ext.NH3-N,  
 

mg kg-1 wet 18.7 ± 1.1b  29.4 ± 2.4a  14.3 ± 1.7b  
dry 54.2 ± 5.3ab 59.0 ± 3.8a 43.1 ± 2.7b 

Ext. ON mg kg-1 wet 54.1 ± 2.5b  67.2 ± 3.8a  56.6 ± 4.1ab  

dry 39.1 ± 1.8b 32.7 ± 1.3b 51.2 ± 3.5a 
Ext. Pi mg kg-1 wet 8.6 ± 0.6b  14.4 ± 1.3a  1.5 ± 0.1c  

dry 10.9 ± 0.9b 19.3 ± 0.7a 2.6 ± 0.2c 
Ext. Po mg kg-1 wet 32.0 ± 3.0a  39.2 ± 3.3a  19.8 ± 1.1b  

dry 11.3 ± 0.9b 13.9 ± 0.6a 4.5 ± 0.2c 
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Table 2-4.  Nitrogen stable isotope values (δ15N) of soil, periphyton, and plants at the 
three sites (mean ± SE). Comparisons for all pairs using Tukey’s HSD. 
Different lowercase letters denotes significant difference, P<0.05. For soil, 
periphyton, and plants at species level, samples were collected in the wet 
season (October, 2009) and dry season (February, 2010), n=15 at each site. 
For plants at community level, samples were collected in April, 2010, n=8 for 
each site. 

 

Component season Res00 Res03 Reference 

  -------------------------δ15N (‰)--------------------------- 

Soil wet 1.71 ± 0.07b 1.85 ± 0.16b 2.35 ± 0.06a 
dry 1.23 ± 0.10b 1.42 ± 0.13b 2.47 ± 0.11a 

Periphyton wet -0.49 ± 0.08 -0.61 ± 0.19 -0.02 ± 0.14 

dry -0.75 ± 0.08b -0.97 ± 0.09b 0.21 ± 0.10a 
Plants-dead  -3.05 ± 0.27ab -2.26 ± 0.23a -3.10 ± 0.17b 
Plants-live  -1.92 ± 0.32 -1.94 ± 0.28 -1.45 ± 0.33 
     
Plant-Species      
Andropogon wet -3.13 ± 0.13b -1.85 ± 0.22a -4.11 ± 0.14c 

dry -3.88 ± 0.42 -3.38 ± 0.12 -3.86 ± 0.26 
Muhlenbergia wet -2.51 ± 0.20a NA -3.28 ± 0.16b 

dry -3.17 ± 0.20b -2.13 ± 0.69a -4.66 ± 0.13c 
Cladium wet 2.43 ± 0.18a 0.78 ± 0.07b 2.40 ± 0.17a 

dry 1.92 ± 0.09a 0.70 ± 0.34b 1.12 ± 0.13b 
Typha wet 1.33 ± 0.18 1.77 ± 0.14 NA 

dry 0.46 ± 0.07a -0.21 ± 0.21b -0.22 ± 0.08ab 
Schinus wet  -1.82 ± 0.29b 2.11 ± 0.33a -1.67 ± 0.44b 

dry -2.48 ± 0.27b -0.85 ± 0.15a -1.77 ± 0.30ab 
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Table 2-5.  Nutrient-resorption efficiency and nutrient-use efficiency of nitrogen and 
phosphorus (NRE-N, NRE-P, NUE-N, and NUE-P) for the community level 
vegetation (composite biomass). The different letters denote significance 
among the three sites, mean ± SE. 

Site NRE_N NUE_N NRE_P NUE_P 

 % g biomass mg-1N % g biomass mg-1P 

Res00 41.3 ±1.3a 0.41 ± 0.04ab 63.1 ± 6.6 7.2 ± 1.4b 

Res03 42.5 ±1.5a 0.58 ± 0.08a 71.0 ± 3.9 14.0 ± 2.2a 

Reference 22.9 ± 2.6b 0.25 ± 0.02b 58.6 ± 8.0 14.0 ± 4.3a 
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Figure 2-1.  Location of the study sites-Hole-in-the-Donut in the Florida Everglades 

National Park. 
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Figure 2-2.  Relationship between plant TN and TP concentration for the Res00, Res03, 
and Reference sites(a); plant TN:TP mass ratios sorted by different species at 
the three sites (b) The critical TN:TP ratios were from  Koerselman and 
Meuleman (1996). 
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Figure 2-3.  Activities of N-related enzymes (a) Leucine-aminopeptidase, LAP, (b) N-
acetyl-β-D-glucosaminidase, NAG (only measured in the dry season), and P-
related enzymes (c) Alkaline phosphotase, AP, (d) phosphodiesterase, BisP 
(only measured in the dry season) at the Res00, Res03, and the reference 
sites in different seasons. The different lowercase and uppercase letters 
denote significance in the wet (grey bars) and dry season (white bars), 
respectively.  
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Figure 2-4.  Periphyton acetylene reduction (AR) rates under dark (a), light (b) 
incubation, and the ratio of AR rates under light and dark conditions (c) 
determined in each of the three Everglades sites in the dry (white bars) and 
wet seasons (shaded bars). The different lowercase and uppercase letters 
denote significant differences between the sites (P<0.05). 
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Figure 2-5.  Score plots of principal components analysis on the biogeochemical 
properties of soil and periphyton in the wet and dry season.  
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CHAPTER 3 
SPATIAL PATTERNS OF PERIPHYTON NITROGENASE ACTIVITY IN THE 

CALCAREOUS WETLANDS 

Background 

Periphyton mats consist of a complex mixture of algae, heterotrophic microbes 

and particles (mineral and detritus), and play an important ecological role in shallow 

aquatic ecosystems. Periphyton can serve as a major contributor to primary productivity 

(Dodds et al. 2002), a regulator of water column nutrient levels (Gaiser et al. 2004; 

Thomas et al. 2006; Rejmánková and Komárková 2005) and benthic fluxes, and based 

on species composition (McCormick and Stevenson 1998) and enzyme expression 

(Sharma et al. 2005), can also be a sensitive indicator of water quality (Vis et al. 1998; 

McCormick 2011). Periphyton is often abundant in shallow wetland systems, including 

marine tidal flats (Pinckney et al. 2011) and freshwater portions of the limestone based 

Caribbean (Rejmánková et al. 2000, 2004). Similarly, the Florida Everglades (USA) 

wetland system also maintains an abundance of periphytic assemblages, with biomass 

estimates ranging between 3 and 6235 g AFDW m-2 (Hagerthey et al. 2011). 

Periphyton is well described in the Everglades, varying both temporally and 

spatially in terms of biomass, productivity, and species richness and diversity in relation 

to macrophyte abundance and nutrients (Browder et al. 1994; McCormick and O'Dell 

1996; McCormick et al. 1996, 1998; Gaiser et al. 2006, 2011; Hagerthey et al. 2011). In 

particular, phosphorus (P) levels are a key regulator of a variety of processes in the 

Everglades periphyton including species composition (McCormick and O’Dell 1996; 

McCormick et al. 1998), production and respiration (Iwaniec et al. 2006). Everglades 

                                            
 Reprinted with permission from Liao X, Inglett PW (2012) Biological nitrogen fixation in periphyton of 
native and restored everglades marl prairies. Wetlands, 32(1):137-148 
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periphyton also show the ability to fix atmospheric N2 (biological N2 fixation) (Inglett et 

al. 2004, 2009).This process was estimated to contribute 10 g N m-2 yr-1 to a northern 

oligotrophic Everglades system. Periphyton is abundant throughout much of the 

Everglades, however, there are few studies to document the significance of biological 

fixation in other areas of the Everglades, especially in the southern systems (Inglett et 

al. 2011).  

One Everglades system where periphyton plays a crucial ecological role is the 

Hole-in-the-Donut (HID) region of Everglades National Park (ENP) (Fig. 3-1). This area 

had a history of farming which disturbed and added excess P to the native pine rockland 

and marl prairie ecosystems (Smith et al. 2011). Disturbance and excess nutrients led 

to the invasion of Brazilian pepper (Schinus terebinthifolius) after farming ceased (Smith 

et al. 2011). To restore the HID to marl prairie ecosystem, the technique of complete 

soil removal, in which all the vegetation and underlying rock-plowed substrate was 

removed down to bedrock, was adopted (Dalrymple et al. 2003). In this process soils 

are mechanically cleared to bedrock and allowed to naturally reestablish biotic 

communities such as periphyton and macrophytes. 

During the HID restoration processes, periphyton plays an important role in soil 

formation, as a source of organic matter and calcium carbonate (CaCO3), both main 

components of marl soils (Gaiser et al. 2011). N2 fixation also provides an important N 

source particularly in the recently cleared sites where N is limiting (Smith et al. 2011; 

Inglett et al. 2011). Though studied intensely in other parts of Everglades, no study has 

been focused on periphyton in this unique restored calcareous ecosystem where this 

component is a key target and evaluation metric for restoration (Gaiser 2009). 
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Furthermore, few studies have been done on the N2 fixation in P-limited ecosystem 

(Inglett et al. 2004, 2009; Rejmánková and Komárková 2000; Rejmánková 2001). It is 

important and deserving of attention to understand the role of periphyton in the marl 

prairie (Davis et al. 2005). For these reasons, the following study was conducted to (1) 

characterize periphyton N2 fixation between the restored and reference wetlands; (2) 

relate the N2 fixation with nutrient limitation (i.e., N and P limitation); and (3) assess the 

potential of N stable isotopes as an indicator of N2 fixation and nutrient limitation. 

Materials and Methods 

Study Site  

The Everglades experiences two primary seasons including a mostly dry winter 

(November through May) and a wet summer (June to October). The wet summer 

season accounts for approximately 80 percent of the region's average annual rainfall of 

137 cm. Rainfall within the Everglades system can vary dramatically from year to year. 

Historically, some wet years peaked at over 254 cm of rainfall, whereas some dry years 

received less than 76 cm (http://www.waterencyclopedia.com/En-Ge/Everglades.html).  

Two wetlands restored in 2000 and 2003 (referred to as Res00 and Res03) as well 

as an unfarmed reference site adjacent to the restored areas were selected in the HID 

region of Everglades National Park (Fig. 3-1). In each site, five sampling stations (A, B, 

C, D, E) were identified along a elevation gradient from 0.5 m to 1.0m AMSL (Table 3-

1). Soil depth varied among the three sites, with deeper marl soils (Biscayne and 

Perrine series) in the reference areas (10 cm) and shallower soils (2-3 cm) which have 

developed after site clearing in the restored areas (Smith et al. 2011). The primary 

vegetation in the reference site is a mixture of grasses (Muhlenbergia sp., Andropogon 

sp.) and sedges (Cladium jamaicense Crantz, Shoenus sp.) while the restored sites are 

http://www.waterencyclopedia.com/En-Ge/Everglades.html
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dominated by pioneer species such as Ludwigia spp., Baccharis spp., and Andropogon 

spp. (Dalrymple et al. 2003). The periphyton in the three sites are all calcitic epilithon or 

calcareous epiphytic periphyton mat (Gaiser et al. 2006, 2011). The mats in the restored 

site were very thin and greenish and the periphyton in the Res03 site is more 

disaggregated compared to that in Res00 site; while the mats in the reference sites 

were 1 cm thick with dark color. 

Sampling Methods 

Samplings were conducted in October 2009 (wet season) and February 2010 (dry 

season). At each of the 15 transect locations, three composite samples of surface soil 

and periphyton were collected. Surface soils were collected using sharpened metal 

tubes (3.75 cm ID) inserted to bedrock (restored sites) or to a depth of 5 cm (reference 

area). Periphyton was collected by randomly placing a plastic ring (8 cm ID) and since 

the study sites were not well flooded, it was easy to remove the periphyton biomass 

contained within the ring area by hand. This was repeated (up to 5 times) until sufficient 

biomass had been collected for each composite sample which could then be used to 

determine periphyton biomass per unit area (g m-2). Samples were stored on ice until 

their return to the laboratory where the samples were refrigerated at 4°C until 

subsequent analysis.  

Periphyton samples were kept intact (periphyton mat) and inspected to remove 

large organic debris (plant litter) and soil. Soil samples were sieved to remove roots and 

rock fragments greater than 2 mm diameter. Sieved soil samples were oven dried at 

105°C for 3 days and ground using a mortar and pestle for moisture content and total 

nutrient determinations.  
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Nitrogenase Analysis 

Nitrogenase activity (N2 fixation) was measured using the acetylene (C2H2) 

reduction (AR) assay described by Inglett et al. (2004). Wet periphyton (5 g) were 

placed into 42-mL, screw-capped culture tubes (KimaxTM) with an open-top cap 

containing a teflon-lined, silicone septa (0.120’’ thick). Acetylene gas (generated by 

adding water to CaC2 in an evacuated serum bottle) was added to each tube (4 ml, 

approximately 10% headspace) and the tubes were shaken to make sure the gas 

evenly distributed in the whole space. Tubes containing samples and blanks containing 

only injected acetylene were incubated at constant temperature (27°C) for up to 3 hours 

under either light (~900 µmol m-2s-1 PAR) or dark conditions. After incubation, gas 

samples (4 ml) were taken from each tube and stored in evacuated 3.5 ml exetainers.  

Gas samples were analyzed for ethylene using a Shimadzu GC-8A gas 

chromatograph equipped with a flame ionization detector (110°C) and a Poropak-N 

column (80°C). Two standard gases (1 and 10ppm; Scott Specialty Gases, Inc., 

Plumsteadville, PA) were used to calibrate the measurement being expressed as nmol 

C2H4 g dw-1 h-1. The gas dissolved in the liquid phase was ignored since there was no 

accumulated water in the tube. Blank corrected AR values were used to estimate actual 

rates of N2 fixation using a theoretical conversion ratio of 3 moles of C2H2 reduced to 1 

moles of N2 fixed (Howarth et al. 1988a). When estimating the annual fixed N, the 

following assumptions were made: (1) there were two seasons with six months of wet 

season represented by the October and 6 months of dry season by February; (2) the 

whole day was divided by 12 hours light condition and 12 hours dark condition; (3) the 

biomass was constant with the season. 
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Following the incubation, periphyton contained in each tube was dried at 70°C for 

3 days to determine dry weight of periphyton biomass.  The dried sample was then 

ground using a ball mill for nutrient and isotopic analysis. 

Chemical and Isotopic Analysis 

Total C and N content were measured using Thermo Flash EA 1112 elemental 

analyzer (CE Elantech, Inc.). Total P of periphyton was measured colorimetrically using 

a Shimadzu UV-160 spectrometer (method 365.1 U.S. EPA 1993) following ashing and 

dissolution in 6M HCl (Anderson 1976). Total organic C was estimated by loss-on-

ignition (LOI) at 550°C for 4 h after conversion to organic C with a coefficient factor of 

0.51 (Goldin 1987; Wright et al. 2008). Stable N isotopic ratios were determined using a 

Finnigan MAT Delta Plus isotopic ratio mass spectrometer (Finnigan Corp. San Jose, 

CA) (Inglett and Reddy 2006) and expressed as permil (‰) differences from the 

standard isotopic ratio of atmospheric N2 (0.3663%) using delta notation (δ) as follows: 

1000
)/(

)/()/(

tan

1415

tan

14151415

15 



dards

dardssample

sample
NN

NNNN
N

.  

Water Chemistry 

Water chemistry samples were collected in acid-washed polyethylene bottles in 

October 2009 when the sites were flooded. The water samples were filtered through 

0.45μm membrane filter and acidified to preserve on ice until their return to the 

laboratory. The total dissolved phosphorus (TDP), soluble reactive phosphorus (SRP, 

PO4
3-), ammonia-nitrogen (NH4-N), nitrite-nitrogen plus nitrate-nitrogen (NOx-N), total 

dissolved Kjeldahl Nitrogen (TKN) were analyzed for the filtered water samples with 

standard methods (EPA, US 1983).  



 

55 

Statistical Analysis 

All statistical analyses were performed using JMP v.8© statistical software (SAS 

Institute Inc., Cary, NC). Two-way ANOVA was applied to test for differences of various 

soil properties between sites, seasons and the interaction of site and season. 

Comparisons of means for significant effects were determined using Tukey HSD tests. 

Regression analysis with Pearson correlation coefficient was used to evaluate the 

relationship between various nutrient properties, isotopic composition and nitrogenase 

activity. Differences among means and correlation coefficients were deemed significant 

at the P<0.05 level, unless otherwise noted.  

Results and Discussion 

Water Chemistry  

Results of water chemistry sampling are provided in Table 3-2. NH4-N, dissolved 

inorganic nitrogen (DIN=NOX-N+NH4-N), TKN, TDP and SRP were significantly higher 

in the Res00 site comparing to the reference site and Res03 site (P<0.05). The water 

TDP was close to the natural Everglades system below a threshold limit of 10μg L-

1(Thomas et al. 2002). However, the ratio of DIN: SRP and TDKN: TDP were 

significantly lower in the restored site compared to the reference site.  

Nutrient Composition 

A main difference between the reference and restored sites is the nutrient status, 

in particular the levels of N and P (Smith et al. 2011). For the periphyton, the TN content 

in the reference site was significantly higher (P<0.05) with the average of 16 mg g-1 

comparing to the restored sites with the average of 13 mg g-1. Periphyton TP contents in 

the restored sites with the average of 313 mg kg-1 were approximately three times of 

that in the reference site with the average of 99 mg kg-1(Table 2-2). Accordingly, the 
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periphyton molar TN:TP ratios in the reference site were approximately three times 

higher than those in the restored sites, with average values of 393 ± 23 (Table 2-2). 

Compared to the periphyton in other parts of Everglades, the TP in the restored sites 

were closer to that of the Water conservation Area 1 (WCA-1) with the average of 423 

mg kg-1 and the TP in the reference site was comparable to the values in the Taylor 

slough (TS) that has similar calcareous mats with a average of 124 mg kg-1 TP (Gaiser 

et al. 2006). Periphyton TN was significant higher in the dry season for the Res00 site 

(with the average of 15mg g-1) and Res03 site (with the average of 14 mg g-1) compared 

to the wet season with the average of 11 mg g-1 in the Res00 site and 12 mg g-1 in the 

Res03 site. No significant seasonal difference of periphyton TN was observed in the 

reference site; neither was periphyton TP and TN:TP ratio in all of the three sites. 

The ratio of N:P is often used as an indicator of nutrient limitation, with the value of 

16:1 (molar) being the theoretical threshold between N and P limitation for oceanic 

phytoplankton(Redfield 1973). Other studies have reported optimal N: P of 20 (Hecky 

and Kilham 1988) or 30 (Smith 1983) for freshwater phytoplankton. However, other 

studies didn’t think this indicator is conclusive (Scott et al. 2005). There were not 

significant differences in the nutrient parameters between the two restored wetlands at 

different age (Res03 vs Res00) as expected; the possible explanation is that the gaps 

between the two restored sites were small (Table 2-3). However, the soil TP and TN:TP 

ratio somehow distinguished the two sites  

Nitrogenase Activity  

Acetylene reduction (AR) rates under both light and dark conditions were 

significantly higher (P<0.05) in the restored sites (Fig. 2-4ab). For the Res00 and 

reference sites, there were not significant differences in the AR rates between the two 
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seasons; while for the Res03 site, the AR rates were significantly higher in the dry 

season. Rejmánková et al. (2004) reported that the N2 fixation of periphyton in the tropic 

marsh of Belize was higher in the wet season (i.e., July and September), and they 

speculated that the warmer temperature and higher solar radiation in the wet season 

would facilitate N2 fixation. Vargas and Novelo (2007) also found that the highest AR 

rates of periphyton appeared during the rainy season in the Yucatan peninsula.  

In this study, the contrasting seasonal patterns of periphyton N2 fixation between 

Res00, reference sites and Res03 site could be the result of the sampling time at the 

end of the wet  season (i.e., October) and the dry season (i.e., February), when the 

environmental factors may not have been dramatically different. Actually, precipitation in 

October 2009 was even lower than that in February 2010 (NOAA Daily Surface 

Meteorologic Data). A number of other factors could contribute to observed patterns of 

N2 fixation including temperature, solar intensity, different vegetation in different 

seasons (resulting in shading), but without experimentally testing these effects we can 

only speculate about the possible factors for the difference.  

In this study, the periphyton biomass was found to be 155 ± 16 g AFDW m-2 in the 

Res00 area, 208 ± 28 g AFDW m-2 in the Res03 area and 295 ± 33 g AFDW m-2 in the 

reference site, which fell in the range of those reported for the marl prairies of Florida 

Everglades (Gottlieb et al. 2005; Iwaniec et al. 2006; Gaiser et al. 2011). Periphyton 

production in marl prairies, especially in the wet season, was much higher than the 

long-hydroperiod mats of periphyton, such as the periphyton mats in the water 

conservation area (McCormick et al. 1998; Hagerthey et al. 2011). 
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Using the theoretical ratio of 3 moles of C2H4 produced per mole of N2 fixed, it is 

possible to estimate the amount of N2 fixed for a given AR rates. Although the empirical 

ratio vary among different ecosystems, the theoretical ratio of 1:3 has proven 

reasonable for cyanobacterial mats (Howarth et al. 1988a; Doyle and Fisher 1994). In 

this study, significantly higher N2 fixation rates of periphyton were observed in the 

Res03 site with  average of 0.2 ± 0.03 g N m-2 yr-1 compared to the reference sites with 

average of 0.05 ± 0.01 g N m-2 yr-1(P<0.05) (Fig. 3-2b). These values are much smaller 

in comparison with the unimpacted Water Conservation Area-2A (WCA-2A) in Florida 

Everglades, where the N2 fixation rates ranged from1.8-18 g N m-2yr-1(Inglett et al. 

2004).  

In this regard, a rough estimate of the time for the Res03 site to reach the same 

level of N storage as the reference site was made. The N storage for the Res03 and 

reference site is 35 g m-2 and 125 g m-2, respectively (Inglett et al. 2011, in review). 

Assumed that all the N fixed by the periphyton in the Res03 site was absorbed by the 

soil, the time when the TN storage in the Res03 site was close to the reference site 

could be roughly calculated, which is (125-35) g N m-2/ 0.2 g m-2 yr-1=450yr. It was a 

long time even without considering any pathways of N loss.  

There was no significant difference in the light:dark AR ratio among the three sites 

(Fig. 2-4c) with the average of 2 and 3. Overall, the ratio was similar to that of 

periphyton at unimpacted interior of WCA-2A with the ratio of 3.3 ± 0.5 (Inglett et al. 

2004). The response of nitrogenase activity to light intensity can give us information of 

the N2 fixing species in a microbial community (Fay 1992). The light: dark AR ratios in 

this study were greater than 1, suggesting that photosynthetically-driven microbes such 
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as heterocystous cyanobacteria were largely responsible for the observed rates. The 

light:dark AR ratio was significantly higher in the dry season for the Res03 and 

reference sites (P<0.05), likely reflecting seasonal changes in the species composition 

of the periphyton communities. McCormick et al. (1998) observed that oligotrophic 

periphyton assemblages exhibited strong seasonal shifts in species composition and 

were dominated by cyanobacteria during the wet season and diatoms during the dry 

season. 

Periphyton and Soil δ15N 

N2 fixation by cyanobacteria is accompanied by relatively little isotopic 

fractionation and as a result, N2-fixing cyanobacteria should have δ15N close to 0‰ 

(Goericke et al. 1994; Kline and Lewin 1999). In this study, the δ15N of periphyton over 

all three sites all fell within the range of -2‰ to 2‰ (Table 2-3), which agrees with 

observations from other studies (Nadelhoffer and Fry 1994; Gu and Alexander 1993; 

Rejmánková et al. 2004), but is on average lower than the range reported for northern 

Everglades marshes (1.1-2.7‰, Inglett et al. 2004) and the freshwater metaphyton (1-

12‰, Scott et al 2007). Differences in periphyton δ15N also correspond to differences in 

N2 fixation measured between the three sites, with the highest δ15N corresponding to 

the lowest nitrogenase activity observed in the reference site.  

Stable isotope 15N signatures are often used to characterize N source and the 

mechanism of algal and plant N metabolism (Handley and Raven 1992; Nadelhoffer and 

Fry 1994; Inglett and Reddy 2006). Differences in 15N natural abundance among 

freshwater N2-fixing cyanobacteria and non-fixing green algae were reported by Gu and 

Alexander (1993) as a reliable indicator of N2 fixation. They found that the natural 

abundance of δ 15N of six N2-fixing blue-green algae was 1.0 ± 1.3‰, whereas the δ15N 
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of six green algae showed an average of 6.6 ± 4.5 ‰. The higher δ15N of non-N2-fixing 

algae reflected the utilization of dissolved inorganic N.  

The δ15N of periphyton and soil were significantly correlated with each other 

(Fig.3-4), suggesting the N source in soil is derived from that fixed by the periphyton. At 

a given site, the soil had a higher δ15N than the periphyton, suggesting that other 

processes in addition to atmospheric N fixation affected their 15N composition. For 

example coupled nitrification/denitrification, ammonia volatilization, or atmospheric 

deposition of 15N enriched N may have caused increases in δ15N within the soil 

(Aranibar et al. 2003; Evans and Ehleringer 1993).   

Relationships between Nutrients, Nitrogenase Activity, and δ15N 

Various factors affect N2 fixation, including physical factors such as light intensity 

and temperature, and nutrient status (Howarth et al. 1988b). N and P concentrations 

and loadings are two mostly-discussed factors. Scott et al. (2007) showed that 

periphyton N2 fixation decreased as reactive N accumulated in the periphyton matrix. In 

this study the N2 fixation of periphyton was negatively and weakly correlated with the TN 

content of periphyton (R2=0.2, P<0.05); however significantly higher TN content in the 

reference site corresponded with significantly lower AR rates. In contrast with the results 

of Scott et al. (2005) that decreasing N2 fixation was related to the increase in 

metaphyton N content, this study showed that increase TN content in February 

corresponded to increase AR rates for the Res03 site.  

Ammonium concentrations can be quite important in regulating fixation rates in 

sediments since they can inhibit the synthesis of new nitrogenase (reviewed by Howarth 

et al. 1988b). The ammonium concentrations of the water samples collected in October 

2009 in HID sites averaged from 47 to 250 μg L-1 (Table 3-2), which was much higher 
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than the values reported by Inglett et al. (2004) (38 μg L-1 for the WCA-2A of northern 

Florida Everglades). This would explain why the AR rates of periphyton in this study 

were extremely lower than their values, even though the TN:TP ratio in the restored 

sites was similar with the northern Everglades by Inglett et al. (2004).  

There was a significantly positive linear relationship between N2 fixation rates and 

TP; accordingly, significantly negative relationship between N2 fixation rates and 

periphyton TN:TP were found in both dry and wet season (Fig. 3-3), indicating that P 

likely controls N2 fixation. P-controlled N2 fixation has been reported by many 

researchers (Howarth 1988b; Smith 1990; Rejmánková and Komárková 2000, 2001; 

Inglett et al. 2004, 2009). However, TN:TP ratio is regarded as more reasonable factor 

than TP in regulating the N2 fixation since it integrates the N information, another 

controlling factor of N2 fixation and would further indicate nutrient limitation (Howarth 

1990). In this study, the restored sites with lower TN:TP ratio were more likely to be N-

limited, which then induced higher nitrogenase activities; while the reference site with 

higher TN:TP ratio was P-limited and suppressed N2 fixation.  

There was a significantly negative correlation between N2 fixation rates and the 

δ15N in both the wet and dry season (Fig. 3-5a), which was similar to the finding of 

Rejmánková et al. (2004) and Inglett et al. (2004). Scott et al. (2007) also found that in 

the freshwater marsh, the metaphyton δ15N decreased with increasing N2 fixation during 

May through September sampling. Like the correlation of nitrogenase activity with 

TN:TP ratio and 15N, significant relationships between δ 15N and the periphyton TP, 

TN:TP ratio were also found (Fig. 3-5b,c). 
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Conclusions 

Periphyton plays a significant role in the Everglades, especially in the restoration 

of the calcareous Hole-in-the-Donut wetland ecosystem. This study documented the 

presence of nitrogenase activity in calcareous periphyton mats of the Southern 

Everglades (marl prairie) and estimated its annual contribution to the N budget of these 

wetlands.  

Overall rates of the reference marl prairie system were low compared to published 

estimates of northern Everglades systems. Periphyton in restored sites exhibited 

significantly higher AR rates than the reference marl prairie system, serving as evidence 

of N limitation in the developing systems following soil removal. Like other reports of 

calcareous periphyton mats, nitrogenase activity in this study was stimulated by light 

indicating the primary N2 fixing community was cyanobacterial in nature. 

Periphyton N2 fixation is considered as a major part in the N budget in the 

oligotrophic Everglades that has received less attention. For the young restored 

ecosystems, N2 fixation would be an important N source and thus a key target or 

evaluation metric for restoration. The seasonal pattern of N2 fixation and δ 15N were not 

consistent in the three sites, while δ15N has a potential of characterizing the N2 fixation 

and tracing the N-cycle, more information such as the 15N signature for other inorganic 

nitrogen form, N2-fixing species composition were needed to explain the differences.  

The periphyton community is sensitive to nutrient status, and in this study, N2 fixation, 

TN:TP ratio and the δ 15N were correlated in both wet and dry season. These findings 

suggest that N2 fixation and δ 15N could also be employed as indicators of nutrient 

limitation and patterns of nitrogenase activity.  
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Table 3-1.  Geographical coordinates and the approximate elevation of the sampling 
sites used in this study. 

Sampling site Station Latitude Longitude 
Elevation 
(m)  

Res00 A N25.38283 W80.67442 0.7-0.8 
B N25.38150 W80.67452 0.7-0.8 

C N25.37856 W80.67477 0.6-0.7 
D N25.37408 W80.67515 0.6-0.7 
E N25.37019 W80.67652 0.5-0.6 

Res03 A N25.38865 W80.69132 0.8-0.9 
B N25.38618 W80.69414 0.6-0.7 
C N25.38260 W80.70003 0.6-0.7 
D N25.37903 W80.69982 0.6-0.7 
E N25.37678 W80.69946 0.5-0.6 

Reference 
 

A N25.38117 W80.67275 0.8-0.9 
B N25.37916 W80.67246 0.7-0.8 
C N25.37635 W80.67224 0.7-0.8 
D N25.37293 W80.67229 0.6-0.7 
E N25.36985 W80.67223 0.6-0.7 

Note: The ground elevation data extracted from the EDEN DEM model 
(http://sofia.usgs.gov/eden/models/groundelevmod.php). 

http://sofia.usgs.gov/eden/models/groundelevmod.php
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Table 3-2.  Mean water chemistry values at all sites in the October 2009 when the sites 
was flooded (mean ± SE, n=6 for Res00 site; n=12 for Res03 site and n=12 
for the reference site)  

Site 
SRP NH4-N NOx-N TDP TDKN DIN:SRP TDKN:TDP 

μg L-1 μg L-1 μg L-1 μg L-1 mg L-1 mol:mol mol:mol 

Res00 6.6 (2.1) 250 (62) 5.4 (0.4) 9.9 (1.4) 1.6 (0.2) 103 (29) 364 (81) 

Res03 3.0 (0.1) 47 (6) 3.3 (0.4) 4.4 (0.7) 0.8 (0.1) 37 (5) 456 (40) 

Reference  2.7 (0.1) 88 (12) 4.2 (0.9) 2.6 (0.6) 0.6 (0.0) 78 (10) 914 (228) 
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Figure 3-1.  Map showing the general area of Everglades National Park and the 
locations of restored and reference marl prairie sites used in this study. 
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Figure 3-2.  Areal estimates of N2 fixation in the restored and reference sites (see text 
for calculation details). The white bars represent the data in the dry season, 
the shaded bars represent the data in the wet season; and the dash bars 
represent the whole year estimate. The different lowercase letters denote 
significant differences (P<0.05) between the three sites.   
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Figure 3-3.  Relationships between periphyton acetylene reduction (AR) under light 

conditions and periphyton TP (a) and TN:TP ratio (b) in the dry and wet 
seasons.  

(a) Log(AR_light) = 0.003*TP + 0.06

                   R
2
 = 0.32, P <0.0001

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 200 400 600 800

Periphyton TP  (mg/kg)

L
o

g
(A

R
_

li
g

h
t)

(b) Log(AR_light) = -0.003*(TN:TP) + 1.5

                          R
2
 = 0.50, P <0.0001

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 200 400 600 800

TN:TP molar ratio of the periphyton

L
o

g
(A

R
_

li
g

h
t)

       



 

68 

 

δ
15

N = 0.4*(Soil δ
15

N) - 1.2

R
2
 = 0.22, P <0.05

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Soil δ
15

N (‰) 

P
e

ri
p

h
y
to

n
 δ

1
5
N

 (
‰

)

 
Figure 3-4.  Relationship of periphyton δ15N (‰) with soil δ15N (‰).  
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Figure 3-5.  Relationship between periphyton δ15N (‰), acetylene reduction rates (AR), 
TP and TN:TP ratio  
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CHAPTER 4 
SEASONAL PATTERN OF PERIPHYTON NITROGENASE IN THE SHORT-

HYDROPERIOD, CALCAREOUS WETLANDS 

Background 

Periphyton are complex assemblages of cyanobacteria, algae, heterotrophic 

microbes, microfauna and detritus growing attached to a substrate, and can also be 

called cyanobacteria mats. Periphyton are widely distributed in aquatic systems, 

limestone-based tropical wetlands in the Caribbean, Florida Everglades, Yucatan 

Peninsula of Mexico and Belize alkaline marshes (Rejmánková and Komárková 2000; 

Gaiser et al. 2011; Vargas and Novelo, 2007; Rejmánková et al. 2004). As an important 

component of these ecosystems, periphyton perform a range of vital functions including: 

facilitating and stabilizing soil formation through calcium carbonate precipitation 

(Hagerthey et al. 2011); serving as a main contributor to primary productivity 

(McCormick and O’Dell 1996; Gaiser et al. 2011); regulating water column nutrient 

levels and benthic fluxes; and based on species composition and microbial activities, 

serving as a sensitive indicator of water quality and nutrient status (McCormick et al. 

1996; McCormick and Stevenson 1998; Sharma et al. 2005; Jasrotia and Ogram 2008; 

Scott et al. 2007, 2008, 2009). In addition, periphyton can be an important nitrogen (N) 

source as diazotrophs in the periphyton convert atmospheric N2 to bioavailable N forms. 

However, not many studies have focused on the contribution of N2 fixation by these 

organisms, especially in tropical wetlands (Vargas and Novelo 2007). 

Periphytic mats are a ubiquitous feature of the Florida Everglades, USA, and can 

be categorized into four distinct habitats including the marl prairies and rocky glades, 

the ridge and slough of the central Everglades, the soft-water marshes (such as Water 

Conservation Area-1, WCA-1), and the coastal mangroves along Florida and Biscayne 
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Bays (Gaiser et al. 2011). Periphyton can be further classified into two habitats, based 

on hydroperiod including long (flooded for more than 8 months of the year) and short 

(inundated for less than 8 months of the year) hydroperiod marshes (Acosta and Perry 

2000). Accordingly, spatial patterns of periphyton species composition, abundance, and 

appearance with water quality and hydrologic conditions have been well described 

(Browder et al. 1994; Gaiser et al. 2011; Gottlieb et al. 2005; Iwaniec et al. 2006). In 

comparison, the temporal dynamics of periphyton has received less attention.  

McCormick et al. (1998) described the changes of the periphyton biomass and 

species composition during the wet and dry season in the long-hydroperiod northern 

Everglades, finding that epiphyton and metaphyton biomass was seasonal and peaked 

during the wet season. In contrast, seasonal variation of periphyton has been rarely 

studied in short hydroperiod marshes (Gottlieb 2003). These short-hydroperiod 

periphyton have a rapid response to the dry-rewetting cycle similar to cyanobacterial 

crust communities found in desert environments (Gottlieb 2003; Belnap 2004; Aranibar 

et al. 2003; Pócs 2009). Gottlieb (2003) found that the dry short hydroperiod mats 

became net primary producers within a short time after hydration. Similarly, respiration 

and photosynthesis of soil biological crusts in the southern Utah begin almost 

immediately upon rewetting; but there is generally a lag phase between wetting and the 

initiation of N2 fixation, with a further lag time before maximal fixation rates are reached 

(Belnap 2001). The longer they are desiccated, the more time it takes for N2 fixation to 

begin and to reach maximal rates after rewetting (Belnap 2001). Therefore, sampling 

strategy with finer time span is needed to know more details about the temporal pattern 

of periphyton especially in the short hydroperiod landscape.  
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It is well known that periphyton can be used as a indicator of restoration in the 

Florida Everglades since it responds very rapidly to the changes in the two dominant 

drivers of wetland structure and function, i.e., hydrology and water quality (McCormick 

et al. 1996; Gaiser et al. 2004; Gaiser 2009). Specifically, phosphorus (P) the limiting 

nutrient in most areas of the Everglades controls the abundance and community of the 

periphyton (McCormick et al. 1996). However, few people have investigated the 

response of periphyton N2 fixation to the nutrient status in Everglades (Inglett et al., 

2004, 2009, 2011; Jasrotia and Ogram 2008) though in other ecosystems like lakes, 

numerous evidences have shown that P regulates N2 fixation. Moreover, some fractions 

of Everglades have been experiencing a shift from P limitation to N limitation, such as 

the downstream areas towards Florida Bay where P derive from the Gulf of Mexico is 

much more abundant (Childers et al. 2006; Inglett et al. 2011). In those areas under the 

N limitation, periphyton N2 fixation will function as an important N source and serves as 

another attribute of periphyton except biomass and species composition in indicating 

the restoration process.   

The Hole-in-the-Donut (HID) located in the Everglades National Park is such a 

case that P was accumulated from the historical agricultural activities (Smith et al. 2011, 

Fig. 4-1). To restore the HID to its originally low nutrient status, the technique of 

complete soil removal was adopted (Li and Norland 2001; Dalrymple et al. 2003). In this 

process soils are mechanically cleared to bedrock and allowed to naturally reestablish 

biotic communities such as periphyton and macrophytes. During the HID restoration 

processes, periphyton plays an important role in soil formation, as a source of organic 

matter and calcium carbonate (CaCO3) both main components of marl soils (Gaiser et 
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al. 2011). N2 fixation of periphyton also provides an important N source particularly in 

the recently cleared sites where N is limiting (Smith et al. 2011; Inglett et al. 2011). Liao 

and Inglett (2012) described the spatial pattern of periphyton N2 fixation in two restored 

and one reference wetlands in this area. However, temporal dynamics of periphyton N2 

fixation is still lack of understanding. Therefore, the following questions were proposed 

in this study: (1) Does N2 fixation vary with time in the subtropical, oligotrophic, 

calcareous prairie wetlands? (2) Are the seasonal patterns for the restored and native 

wetlands the same? and (3) What nutrient parameters control seasonal changes of 

periphyton N2 fixation in these wetlands.  

Materials and Methods 

Study Site 

Two restored wetlands (cleared in 2000 and 2003, and referred to as Res2000 

and Res2003, respectively) as well as an unfarmed reference site adjacent to the 

restored areas were selected in the HID region of Everglades National Park (Fig. 4-1). 

In each site, two sampling stations with different elevation were identified (Fig. 4-1). The 

soil depth, vegetation composition, and the periphyton description were the same as the 

previous chapter.  

Precipitation, water depth, and solar radiation for this location are shown in Fig. 4-

2. The mean daily precipitation and temperature were obtained from the Royal Palm 

Ranger Station of South Florida published by National Oceanic and Atmospheric 

Administration (NOAA). Water depth was estimated by subtracting the water level from 

site elevation. The water level was provided by the Everglades National Park from a 

nearby station and corrected based on a common datum (NAD88). Seasonal levels of 

photosythetically reactive radiation (PAR, μmol m-1s-1) were estimated by multiplying the 
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solar radiation (W m-2) observed at the weather station in the Florida International 

University with conversion factor 1.93 in the winter and 1.95 in the summer (Lee and 

Downum 1991) (Fig. 4-2). 

Field Sampling 

The study sites were visited in the wet and dry season during 2010 and 2011 

(April, May, June, July, and September in 2010 and January, May in 2011). Based on 

water levels and rainfall patterns, the seven sampling dates were classified into wet and 

dry season, where the dry season included the April, May, June 2010 and January in 

2011, and the wet season included the July and September samplings.  

A grid sampling system was used in this study as follows. Three 10×30 m plots 

were designated in each sampling station. Each of these plots was further divided into 

seventy-five 2 m×2 m sampling squares. At each sampling, three 2 m×2 m grid squares 

were randomly sampled within each 10×30 m plot and composited to form one replicate. 

Thus, for each sampling, nine 2 m×2 m sampling squares were composited to form 

three replicates. All samples were sealed in plastic bags and kept on ice until their 

return to the laboratory where the samples were refrigerated at 4°C until subsequent 

analysis.  

Nitrogenase Analysis 

Nitrogenase activity (N2 fixation) was measured using the acetylene (C2H2) 

reduction (AR) assay described by Inglett et al. (2004). The details are the same as the 

previous chapter, also could referred to Liao and Inglett (2012).  

When estimating the annual fixed N, I (1) used the periphyton biomass data from 

the previous study (February 2010, Liao and Inglett 2012) and assumed the biomass 

was constant with the season; (2) averaged the N2 fixation rates from April, May, 
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January and June sampling as the N2 fixation rate in the dry season (7 months), the 

rates from July and September sampling as the N2 fixation rate in the wet season (5 

months); (3) day length was considered as 12 hours of light and 12 hours dark. 

Following the incubation, periphyton contained in each tube was dried at 70°C for 

3 days to determine their moisture contents. The dried sample was then ground using a 

ball mill for chemical and isotopic analysis.   

Chemical and Isotopic Analysis  

When surface water was present (e.g., in July and September), triplicate water 

samples from the sites were randomly collected, which were filtered through the 0.45 

μm membrane, acidified, and stored on ice until their return to the laboratory. 

Ammonium (NH4
+) and soluble reactive phosphorus (SRP) were measured by flow 

injection with a Bran+Luebbe Auto Analyzer 3 Digital Colorimeter (Bran+Luebbe, 

Norderstedt, Germany) for NH4
+ (EPA Method 350.1) and nitrate (NO3

-) was measured 

on a Alpkem Rapid Flow Analyzer 300 Series (Alpkem Corp., Clackamas, Oregon) 

using EPA Method 353.3. Total Kjeldahl nitrogen (TKN) was determined via Kjeldahl 

block digestion and analyzed by flow injection with a Bran+Luebbe Auto Analyzer 3 

Digital Colorimeter for NH4
+ (EPA Method 350.1). Total dissolved phosphorus (TDP) 

was measured as SRP on a Bran+Luebbe Auto Analyzer 3 Digital Colorimeter after 

digestion with H2SO4 and potassium persulfate (EPA Method 365.1).  

Periphyton total carbon (C) and N content were measured using Thermo Flash EA 

1112 elemental analyzer (CE Elantech Inc.,USA). Total P of periphyton was measured 

colorimetrically on a Shimadzu UV-160 spectrometer (Shimadzu Cor., Kyoto, Japan) 

using EPA method 365.1 following ashing and dissolution in 6M HCl (Anderson 1976).  

Loss-on-ignition (LOI) was obtained by combustion in the muffle furnace at 550°C for 4 
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h. Stable N isotopic ratios were determined using a Finnigan MAT Delta Plus isotopic 

ratio mass spectrometer (Finnigan Corp., San Jose, CA) (Inglett and Reddy 2006) and 

expressed as permil (‰) differences from the standard isotopic ratio of atmospheric N2 

(0.3663%) using delta notation (δ) as follows: 
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Statistical Analysis 

Data were analyzed with JMP v.8© statistical software (SAS Institute Inc., Cary, 

NC). Shapiro–Wilk test was used to test for normality, and data were log transformed 

when necessary. A three-way ANOVA was applied to analyze the main effects of site, 

elevation and time and their interactions on periphyton properties, followed by Tukey’s 

tests (P<0.05) for means comparisons. Regressions between the nitrogenase activity 

and the nutrients of periphyton were performed using the linear least-squares method 

for the wet and dry season.   

Results  

Periphyton Properties 

Results of the three-way ANOVA demonstrated that the factors of time and site 

had significant effects on almost all the periphyton parameters (Table 4-1), while 

elevation significantly affected TP, TN:TP molar ratio, δ15N and the N2 fixation rates 

(Table 4-1). For some parameters, such as TP, TN:TP, and the N2 fixation rates, there 

was a significant interaction between time, site and elevation (Table 4-1).  

In all the samplings, TN of periphyton was significantly higher (P<0.05) in the 

reference site, followed by the Res2000 site and the lowest TN values in the Res2003 

site (Fig. 4-3). Converting concentration to an areal basis, TN storage in periphyton was 

http://en.wikipedia.org/wiki/Shapiro%E2%80%93Wilk_test
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even higher at the reference site (mean of 15.6 g N m-2) compared to either the 

Res2000 or Res2003 wetlands with an average of 8.0 g N m-2 and 6.4 g N m-2, 

respectively (Fig. 4-6). 

Both site and elevation were significant factors affecting TP and TN:TP ratio 

(Table 4-1). TP was 2–3 times higher in the restored sites than the reference sites, but 

the specific magnitudes and orders among the three sites were variable between the 

high and low elevation (Fig. 4-3). In the Res2000 site, significantly higher TP values 

were observed in the high (181–532 mg kg-1) compared to the low elevation (75–171 

mg kg-1). However, no significant differences of TP were found between the high and 

low elevation in either of the Res2003 or reference sites. Accordingly, significantly lower 

TN:TP ratios of periphyton were found in the restored areas (88–336 in the 2003-

restored site) compared to the reference site (199–840)(P<0.05) (Fig. 4-3). The effect of 

elevation was significant only for the TN:TP molar ratio of the Res2000 site where 

significantly higher ratios were observed in the low elevation (163–382) than in the high 

elevation (24–154) (P<0.05).  

The stable N isotope ratios (δ15N) fell in the range of -1.9 to 0.9‰ among the three 

sites (Fig. 4-4). There were not consistent orders in magnitude among the three sites. 

During most of the sampling dates for all the three sites, the δ15N was higher in the low 

elevation than the high elevation (Fig. 4-4). 

Nitrogen Fixation 

Nitrogen fixation rates measured by acetylene reduction (AR) for the periphyton in 

the reference site were significantly lower than the restored sites (P<0.05); especially 

during the wet season (e.g., July), where periphyton AR rates under light condition were 

approximately 10 times that in the reference site (Fig. 4-5). Using the biomass 
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estimated from a previous study (Liao and Inglett, 2012) and the theoretical ratio of 

three moles of C2H4 produced per mole of N2 fixed, it was estimated that approximately 

0.4 g N m-2 yr-1 was fixed by the periphyton in the Res2003 site compared to 0.2 g N m-2 

yr-1 in the reference site (Fig. 4-6). 

Seasonal Patterns  

In all sites, concentrations of major nutrients showed contrasting seasonal patterns 

during the study (Fig. 4-3).  TN showed a general decrease throughout the summer 

from May to July followed by an increase from September to the next May in the 

Res2000 site and reference sites (Fig. 4-3). The seasonal patterns of TP and TN:TP 

molar ratio in the Res2000 and reference sites were similar and more apparent than the 

pattern observed in the Res2003 site (Fig. 4-3). The TP peak and minimum for the 

reference site appeared in September (147 ± 6 mg kg-1) and April (63 ± 5 mg kg-1). 

Accordingly, the TN:TP ratio showed in a inverse way with the peak in April (595 ± 56) 

and the minimum in September (221 ± 6). Similarly, for the Res2000 site, the TP varied 

from 165 ± 4 (September) to 91 ± 5 mg kg-1 (April) in the low elevation station while from 

523 ± 9 (September) to 263 ± 82 mg kg-1 (July) in the high elevation station. Inversely, 

the peak and minimum of TN:TP ratio appeared in April (352 ± 11 and 112 ± 21 for the 

low and high elevation, respectively) and September (171 ± 6 for the low elevation and 

43 ± 10 for the high elevation), respectively. In contrast, the TP and TN:TP ratio in the 

Res2003 site did not vary as much with season as in the other two sites, with the peak 

and minimum of TP in July (192 ± 31 mg kg-1) and May (118 ± 11 mg kg-1); and TN:TP 

ratios in April (228 ± 35) and July (144 ± 25).  

Despite the appearance of similar trends, there was not a clear seasonal pattern of 

periphyton δ15N in any of the three sites (Fig. 4-4). Overall, there was an increase from 
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the end of the dry period (i.e., April and May) into the beginning of the wet season (i.e., 

June). Values remained stable during the flooded time period of July and September, 

but did not return back to the initial level as a cycle in the next May 2011.   

The seasonal patterns of N2 fixation rates for the periphyton under both light and 

dark conditions (the dark condition is not shown) in all the three sites appeared to follow 

a unimodal curve (Fig. 4-5). The peak of periphyton AR rates in the Res2000 and 

Res2003 areas appeared in July within the range of 20–79 nmol g-1dw h-1 and 31–53 

nmol g-1dw h-1, respectively. In contrast, the peak of periphyton AR rate at the reference 

site was observed in September with the range of 2–5 nmol g-1dw h-1. 

Relationship between N2 Fixation, TN, TP, TN:TP and δ15N 

Throughout the seasonal sampling, there were strong correlations between 

nitrogenase activity and measured physical, chemical, and isotopic variables (Table 4-2, 

Fig.4-6). Periphyton moisture contents displayed a significantly positive relationship with 

the AR rates in the dry season (R2=0.5, P<0.0001) but not in the wet season (R2=0.002, 

P=0.78). Overall, nitrogenase activity was negatively related with TN:TP ratio, while 

correlations with other parameters were seasonal. For example, in the dry season there 

was no significant correlation between the TN content, but rates of AR were positively 

correlated with TP (R2= 0.25, P<0.05) and negatively correlated with TN:TP molar ratio 

(R2= 0.27, P<0.05) (Table 4-2). In contrast, for the wet season, TN had a significantly 

negative correlation with the N2 fixation rates (R2= 0.42, P<0.05), while TP did not (R2= 

0.14, P=0.23) and TN:TP molar ratio again showed a significant negative correlation 

with AR rate (R2= 0.62, P<0.05) (Table 4-2). Overall, δ15N had an inverse pattern of the 

AR rates through the three sites with higher AR rates and correspondingly lower δ15N 
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values in the restored sites (Fig. 4-6). Within a given site, however, periphyton δ15N 

changed little (less than 0.5‰) despite an approximately 10 fold change in AR rates.  

Discussion 

Spatial and Seasonal Patterns of Periphyton N2 Fixation 

The site differences in nitrogenase activity agreed with previous studies conducted 

in this area (Liao and Inglett 2012) where higher N2 fixation rates were found in the 

restored sites than in the reference site. I also found in this study that AR rates were 

often greater in the high elevation sites, but in July when the sites were flooded, the AR 

rates were higher in the low elevations sites (Fig. 4-5). Higher P levels in the high 

elevations (Fig. 4-3) could explain the greater AR rates in that location; however, in 

these shallow wetland systems, elevation is also a surrogate of hydrology (Smith et al. 

2011) which could regulate periphyton productivity and nitrogenase activity through 

patterns of flooding and drought. The low elevation is more frequently inundated and the 

water depth tends to be higher than the high elevation station. In this regard, the light 

availability for the periphyton in the low elevation would decline more quickly with the 

deeper water depth than the high elevation (Hagerthey et al. 2011; Kahn and Wetzel 

1999), leading to more flood-tolerant N2-fixers dominated in the low elevation stations 

which could fix N2 more efficiently in the wet season.  

I observed very pronounced seasonal patterns of N2 fixation with overall higher N2 

fixation in the wet season (e.g., July and September) (Fig. 4-5). These patterns in the 

restored sites (Fig. 4-5) were similar with those observed in Water Conservation Area-

2A (WCA-2A) of the northern Everglades (Inglett et al. 2004), in which the AR rates of 

the floating mats showed a peak in July and then dropped dramatically in September 

and continued the decline to a minimum in November. In contrast, for the reference site, 
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the nitrogenase pattern was much more gradual increasing to a later peak in 

September.  

Considering the seasonality of N2 fixation, the estimated areal annual N fixed by 

periphyton in this study was much higher with the average of 0.4 and 0.2 g N m-2 yr-1 

compared to the previous estimate with the average of 0.1 and 0.05 g N m-2 yr-1 in the 

restored and reference sites, respectively (Liao and Inglett 2012). This study resulted in 

a larger estimate primarily because the previous study missed the dramatic high peak of 

nitrogenase activities observed in the early wet season. 

A variety of factors have been used to explain patterns of nitrogenase activity in 

algal systems. Rejmánková et al. (2004) reported that N2 fixation of periphyton in a 

tropical marsh of Belize was higher in the wet season (i.e., July and September), and 

they speculated that warmer temperatures and higher solar radiation facilitate N2 

fixation. Vargas and Novelo (2007) also found that the highest AR rates of periphyton 

appeared during the rainy season in the Yucatan peninsula. In the northern Everglades, 

Inglett et al. (2004, 2009) suggested that nutrient levels in combination with elevated 

water temperatures and patterns of exposure to UV light at the water surface could 

explain relative rates of N2 fixation in floating periphyton mats. 

In the extreme dry season (e.g., May and January), the periphyton in my study 

sites was more like the soil biological crusts in arid or semiarid ecosystems where water 

availability is highly influential on periphyton activity (Garcia-Pichel and Pringault 2001; 

Stradling et al. 2002; Belnap et al. 2004). In this study, moisture content explained 

approximately 50% of the variation in N2 fixation rates (R2=0.51, P<0.0001). 

Nitrogenase activity is absent during dry periods but recovers rapidly following 
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rehydration in the arid ecosystems (Evans and Johansen 1999; Jeffries et al. 1992; 

Rychert and Skujinš 1974; Skujinš and Klubek 1978). It was similar in this study with a 

dramatic pulse of AR rates in July after the dry season for the restored sites (Fig. 4-5).  

In addition, light intensity could exert an influence in N2 fixation by 

photosythetically-driven N2 fixers (Howarth et al. 1988b; Rejmánková and Komárková 

2000). In contrast with other parts of the Everglades, the periphyton of this marl prairies 

was benthic. In September, light available for the inundated periphyton was decreased 

both as incident solar radiation and by the increase of water depth (more flooded than 

July) (Fig. 4-2). Less light penetrating to the benthos could explain the decline of AR 

rates after July. 

Relationship of N2 Fixation with Nutrient Status 

The spatial pattern of periphyton TN and TP between the restored and reference 

sites agreed with a previous study conducted in this system (Liao and Inglett 2012). The 

significant effects of elevation on the TP and TN:TP ratios in the Res2000d site were 

unclear, however the enrichment of P in the Res2000 high station may be the result of 

this site being farmed more frequently throughout its history prior to restoration (Smith et 

al. 2011). In this study, periphyton TN:TP ratios were in a wide range from 24 to 840 

and the values for the reference site were consistently higher than those in the restored 

sites, which may suggest that reference site would be strongly limited by P, while 

restored areas would be either N-limited or co-limited by N and P. In this regard, the 

result that periphyton in the restored sites with lower N content tend to fix more N would 

be an internal mechanism of overcoming N limitation (Scott et al. 2007). If ignored other 

N sources and the N loss from periphyton, to accumulate the similar amount N in the 
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reference site (15.6 g N m-2), it would take 38.8 years for the Res2000 wetland and 37.7 

years for the Res2003 wetland. 

The seasonal pattern of TN was in contrast with the results reported by Scott et al. 

(2007). In their study, they found that TN was increasing throughout the summer (from 

May to July) before falling down in September. It was found that there was a gradual 

increase of TP after the dry period (i.e., April and May) with peaks appearing at different 

times for different sites (Fig. 4-3). This could be explained by the dry-rewetting theory 

summarized by Gottlieb et al. (2005) and Thomas et al. (2006) where it was found that 

after two days flooding, rapid recovery allowed the re-absorption of 90% of released TP 

from periphyton mats. In all of the three sites, an increase of TP in the wet season but 

time-delayed in the reference site and Res2000 site were observed, which would be the 

different recovery time and P-uptake and release rates in the different sites. 

Furthermore, since the increase of TP could elevate the N2 fixation as discussed before, 

the dry-rewetting regime could explain the increase of AR rates in the flooded July and 

September. 

Nitrogenase activity will be stimulated by higher P and inhibited by excess N 

(Howarth et al. 1988a, 1990; Smith 1990; Rejmánková and Komárková 2000, 2001; 

Inglett et al. 2004, 2009). For this study, in the dry season with lower P and higher N 

content, periphyton nitrogenase activity was only significantly positively correlated with 

TP. In the wet season when P increased and N content declined, nitrogenase activity 

significantly correlated with N content instead (Table 4-2). Through both seasons, 

TN:TP ratio was significantly negatively correlated with nitrogenase activity (Table 4-2). 

It seems to indicate that during the development of periphyton, P would become the 
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primary control factor of N2 fixation at the very beginning with lower nitrogenase activity; 

then with the time when fixed N is high (i.e., higher nitrogenase activity), the N2 fixation 

tends to be inhibited by the availability of an alternative N source (Doyle and Fisher 

1994; Crews et al. 2001ab), such as extractable inorganic N from attached soil 

mineralization.  

Water column NO3-N in this study was very low (1.0 to 28 μg L-1) while dissolved 

NH4-N was higher (11 μg L-1 to 63 μg L-1). However, Horne et al. (1972, 1979) found 

that planktonic N2 fixation was regulated in part by NO3
- and NH4

+ concentrations; 

heterocyst formation by cyanobacteria was suppressed at nitrate concentrations of 2.0–

2.2 μg L-1 and NH4-N concentrations of 20–168 μg L-1 (Horne et al. 1979). This may 

explain why N2 fixation rates for the reference site did not reach the peak in July where 

the dissolved NO3
- was significantly higher with the average of 15 ± 4 and 20 ± 4 μg L-1 

in the high and low elevation, respectively, compared to the two restored sites (Table 4-

3).  

Relationship of N2 Fixation with δ 15N 

In general, N2 fixation by cyanobacteria is accompanied by relatively little isotopic 

fractionation and as a result, N-fixing cyanobacteria should have δ15N close to 0 ‰ 

(Goericke et al. 1994; Kline and Lewin 1999). In this study, the δ15N of periphyton over 

all three sites fell within the range of -2‰ to 2‰ (Fig. 4-4), which agrees with 

observations from other studies (Nadelhoffer and Fry 1994; Gu and Alexander 1993; 

Rejmánková et al. 2004).  

One source of evidence to substantiate a seasonal N2 fixation pattern could be the 

seasonal trend of periphyton δ15N where it is widely regarded that relative increases in 

N2 fixation coincide with lower values of δ15N (Rejmánková et al. 2004, Inglett et al. 
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2004, Scott et al. 2007). However, in this study, the δ15N did not agree with the results 

from the northern Everglades (Inglett et al. 2004) where δ15N had a significant seasonal 

pattern with a recorded maximum in January (δ15N=2.7‰) and minimum in July 

(δ15N=1.1‰). The 15N depletion also did not correspond with the seasonal peak in 

nitrogenase activity, where in July, near maximum δ15N coincided with the highest 

nitrogenase activity (Fig. 4-4).  

As discussed before, δ15N had an obvious inverse pattern with the N2 fixation 

across the sites (Fig. 4-6), suggesting it is a good indicator of N2 fixation for the different 

sites; however, it may not be as a reliable indicator through different season. These 

results were also supported by Scott et al. (2007) that metaphyton δ15N decreased with 

increasing N2 fixation during the May, July and September sampling at the Lake Waco 

Wetland complex, near Waco, Texas, US, but  the correlation between these variables 

did not appear robust among months. 

The possible explanation for this contradicted observation is that the N isotopic 

signatures would depend on other environmental factors. For example, MacLeod and  

Barton (1998) found that the isotopic signatures for N in samples of periphyton in a 

small headwater stream varied with light intensity and season. Kendall et al. (2001) 

observed a strong negative correlation between periphyton N isotopic composition and 

water depth. Inglett et al. (2004), however, found a positive relationship between δ15N 

and water depth. The δ15N values of inorganic N in the rainwater and the surroundings 

could also affect the final N stable isotopic signature of the periphyton (Scott et al. 

2007), which would weaken the correlation with nitrogenase activity (Rolff et al. 2008).  
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Denitrification could also raise the δ15N values of periphyton (Kendall and 

McDonnell 1998; Triska and Oremland 1981). Independent measurements of soil at 

these sites showed high denitrification potential in the July and September (unpublished 

data), which could enrich the N stable isotope signature of available N and weaken the 

correlation of the δ15N with nitrogenase activity. Hagerthey et al. (2011) also 

emphasized that although nitrification and denitrification has not been directly 

measured, they cannot be easily discounted because anoxia does occur in periphyton. 

In addition, the final δ15N of periphyton is an integration of N isotopic signatures of all N 

sources, thus the seasonal changes of other components attached with periphyton, 

such as soils and plants, could also affect the δ15N natural abundance (Handley and 

Raven 1992; Nadelhoffer and Fry 1994; Inglett and Reddy 2006).  

Conclusions 

Periphyton has important ecological functions in the Everglades, especially 

through N2 fixation which is considered as a major part in the N budget (Wozniak et al. 

2008; Inglett et al. 2011). Of the two main periphyton habitats in the Florida Everglades, 

few records on the spatial and temporal pattern of periphyton N2 fixation exist in the 

short-hydroperiod wetland ecosystem, which responds more rapidly to the dry-rewetting 

regime and is therefore highly seasonal (Gaiser et al. 2011). This study focused on the 

seasonal pattern of nitrogenase activity of periphyton in native and restored marl prairie 

wetlands of the Hole-in-the Donut region of the Southern Everglades. 

Similar seasonal patterns of N2 fixation were observed among the natural and 

restored sites, with higher rates in the wet season, especially in the flooded period from 

July through September. The peak of N2 fixation differed between native and sites 

restored by complete soil removal. In native reference areas, the seasonal pattern was 
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a gradual increase and decrease throughout the year with a peak observed in 

September, while most N2 fixation occurred during a brief 2–3 month period at the onset 

of flooding and a peak in July for the two restored sites. Calculated annual rates from 

the seasonal patterns were higher compared to the previous results (Liao and Inglett 

2012) when real peaks were included in this study.  

In this study, N2 fixation was controlled by both physical (moisture) and chemical 

(N and P) parameters. Dry season rates were a function of both moisture content 

(hydrating periphyton) and P content, while during flooded months excess N levels 

appeared to suppress nitrogenase activity. Unlike other studies, seasonal patterns of 

periphyton δ15N did not strictly correlate with N2 fixation. In general, δ15N in the three 

sites showed inverse pattern of the N2 fixation rates, but the negative relationship was 

much weaker in the wet season (e.g., July and September). It is suggested that δ15N 

could be a good indicator of the relative N2 fixation between sites, but would not be as 

robust in determining seasonal N2 fixation since the final δ15N values of periphyton 

integrate a variety of N sources and processes (e.g., denitrification).  

Results of this study have important implications for the N budget of the HID 

wetlands and other wetlands with extreme seasonal dry/wet cycles. The dynamic 

interaction between flooding, nutrient availability, and periphyton N2 fixation warrant 

further study in light of N cycling in both native and restoring systems. More work is also 

needed to relate seasonal patterns of species composition to those observed for 

nutrients and nitrogenase activity in this study. Understanding the seasonal dynamics of 

these parameters can help improve the models for N dynamics and our understanding 
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of the role of periphyton in Southern Everglades marshes and other similar wet prairie 

wetlands. 
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Table 4-1.  Summary of three-way ANOVA tests for main effects and interactions of 
time, site, and elevation on periphyton parameters: loss of ignition (LOI, %), 
total nitrogen (TN, g kg-1), total phosphorus (TP, mg kg-1), TN:TP molar ratio, 
N stable isotopic signature (δ15N, ‰), N2 fixation measured by acetylene 
reduction rates under light condition (AR_light, nmol C2H4 g

-1 dw-1 hr-1) and 
the ratios of AR under light and dark conditions (AR_L:D). *-P<0.05; **-
P<0.01, ***-P<0.001, NS-no significant difference. 

Source LOI TN TP TN:TP δ15N AR_light AR_L:D 

time ** * * ** ** ** NS 
site ** ** ** ** ** ** ** 
elevation NS NS ** * ** * NS 
time×site ** NS NS * NS ** NS 
time×elevation NS NS NS NS NS ** * 
elevation×site NS NS ** ** NS NS NS 
time×site×elevation NS NS NS NS * NS NS 
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Table 4-2.  Mean water chemistry values observed at the two restored wetlands 
(Res2000 and Res2003) and the native reference wetland (Reference) in 
different elevation. during the wet flooded sampling time (July and 
September, 2010). Data were represented as the mean (standard error). 
DOC-dissolved organic carbon, TDP-total dissolved phosphorus, TDKN-total 
dissolved Kjeldahl nitrogen. N=3. 

Site Elevation 
DOC NH4-N NO3-N TDP TDKN TDKN:TDP 
mg L-1 μg L-1 μg L-1 μg L-1 mg L-1 mol:mol 

July, 2010        

Res2000 
High 9.5 (1.9) 41 (7) 4.2 (0.1)

 
4.4 (0.4) 0.7 (0.1) 437 (43) 

Low 14 (0.4) 42 (2) 5.1 (0.3) 4.4 (0.3) 1.4 (0.0) 696 (40) 

Res2003 
High 5.3 (0.5) 19 (0) 5.4 (0.9) 3.9 (2.0) 0.5 (0.1) 541 (26) 
Low 7.8 (0.2) 25 (1) 5.9 (0.2) 4.4 (1.8) 0.6 (0.0) 542 (104) 

Reference 
High 5.8 (2.0) 46 (9) 15 (4.3) 4.0 (1.0) 0.9 (0.3) 464 (134) 
Low 7.4 (0.9) 34 (4) 20 (4.1) 1.8 (0.2) 0.9 (0.1) 1124 (206) 

Sep., 2010       

Res2000 
High 4.2 (0.2) 12 (1) 1.0 (-)

 
3.4 (0.4) 0.8 (0.0) 516 (27) 

Low 3.6 (0.2) 13 (1) 2.1 (-) 5.9 (2.5) 0.8 (0.1) 506 (8) 

Res2003 
High 2.9 (0.1) 19 (5) 4.8 (0.3) 2.9 (0.1) 0.6 (0.1) 475 (36) 
Low 4.4 (0.6) 20 (9) 4.8 (0.4) 4.4 (0.9) 0.8 (0.0) 436 (73) 

Reference 
High 5.3 (0.2) 16 (0) 1.2 (0.2) 7.1 (0.4) 0.9 (0.0) 267 (17) 
Low 4.4 (0.5) 21 (0) 1.8 (0.4) 5.9 (0.9) 1.0 (0.2) 386 (44) 
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Table 4-3.  Correlation between the N2 fixation measured by acetylene reduction (AR) 
rates and total nitrogen (TN), total phosphorus (TP) and TN:TP molar ratio in 
the wet (right side, N=22) and dry season (left side, N=12). The AR rates 
satisfied the normalization after the log transformation (Y=log (AR)). The wet 
season included the July and September sampling results and the dry season 
included the April, May, June and January sampling results.  

Parameters (X) Dry season Wet season 

TN Y=0.03X+0.8, R2=0.01, P=0.59 Y=-0.7X+10, R2=0.42, P=0.02 
TP Y=0.002X+0.1, R2=0.25, P=0.02 Y=0.005X+1.3, R2=0.14, P=0.23 
TN:TP molar ratio Y=0.001X+0.9, R2=0.27, P=0.01 Y=-0.02X+4.2, R2=0.62, P=0.003 
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Figure 4-1.  Location of sampling sites in the two restored wetlands (restored in 2000 
and 2003) and a native reference wetland of Hole-in-the-Donut in the Florida 
Everglades, US.  
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Figure 4-2.  Mean maximum (max.) and minimum (min.) daily temperature (temp, oC) 

and mean maximum daily photosythetically active radiation (PAR, μmol m-2 s-

1), mean water depth (WD, mm) (from Jan. to Jun., Nov. to Dec., the water 
depth was negative values), and the daily mean and maximum precipitation 
for the study site in 2010. Date source in details seen in the text.  
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Figure 4-3.  Seasonal patterns of periphyton nutrient in the two restored wetlands 
(Res2000 and Res2003) and the native reference wetland (Reference) during 
2010 and 2011. Elevation factor has a significant effects on the total 
phosphorus (TP) and the TN:TP molar ratio, so the seasonal patterns of TP 
and TN:TP were separate from the high and low elevation.  
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Figure 4-4.  Seasonal changes of periphyton δ15N (‰) in the two restored wetlands 

(Res2000 and Res2003) and the native reference wetland (Reference) in 
different elevation. (* denotes significant elevation difference, P<0.05).   
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Figure 4-5.  Seasonal changes of periphyton acetylene reduction (AR) rates under light 
condition in the two restored wetlands (Res2000 and Res2003) and the native 
reference wetland (Reference) in different elevation. (* denotes significant 
elevation difference, P<0.05) 
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Figure 4-6. Nitrogen fixation measured by acetylene reduction rates (AR) (nmol C2H4 g
-1 

dw h-1), estimated fixed nitrogen per day using the 3:1 ratio and assuming 12 
hours light condition and 12h dark condition (mg N m-2 day-1), nitrogen 
storage (g N m-2), and nitrogen stable isotopic signature of periphyton in the 
dry (including the April, May, June and January, on the left side) and wet 
(including the July and September, on the right side) season for the Res2000, 
Res2003 and reference site. Error bars represent standard error (S.E.). 

 

wet  season

0

10

20

30

40

n
m

o
l 
C

2
H

4
 g

-1
d

w
 h

-1

0

5

10

15

20

Res2000 Res2003 Reference
Site

N
 s

to
ra

g
e

 (
g

 m
-2

)

0.0

0.1

0.2

0.3

0.4

0.5
N storage

N2 fixation

Res2000 Res2003 Reference
Site

0

1

2

3

4

5

m
g

 N
 m

-2
 d

a
y

-1

dry  season  

-1.5

-1.0

-0.5

0.0

0.5

1.0

δ
1
5
N

 (
‰

)

0

1

2

3

4
δ15N

N2 fixation



 

98 

CHAPTER 5 
SEASONAL DYNAMICS OF SOIL NITROGEN PROCESSING DURING THE 
RESTORATION IN SHORT-HYDROPERIOD, CALCAREOUS WETLANDS 

Background 

Nitrogen (N) and phosphorus (P) are critical for primary production (Hecky and 

Kilham 1988; Elser et al. 1990; Vitousek and Howarth 1991). Compared to P cycle, the 

N cycle is more complex especially in wetlands including a diversity of transformations 

(e.g., ammonification, N mineralization, nitrification and denitrification) and numerous 

forms ranging from particulate and dissolved organic to dissolved inorganic and 

gaseous species. The extractable ammonium (NH4
+) and nitrate (NO3

-) as the products 

of N mineralization can be adsorbed by the plants and thus enhance their primary 

production. Microbial groups actively involve in these processes and can decompose 

complex and refractory organic matters into available N by releasing enzymes. 

Denitrification is the major pathway leading to the N loss and potentially contributes to 

the greenhouse gas emission (i.e., the intermediate product N2O).  

Accordingly, a variety of factors regulate N cycling such as temperature, moisture 

content, plant growth. Spatial and temporal variations of these factors and their 

interactions often lead to the high variability of soil N cycle. For example, available N to 

plants (NH4
+ and NO3

-) tend to pulse after a rain event (Cain et al. 1999), and are taken 

up and depleted by plants (Evans et al. 2001; Giese et al. 2011). Temporal pattern of 

soil N cycle can simultaneously reflect the effects of temperature, moisture contents and 

plant growth (Parker and Schimel 2011), thus it is important and necessary to 

understand the temporal or seasonal patterns of N cycle.  

In addition, the temporal patterns of N cycle vary with different climate regime, soil 

types and landscapes. The seasonal pattern in Mediterranean-type climate of California 
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grasslands with wet-and-cool winter and hot-and-dry summer would be expected to 

greatly differ from that found in other grassland systems (Parker and Schimel 2011). 

The seasonal pattern in the tropic or subtropical wetlands would be driven more by 

precipitation rather than temperature in the northern peat wetlands. The acidic and 

calcareous soil would also show a distinct seasonal trend of availability of N (Taylor et 

al. 1982; Van Hoewyk et al. 2000). Many of the N processes are governed by oxidation-

reduction reactions, which in wetlands are mainly caused by hydrologic fluctuations.  

Specifically for the Florida Everglades wetland ecosystem, little has been done on 

the N cycle compared to P (White and Reddy 1999, 2003; Sutula et al. 2001; Inglett et 

al. 2004, 2006, 2009). However, an understanding of N dynamics could be crucial to 

understanding the spread of P impacts in the Everglades systems (Inglett et al. 2011). 

For example, White and Reddy (2000) found that the increase of potentially mineralized 

nitrogen (PMN) was linked to the P enrichment in the northern Everglades. Newman et 

al. (2001) further confirmed their results and concluded P enrichment could enhance 

soil porewater NH4
+ regeneration. N2 fixation, an important function of periphyton, is a 

significant N source in Everglades (Craft et al. 1995) and was reported to be stimulated 

by P (Inglett et al. 2004, 2009). 

Moreover, the diversity of hydrology across the Everglades featured a variety of 

spatial and temporal patterns of N cycle. Most existing researches on N cycle has 

focused on the long hydroperiod wetlands (e.g., northern marshes) that remain flooded 

for more than 8 months of the year (White and Reddy 2000, 2003; Inglett et al. 2004, 

2006). Comparatively less attention has been paid on the short hydroperiod wetlands 

that remain inundated for less than 8 months of the year (e.g., southern marl and 
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calcareous wetlands) (Gottlieb et al. 2005; Gaiser et al. 2011; Sutula et al. 2001). Those 

short-hydroperiod, marl/calcareous wetlands undergo more pronounced dry-rewetting 

periodic cycles that is directly pulsed by seasonal changes of rainfall (Ewe et al. 2006), 

which would lead to distinctive seasonal patterns of N cycle. However, little is known 

about importance of these processes.  

For those reasons, three calcareous wetlands with short-hydroperiod, in southern 

Everglades of Florida, i.e., two restored wetlands with high P and one native reference 

wetlands with low P, were selected to investigate the seasonal patterns of soil N cycling. 

The following questions were proposed: (1) how do soil N availability, the internal 

processes and microbial activities vary with the time? (2) Do the temporal patterns of N 

cycle differ between the restored and reference wetlands? I measured extractable 

inorganic N pools, potentially mineralizable nitrogen (PMN), potential rates of 

denitrification, microbial biomass carbon and nitrogen (MBC and MBN), and N-related 

enzymes seven times during 2010 to 2011. I expected that during the wet season when 

soils are moist and microbes are active, N processing rates and microbial activities 

would be higher. Under the influence of different P concentration, the restored and 

reference sites would show some differences in the seasonal patterns. 

Methods and Material 

Study Site 

The climate of the south Florida mainland is sub-tropical with a rainy season that 

extends from the end of May to October followed by a pronounced dry season from 

November to most of May (Ross et al. 2006). Plant growth also exhibit different 

seasonal patterns. The study site was located in the Hole-in-the-Donut (HID) in the 

Everglades National Park (ENP) which had a long history of farming (Smith et al. 2011). 
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Disturbance and excess nutrients by the agricultural activities led to the invasion of 

Brazilian pepper (Schinus terebinthifolius) after farming ceased (Li and Norland 2001). 

To restore the HID to marl prairie ecosystem, complete soil removal that is removing all 

the vegetation and soil down to the bedrocks was adopted (Dalrymple et al. 2003). 

During the soil development, the young restored sites would be more N limited with high 

P while the reference site tend to limited by P (Smith et al. 2011). 

I selected two wetlands restored in 2000 and 2003 (referred to as Res00 and 

Res03) as well as an unfarmed reference site adjacent to the restored areas in the 

Hole-in-the-Donut region of Everglades National Park (Fig. 4-1). The description of the 

study sites including the vegetation, and soil depth were the same as the Chapter 2. 

Field Sampling 

This section is the same as the Chapter 4  

Soil Physical and Chemical Analysis 

Soil samples were sieved to remove roots and rock fragments greater than 2 mm 

diameter. Sieved soil samples were used in determination of all microbial and enzyme 

related parameters, while a subsample of sieved soil was oven dried at 105°C for 3 

days and ground using a mortar and pestle for moisture content and total nutrient  

determinations.  

The measurement of Loss-on-ignition (LOI), total carbon (TC), total nitrogen (TN), 

total phosphorus (TP), extractable ammonium (NH4-N) and nitrite/nitrate (NOx-N), 

microbial biomass C and N (MBC and MBN) follow the same methods as described in 

the Chapter 2.  

To measure soil potential mineralizable nitrogen (PMN), a procedure modified 

from White and Reddy (2000) was used. The soil was incubated under anaerobic 
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condition at 40°C for 10 days, followed by KCl extraction, and then the NH4-N was 

determined colorimetrically using a TechniconTM Autoanalyzer (EPA 350.1, 1993). On 

the same day as the preparation of the incubated samples, time zero control samples 

were extracted and the NH4-N was measured in the same way. The PMN was 

calculated as the difference between the final and time zero NH4-N content. 

Denitrification Enzyme Activities 

Denitrification enzyme assay (DEA) was modified from Smith and Tiedje (1979), 

using the acetylene block technique (yielding N2O production) and adding sufficient 

NO3
- and carbon source. Triplicate, 5 g wet soil samples were sealed with rubber septa 

stoppers in a 30ml tube; 3ml distilled deionized (DDI) water were added to the tube and 

purged with N2 to maintain anaerobic conditions. 2 ml acetylene gas (C2H2, 

approximately 10% headspace) was injected to the tubes to block the conversion from 

N2O to N2, and the tubes were then shaken for 1h to disperse the gas. After shaking, 

DEA solution (0.202 g KNO3
 L-1, 0.25 g chloramphenicol L-1, and 0.360 g C6H12O6 L

-1) 

purged with oxygen free-N2 gas was added to the tubes. Samples were shaken and 

incubated at room temperature. Headspace gas was collected at 1h interval for about 5 

hours. The potential denitrification rate was calculated from the steepest portion of 

curve produced when cumulative N2O evolution was plotted against time. The sampled 

gas was injected in a Shimadzu GC-14-A ECD gas chromatograph equipped with an 

electron capture detector (ECD) and Porapak Q packed column. The operation 

temperatures for the column, injection port, and detector were set at 70, 120, and 230 

°C respectively. A 10 ppm standard concentration gas (Scott Specialty Gases, Inc., 

Plumsteadville, PA) was used to calibrate the measurement, and results were reported 

as N2O-N produced per gram of dry weight soil per hour.  
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Extracellular Enzyme Activities 

Two N-related enzymes, i.e., N-acetyl-β-D-glucosaminidase (NAG, EC 3.2.1.30) 

and Leucine aminopeptidase (LAP, EC 3.4.11.1), were measured using fluorogenic 

enzyme substrate (Hoppe 1983). Methods were modified from Sinsabaugh et al. (1997) 

to optimize the substrate concentrations in soil samples with fluorogenic substrates 4-

Methylumbelliferyl N-acetyl-β-D-glucosaminide (MUF-N) for NAG, and L-leucine 7-

amido-4- methyl coumarin (AMC) for LAP. Enzyme substrates MUB-N and AMC 

produce fluorochrome methylumbelliferone (MUF) and aminomethylcoumarin (AMC) 

once they are hydrolyzed by the enzyme NAGase and LAPase respectively. The 

fluorescence of samples and standards was measured at excitation of 350nm and 

emission of 450nm using a Bio-Tek Model FL600 fluorometric plate reader (Bio-Tek 

Instruments, Inc. Winooski, VT). The potential enzyme activity was expressed as μmols 

MUF or AMC released g-1dw h-1. 

Statistical Analysis 

Data were analyzed with JMP v.8© statistical software (SAS Institute Inc., Cary, 

NC). A Three-way ANOVA was applied to analyze the main effects of site, elevation and 

time and their interactions on soil properties, followed by Tukey’s tests (P<0.05). When 

there were significant site and date interactions, separate one-way analyses for the 

different sites and dates were performed. All results are reported as significant when P< 

0.05. Multivariate analysis with Pearson product-moment correlation coefficients was 

used to evaluate the relationship between different soil properties. Data were log 

transformed when necessary to improve normality.  
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Results  

Spatial Patterns of Soil Properties  

All the three sites have alkaline soil with pH ranging from 7.4 to 8.5 (Fig. 5-1). In 

general, pH at the reference site was significantly higher than the restored sites. The 

soil moisture contents were significantly lower at the reference site compared to the 

restored sites (Fig. 5-1, P<0.05). Interestingly, the total nitrogen (TN) was higher at the 

Res00 site compared to the reference and Res03 sites. During all the samplings, the 

total phosphorus (TP) at the reference site was significantly lower within the range from 

93 to 199 mg kg-1 compared to the Res00 site from 256 to 888 mg kg-1 and the Res03 

site from 377 to 905 mg kg-1 (P<0.05). Accordingly, the TN:TP molar ratios at the 

reference site were significantly higher than the values in the restored sites (P<0.05). In 

addition, the TOC:TN molar ratios at the three sites were all below 25 with significantly 

higher values at the restored sites compared to the reference site (P<0.05). 

In general, the extractable NOx-N and extractable NH4-N was significantly higher 

at the restored sites compared to the reference site (P<0.05, Fig. 5-2). Patterns of the 

MBC and MBN at the three sites was consistent with Res00 site the highest and the 

reference site lowest; while the MBC:MBN ratio was significantly higher at the reference 

site than those at the restored sites (P<0.05, Fig. 5-3). Overall, significantly higher PMN 

was found at the restored sites than the reference site (P<0.05, Fig. 5-4). 

Significantly higher potential denitrification enzyme activity rates were found at the 

restored sites compared to the reference site (P<0.05) during all the sampling times 

(Fig. 5-5). The two N-related enzymes (LAP and NAG) were significantly higher at the 

restored sites than the values at the reference site during most of the sampling times 

(P<0.05, Fig. 5-6).  
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Seasonal Patterns of Soil Properties 

The total nutrients did not vary significantly with time (Fig. 5-1). Soil moisture 

contents showed a pronounced seasonal pattern at all the three sites with higher values 

in the wet season (i.e., June, July and September) than those in the dry season, 

especially in the May 2011, the soil was extremely dry falling down to 10%-20% 

moisture content (Fig. 5-1). 

The seasonal pattern of extractable NOx-N was inverse with NH4-N that is higher 

values of NOx-N appeared in the dry season while higher values of the extractable NH4-

N occurred in the wet season (Fig. 5-2). The dominant inorganic N form in the HID was 

NH4-N indicated by high NH4-N:NOX-N ratio in most sampling times. However, in the 

extreme dry sampling time (May 2011), the extractable NOx-N exceeded NH4-N 

concentration, and higher PMN was observed in the dry season or the spring rather 

than the wet season (Fig. 5-4). 

The two restored sites demonstrated more similar seasonal patterns and different 

from the pattern at the reference site. Interestingly, the peaks of the MBC and MBN for 

the reference site both appeared in the September while for the restored site, the peaks 

appeared in June or July and January. The ratio of MBC:MBN dropped to the minimum 

values in July.   

The LAP at the three sites showed similar seasonal patterns with significantly 

higher values in September (P<0.05, Fig. 5-5). There were no consistent seasonal 

trends of NAG among the three sites. For the restored sites, the NAG activities dropped 

to the lowest point in July and then increased to the highest point in September; but 

there were not apparent seasonal changes for the reference site compared to the 

restored sites.  
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There was a pronounced seasonal pattern for DEA at all the three sites with higher 

denitrification rate in the wet season and the peak appearing in July. The DEA in the 

May, 2011 was unexpectedly higher comparing with other sampling time in the dry 

season.  

Discussion 

Seasonal Pattern of Available Nitrogen 

In this study, NH4-N concentration was consistently higher than the NOx-N in most 

of the sampling dates. The NH4-N showed inverse seasonal patterns as NOx-N, which 

may contribute to the different properties of the two ions. NH4
+

 tends to bind to the soil’s 

negatively-charged cation exchange complex; while NOx
- does not bind to the soil solids 

because of its negative charges. NOx
- is usually more subject to loss than is NH4

+. 

Significant loss mechanisms include leaching and denitrification. The NOx
- is so soluble 

that it leaches easily when excess water percolates through the soil. In this regard, very 

low NOx-N was measured in the wet season with abundant rainfall in this study (Fig. 5-

2). High NOx-N accumulations during the extreme dry May 2011 was explained by 

reduced ion mobility in thin water films of dry soils (Giese et al. 2011) or as a result of 

high net nitrification (Hefting et al. 2004).  

Different seasonal patterns of available inorganic N and N mineralization rates 

were observed in different ecosystems. Jackson et al. (1998) observed that since plant 

accumulation of N was mainly confined to two short periods of the year: fall and early 

spring in California annual grassland, the soil nitrate was low or depleted. However, 

peak values of available N and mineralization rates were reported in spring and autumn 

in different British grasslands (Morecroft et al. 1992). Taylor et al. (1982) showed 

mineralization rates and instant inorganic N concentrations were maximum in late winter 
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or early spring in an acidic and calcareous soil; and further concluded from other 

researches that overall, the spring peak in N mineralization has been observed by many 

workers. They attribute the high N availability in spring to the ‘partial sterilization’ effect 

of the winter climate where protein substrate accumulates from the death of soil 

organisms and can be utilized when warmer conditions allow the development of the 

appropriate microbial populations. The decline in the N mineralizaton rates during late 

spring and early summer may be due to the lowest soil water contents.  

In this study, N mineralization did not exhibit a pronounced seasonal pattern but 

lower rates were observed in the summer period (wet season) and increased in the end 

of the winter (January) and the spring (April). However, in the summer, the moisture 

contents were not low; the ‘partial sterilization’ theory otherwise would not be possible to 

explain the pattern in this study since the Florida winter was still warm with the mean 

daily temperature dropping to 15°C (grey line at the bottom of Fig. 5-3). The results here 

contradict the results reported by Sing and Kashyap (2007) that during an annual cycle 

the maximum N-mineralization rates were recorded in the rainy season in a seasonally 

dry tropical forest and savanna ecosystems in Vindhyan region, India. However, as they 

suggested, the variations in rates are related to differences in soil moisture content, 

nutrient status and vegetation cover in combination with other environmental factors.  

In addition, since TP and TN:TP ratio did not change significantly with the time, it 

is unlikely that the TP or TN:TP ratio would indirectly affect the seasonal patterns of 

potentially mineralization even though White and Reddy (2000) pointed out that high P 

could enhance the N mineralization in a northern Everglades ecosystem.  
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Seasonal Patterns of Microbial Biomass Carbon and Nitrogen  

Microbial biomass is the labile portion of the organic fraction in soils and serves as 

both an important source of and sink for plant available nutrients (Jenkinson and Ladd 

1981; Garcia and Rice 1994).  

Moisture condition is a major factor controlling survival and activity of 

microorganisms in the soil. The results showed different seasonal patterns between the 

restored sites and reference site. Generally, at the reference site the seasonal patterns 

of MBC and MBN corresponded very closely with the patterns of soil moisture content 

increasing across the wet season from April to September with the peak appearing in 

the September (Fig. 5-1 and Fig. 5-3). However, for the restored sites, when the soil 

moisture content increased over 60% in July and September, the MBC and MBN 

showed a sudden drop especially for the Res03 site (Fig. 5-3). This contrasting results 

between the reference and restored sites would suggest that adequate soil moisture 

increases microbial biomass and activity whereas beyond some point (e.g., field 

capacity), microbial activity decreases with increasing moisture, due to limited oxygen 

availability (Killham 1994). My results also supported the review by Wardle (1998) who 

selected 58 published studies on the temporal patterns of soil MBC and MBN to 

generalize the controls of the temporal variability. In the review, it was concluded that 

the microbial biomass peaks appeared in different seasons and showed both positive 

and negative responses to temporal patterns of soil moisture.   

The MBC:MBN ratio is considered to be an indicator of the microbial composition 

that is bacteria have low MBC:MBN ratio than fungi (Anderson and Domsch 1980). 

Enhanced root growth and increased root exudates are thought to stimulate bacterial 

growth (Clarholm 1985), which have a low C:N ratio. In this study, a decreasing 

http://www.sciencedirect.com/science/article/pii/S0038071701001985#bib1
http://www.sciencedirect.com/science/article/pii/S0038071701001985#bib9
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microbial C:N ratio from spring to summer was observed (Fig. 5-2), which agree with the 

results reported by Corre et al. (2002). As vegetation expanded from spring towards 

summer, root exudates might have also increased and favored the growth of bacteria. 

Seasonal Pattern of Extracellular Enzyme Activities 

Soil enzymes play an essential role in catalyzing reactions necessary for organic 

matter decomposition and nutrient cycling and are often used as indices of microbial 

activity and soil fertility (Dick 1994; Tabatabai 1994; Ajwa et al. 1999). The two N-

acquisition enzymes measured in this study, i.e., LAP and NAG, are inducible enzymes 

synthesized or activated when needed. Chróst (1991) found the activities of LAP were 

induced at limited N availability. NAG involved in the degradation of chitin which is a 

relevant source of N in soils. The results in this study showed that significantly higher N-

related enzyme activities were found at the restored sites, indicating more N-limitation at 

those sites (Smith et al. 2011).  

Various factors affect the enzyme activities such as the temperature, moisture, 

and nutrient demand and availability (Tabatabai 1994). Seasonality of enzyme activity 

can be understood as a driver that integrates simultaneous variance in those factors 

(Weedon et al. 2011). Studies that measured seasonal variation in potential enzyme 

activities have typically found large intra-annual differences (Saiya-Cork et al. 2002; 

Boerner et al. 2005; Wallenstein et al. 2009; Kluber et al. 2011). For example, in the 

Arctic and sub-Arctic environments, the highest enzyme activities were observed 

around the spring thaw which would be contributed to their temperature sensitivity 

(Wallenstein et al. 2009). However, in this study sites, the temperature seems not play 

that significant role in controlling the enzyme activities. 
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The key to understanding seasonality in enzyme activity may be in the factors that 

regulate various systems (Boerner et al. 2005; Weedon et al. 2011). Chitinase (NAG) 

and acid phosphatase were reported to be regulated by primarily microclimate and soil 

chemical factors, whereas lignocellulose degrading enzymes such as glucosidase and 

phenol oxidase are more regulated by substrate availability (Sinsabaugh et al. 1992, 

1993). In this study, LAP was significantly correlated with moisture content (r=0.64, 

P<0.001) but did not correlate with LOI (a surrogate of organic matter) (r=0.19). In 

contrast, the seasonal pattern of NAG did not exactly follow the soil moisture content 

and even showed lowest values in the very wet July (Fig. 5-5). In this regard, NAG 

activities were significantly correlated with LOI (r=0.51, P<0.001), suggesting that NAG 

would be more regulated by substrate availability. This result was different from other 

studies in which moisture content primarily controlled the NAG activities. For example, 

Kluber et al. (2011) observed lowest levels of NAG activity in summer with low water 

content in the coniferous forests of the Pacific Northwest (USA). 

Seasonal Patterns of Denitrification 

In this study, the potential denitrification activity ex situ was measured under 

idealized conditions, i.e. constant room temperature and with enough carbon and nitrate 

supply. Though the results may overestimate the real activities, it is still considered to 

be effective to compare the difference between different sites (Hernandez and Mitsch 

2007; Kjellin et al. 2007). Despite having less than 5 cm of soil and moisture contents 

similar to the reference site, relatively higher DEA activities were observed at the two 

restored sites, which was also reported by Smith and Ogram (2008).  

The trend of increasing denitrification rates in the wet season (from May to July) 

could be explained by the optimum water moisture content that created anaerobic 
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condition for the denitrification. Most studies (Blackmer et al. 1980; Ruz-Jerez et al. 

1994; Ashby et al. 1998; Shelton et al. 2000; Machefert and Dise 2004) have shown 

that with increasing moisture contents, the denitrification and the production of N2O 

increased. In this study, the average precipitation in May 2010 was only 2 cm with the 

soil moisture contents less than 45% and in July, the rainfall exceeded 8 cm with the 

soil moisture contents over 60%. Consequently, denitrification was stimulated and a 

drastic pulse of N2O emission occurred through a dry-rewetting cycle (Muhr et al. 2008; 

Davidson et al. 1993). Accordingly, higher denitrification would further deplete the soil 

NO3
- which was the case in this study (Fig. 5-2). The result from Hefting et al. (2007) 

that higher denitrification reduced the N availability in soils also supported my finding. 

However, in the last sampling, the moisture content was extremely low (~ 20% 

gravimetric water content) but unexpectedly higher potentially denitrification rates were 

measured (Fig. 5-5). The high temperature could be a reason. Another possible 

explanation was in the extreme dry condition, the fungi would contribute more to the 

denitrification since its more tolerance of drought than bacteria (Shoun et al. 1992; 

Crenshaw et al. 2008; Yuste et al. 2011). For example, recent work suggests that fungal 

rather than bacterial pathways dominate denitrification in semiarid and desert soils 

(McLain and Martens 2005, 2006; Crenshaw et al. 2008). 

Moreover, this study showed a marked accumulation of nitrate in the dry season at 

all the three sites (Fig. 5-2), and followed a increase of denitrification at the beginning of 

the wet season (Fig. 5-5). The high amount of nitrate and rapid consumption could 

mean a pulse of N2O is produced at the transit during the dry-rewetting cycle of a short-

hydroperiod ecosystem. 

http://www.sciencedirect.com/science/article/pii/S0960852499900688#ref_BIB2
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Conclusions 

N cycle is involved with a diversity of input, transformation, and export, which is 

regulated by numerous factors. Temporal patterns of the soil N cycle can 

simultaneously reflect the impacts of these variables like temperature, moisture 

contents and plant growth. In this study, the seasonal dynamics of soil N availability and 

soil mineralization in the short-hydroperiod ecosystem did not follow that of plant growth 

but were more regulated by microclimate (i.e., soil moisture content). In the wet season 

(June to September), available nitrate/nitrite (NOx
-) decreased while available 

ammonium (NH4
+) increased in the wet season, suggesting that the NOx

- may be lost by 

leaching or consumed by denitrification especially in the rainy seasons. Moreover, the 

accumulation of nitrate in the dry season closely corresponded with the increasing of 

denitrification at the beginning of the following wet season, which indicated that the 

short-hydroperiod systems would be a potential N2O hot spot in particular at the 

alternating point from dry to wet period.  

When further correlating this output pathway with the input of N2 fixation (Chapter 

4), we could consider more interesting things about the N budget. At the beginning of 

the wet season, periphyton N2 fixation also showed a peak. It is possible that the soil 

could fix N2 fixation and show the same seasonal pattern. In this regard, the same peak 

of N2 fixation and denitrification would cancel one another, and it is uncertain what the 

net effect of these two processes will have on the annual N budget.  

In addition, the decreasing MBC:MBN ratio from spring to summer would tell us 

the changes of microbial composition with the time that is in the summer, more root 

exudes would favor the growth of bacteria. More solid evidence from molecular 

perspective is needed to confirm this inference. 
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In general, the season patterns of N cycle at the three sites were similar except for 

some microbial properties like MBC and MBN. The different seasonal patterns of MBC 

and MBN would contribute to the slight hydrological difference between the reference 

and restored sites or the buffer capability of deeper soil profile at the reference site. It 

would be expected that with the restoration and soil accumulation, the seasonal 

patterns of the restored sites will be closer to that in the reference site.  
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Table 5-1.  Summary of three-way ANOVA tests for main effects and interactions of time, site, and elevation on soil 
parameters: soil moisture  content (MC),pH, loss of ignition (LOI), total nitrogen (TN), total phosphorus (TP), 
TN:TP ratio, total organic carbon (TOC): TN ratio, microbial biomass carbon, nitrogen and phosphorus (MBC, 
MBN,MBP), extractable NH4-N, extractable NOX-N, potentially mineralized nitrogen (PMN), denitrification 
(DEA), Leucin-aminopeptidase (LAP) and N-acetly-glucosaminidase (NAG). Significant correlations are marked: 
*-P<0.05; **-P<0.01, ***-P<0.001, NS-no significant difference. 

Factors LOI TN TP TOC: 
TN 

TN:
TP 

NOX NH4 NH4: 
NOX 

DEA PMN LAP NAG MBC MBN MBC:
MBN 

LAP:NAG 

time *** *** NS *** *** *** *** *** *** *** *** ** *** *** *** *** 

site *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** NS 

elev. NS NS *** NS *** ** NS NS NS ** NS NS * *** *** NS 

time*site NS NS NS NS *** *** * *** *** *** *** NS *** *** *** NS 

time*elev. NS NS NS NS NS *** NS *** NS NS *** NS * NS NS NS 

site*elev. NS NS *** NS ** NS NS NS NS * NS NS * *** * NS 

time*site*elev. NS NS * NS NS * NS NS NS NS NS NS NS NS NS NS 
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Figure 5-1.  pH, soil moisture content, total nitrogen (TN), total phosphorus (TP), 
total organic carbon: total nitrogen (TOC:TN) and TN:TP over two 
years (2010-2011) in the restored (Res00 and Res03) and reference 
(Ref.) sites in the Hole-in-the-Donut. Error bars represent ± 1 standard 
error of the mean for each sampling date (N=6). 
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Figure 5-2.  Extractable NOx-N and NH4-N with temperature and rainfall events 
(light grey line) over two years (2010-2011) in the restored (Res00 and 
Res03) and reference (Ref.) sites in the Hole-in-the-Donut. Error bars 
represent ± 1 standard error of the mean for each sampling date (N=6).  
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Figure 5-3.  Microbial biomass carbon, nitrogen and their ratio (MBC, MBN and 
MBC:MBN) ratios with temperature and rainfall events (light grey line) over 
two years (2010-2011) in the restored (Res00 and Res03) and reference 
(Ref.) sites in the Hole-in-the-Donut. Error bars represent ± 1 standard error 
of the mean for each sampling date (N=6).
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Figure 5-4.  Potentially mineralized nitrogen (PMN) with rainfall events (light grey line) 

over two years (2010-2011) in the restored (Res00 and Res03) and reference 
(Ref.) sites in the Hole-in-the-Donut. Error bars represent ± 1 standard error 
of the mean for each sampling date (N=6) 
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Figure 5-5.  Leucine aminopeptidase (LAP) and N-acetyl-β-D-
glucosaminidase (NAG) activities with rainfall events and temperature (light 
grey line) over two years (2010-2011) in the restored (Res00 and Res03) 
and reference (Ref.) sites in the Hole-in-the-Donut. Error bars represent ± 1 
standard error of the mean for each sampling date (N=6).
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Figure 5-6.  Denitrified enzyme activities (DEA) with rainfall events (light grey line) over 

two years (2010-2011) in the restored (Res00 and Res03) and reference 
(Ref.) sites in the Hole-in-the-Donut. Error bars represent ± 1 standard error 
of the mean for each sampling date (N=6). 
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CHAPTER 6 
FIRE EFFECTS ON THE NITROGEN CYCLE IN CALCAREOUS WETLANDS 

Background 

Fire is widely used as a primary restoration technique in various ecosystems and 

has ecological significance. It was reported that fire can reduce fuel loads which then 

reduce the risk caused by the wildfire; prepare sites for seeding and planting and 

improve wildlife habitat (Heisler et al. 2004). Moreover, fire also has great influences on 

nutrient cycles in ecosystem by changing the form, distribution and amount of nutrient 

as well as by changing species composition (Bissett and Parkinson 1980; Brown et al. 

2004; Certini 2005; Dumontet et al. 2006; Grogan et al. 2000; Raison 1979).  

The effect of fire on the nitrogen (N) cycle is highly important because N is often 

the limiting nutrient for primary productivity. Compared to P, the N cycle is more 

complex and involving various processes, for example, N can be easily lost through 

denitrification, ammonification and volatilisaiton. Since N is important for plants, many 

studies have focused on the available N status before and after fire, trying to know the 

effects of the fire on subsequent primary production. 

During the combustion, huge amounts of heat releases with smoke, directly and 

immediately leading to the volatilization of N and gaseous loss of N as ammonia (NH3) 

and nitrogen oxide (NOX). The transfer of heat to the soil will further increase the soil 

temperature and affect physical, chemical and biological soil properties (Neary et al. 

1999). For example, it can kill soil microbes, decompose organic matter, and change 

the N forms (Raison 1979). The particulate residues left by fire exist in the forms of ash 

and charcoal, which are the important pathway for nutrients to return back or 

redistribute in the ecosystem after the fire and have long-time effects on nutrient cycles 



 

122 

(Qian et al. 2009; Zackrisson et al. 1996). It was reported that fire residues themselves 

contain a small amount of inorganic and organic N that directly serve as a N source 

(Qian et al. 2009; Hogue and Inglett 2012). Indirectly, large amounts of P carried by fire 

residues in particular ash, could stimulate some N processes, such as N2 fixation, 

nitrification and N mineralization especially in P-limited ecosystems (Eisele et al. 1989; 

White and Reddy 1999, 2000).Charcoal with great adsorptive surface on the other hand 

was found to enhance nitrification and then elevate the nitrate level (Zackrisson et al 

1996; Wardle et al. 1998; DeLuca et al. 2002, 2006). Both ash and charcoal can also 

exert an indirect influence on N availability through modification of the pH and the cation 

exchange capacity (Raison 1979; Glaser et al. 2002).  

Studies on prescribed fire were mostly focused on forests, grasslands and prairies 

(Ojima et al. 1994; Blair 1997; Grogan et al. 2000; Castaldi and Aragosa 2002; 

Zackrisson et al. 2004), but comparatively few discussed on wetland ecosystems (Battle 

and Golladay 2003). However, fire together with water is also important element in the 

wetland management (Lockwood et al. 2003). In fact, fire has widely been used to 

control the spread of invasive species in both coastal and inland wetlands for a long 

time but only been intensively discussed in peatlands (Kirby et al. 1988)  

Florida Everglades for example is regarded as a fire-dependent landscape during 

the long-term and large-scale restoration (Beckage et al. 2005). Besides reestablishing 

a more natural hydrology, the establishment of natural fire regime is also a guarantee 

for the successful Everglades restoration (Lockwood et al.  2003). Numerous fire 

projects have been conducted or been going on in a diversity of landscapes across 

Everglades, such as the River of Grass Prescribed Fire Plan for the wet prairie and 
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sawgrass marsh ecosystems, the Pineland burn plan, the mangrove-marsh ecotone fire, 

and the fire project in Water Conservation Area 2A (WCA 2A) of the northern 

Everglades (Spier and Snyder 1998; Qian et al. 2009; Beckage et al. 2005). However, 

most of the projects focused on restoring native plant species, little is known about the 

fire effects on nutrient biogeochemistry, let alone on the N cycle that has been ignored 

across the whole Everglades ecosystem (Miao and Sklar 1998; Miao and Carstenn 

2006; Qian et al. 2009). 

To bridge the gap between the knowledge of fire, N cycle, and wetland restoration, 

a case study on the N responses to fire at restored and reference wetlands was 

conducted in the Everglades National Park. Based on the literature aforementioned, the 

following hypotheses are proposed: 1) fire would increase the N availability; and 2) 

consequently denitrification rates would increase because of the possible increase of 

nitrate; 3) fire would increase N2 fixation because of the possible elevation of available 

P after fire. 

Materials and Methods 

Study Site and Sampling Methods 

The study site was located in the Hole-in-the-Donut (HID) of Everglades National 

Park, Florida, USA (Fig. 6-1). This region is subjected to the invasion of Brazilian 

pepper (Schinus terebinthifolius) because of the excess phosphorus introduced by the 

fertilizer after a long history of farming (Smith et al. 2011). Since 1975, studies to 

evaluate the effectiveness of fire as a management option for controlling Schinus has 

begun (Doren et al. 1991). Dalrymple et al. (2003) recommended the use of prescribed 

fire on the restored sites after complete soil removal at three- to five-year intervals to 

mimic fire frequency in natural vegetation, which would not only reduce coverage by 
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woody shrubs but would also promote expansion of desirable native plant species such 

as sawgrass (Cladium jamaicense). 

Specifically, a restored wetland, cleared in 2000 (Res2000) and a native reference 

wetland were selected for this study. Soil depth varied between the two sites, with 

deeper marl soils (Biscayne and Perrine series) in the reference area (10cm) and 

shallower soils (less than 5 cm) which have developed after site clearing in the restored 

area (Smith et al. 2011). The primary vegetation in the reference site is a mixture of 

grasses (Muhlenbergia sp., Andropogon sp.) and sedges (Cladium jamaicense Crantz, 

Shoenus sp.) while the restored sites are dominated by pioneer species such as 

Ludwigia spp., Baccharis spp., and Andropogon spp. (Dalrymple et al. 2003). 

In each site, two sampling stations corresponding to high and low elevation areas 

were set (Fig. 6-1). At each station, two 30 m×30 m plots (i.e., one burn and one 

control) were set side by side with a 2 m buffer strip in-between. Each plot was 

separated into three 10 m by 30 m subplots which were further divided into seventy-five 

2 m×2 m sampling squares. At each sampling, three squares in each subplot were 

randomly selected to collect soil and periphyton samples and composited to form one 

replicate for each subplot (3 replicates for each burn and control treatment plot).  

The Res2000 and reference sites were burned on May 4th, 2010. Sampling was 

conducted before the fire (April 8-10, 2010), then 2 days (May 6-7, 2010), 1 month 

(June 10-11, 2010) and 1 year (May 25-26, 2011) after the fire. All samples were sealed 

in plastic bags and kept on ice until their return to the laboratory where the samples 

were refrigerated at 4°C until subsequent analysis. Periphyton samples were kept intact 

(periphyton mat) and inspected to remove large organic debris (plant litter) and soil. Soil 
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samples were sieved to remove roots and rock fragments greater than 2 mm diameter. 

Fresh periphyton was used to determine nitrogenase activity, while sieved soil samples 

were used in the determination of all soil microbial and enzyme related parameters. A 

subsample of sieved soil was oven dried at 105°C for 3 days and ground using a mortar 

and pestle for moisture content and total nutrient determinations. Periphyton moisture 

content and nutrients were determined using the sample for nitrogenase activity which 

was oven dried at 65°C for 3 days and ball milled. 

Biogeochemical Analysis 

The measurement of the Loss-on-Ignition (LOI), total carbon (TC), total nitrogen 

(TN), total phosphorus (TP), extractable ammonium (NH4-N) and nitrite/nitrate (NOx-N) 

microbial biomass C and N (MBC and MBN), potential mineralizable nitrogen (PMN), 

the extracellular enzymes related to the N cycle, i.e., N-acetyl-β-D-glucosaminidase 

(NAG, EC 3.2.1.30) and Leucine aminopeptidase (LAP, EC 3.4.11.1), and the 

denitrification enzyme activity, followed the same methods described in the Chapter 5. 

Total organic C was estimated by loss-on-ignition (LOI) at 550°C for 4 h after 

conversion to organic C with a coefficient factor of 0.51 (Wright et al. 2008). 

Nitrogenase activity (N2 fixation) of periphyton was measured using the acetylene 

(C2H2) reduction (AR) assay described by Inglett et al. (2004). The details were seen in 

the Chapter 3.   

Statistical Analysis 

Data were analyzed with JMP v.8© statistical software (SAS Institute Inc., Cary, 

NC). For the pre-fire data, one-way analysis of variant (ANOVA) was used to compared 

the difference in measured parameters between the restored and reference sites. For 

the post-fire data, the factors of site and sampling time were fixed and separate one-
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way analyses for the different sites and dates were performed. Regressions between 

different parameters were performed using the linear least-squares method. All results 

are reported as significant when P< 0.05. Data were log transformed when necessary to 

improve normality.   

Results  

Fire Effects on Soil Nitrogen Availability  

In general, fire did not significantly change the soil total nutrients (Table 6-1). For 

the reference site, TP content in the burn plots after 2 days of the fire was significantly 

higher than that in the control plots (P<0.05). Both restored and reference sites showed 

an increase in extractable NOx-N and NH4-N 2 days after the fire (Fig. 6-2, 6-3). The 

increase of extractable inorganic N after the fire was greater at the reference site (i.e., 

approximately twice that of the control plots) compared to the restored site (i.e., only 20 

to 40% higher than the control plots); and only at reference site was the difference 

statistically significant (P<0.05). At longer time scales (1 month to 1 year after the fire), 

the extractable NOx-N even remained higher in the burn plots than the control plots for 

the reference site (Fig. 6-2), but the extractable NH4-N at both restored and reference 

sites dropped to levels below the control plot after 1 month of the fire (Fig. 6-3).  

Fire Effects on Microbial Activities 

In this study, there were not significant changes in the MBC and MBN (Table 6-2). 

The responses of N mineralization measured as PMN to the fire did not show 

discernable differences (Table 6-2). The responses of the two N-related enzymes (i.e., 

LAP and NAG) to the fire were similar with each other (Fig. 6-5). In the restored site, the 

LAP and NAG did not change appreciably up to 1month after the fire, but increased by 

20% and 40% relative to the control plots, respectively, after one year of the fire. In 
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contrast with the restored site, the enzyme activities in the burn plots at the reference 

site were significantly greater than those in the control plots immediately (2 days) after 

the fire; but after one month, the enzyme activities returned to or even fell below the 

control levels. In addition, the LAP:NAG ratio was seen an increase by 80% after 2 days 

of the fire at the reference site (Fig. 6-5), but did not change significantly at the restored 

sites. 

Fire Effects on Denitrification 

Both the restored and reference sites showed the similar response of 

denitrification (measured as DEA) to the fire (Fig 6-4). Immediately after the fire, 

approximately 20% higher DEA rates were observed in the burn plots compared to the 

control plots at the restored site. For the reference site, the DEA rates at the burn plot 

were up to twice of the values in the control plots. After one year of the fire, the DEA 

rates in the burn plots returned to the levels in control plots.  

Fire Effects on Periphyton N2 Fixation 

The response of periphyton N2 fixation to the fire differed between the restored 

and reference sites. At the restored site, N2 fixation rates slightly decreased immediately 

after the fire, but then increased to as high as two folds of those in the control plots one 

year after the fire. In contrast, at the reference site the rates fell below the control levels 

after one year of the fire (Fig. 6-6).  

Discussion 

Responses of Nitrogen Availability to the Fire 

Previous researches on the effects of fire on N mineralization in prairie and 

grasslands has resulted in conflicting results, with fire either causing a decrease (Blair 

1997; Ojima et al. 1994; Turner et al. 1997), an increase (Aranibar et al. 2003; Boerner 
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and Brinkman 2003), or having no effect on N mineralization (Raison 1979). The results 

depend on different ecosystems and fire behavior; accordingly various mechanisms 

were proposed to explain the observations. For example, Bell and Binkley (1989) 

pointed out that N mineralization from soil organic matter is enhanced after the fire due 

to elevated soil temperature; while Vance and Henderson (1984) concluded that N 

mineralization decreased after burn because of the poor substrate quality. Stock and 

Lewis (1986) also considered that these conflicting results may be attributed to the use 

of different methods to determine N mineralization. In this study, soil PMN was 

estimated using a 10-day anaerobic incubation method. There was no significant 

response of mineralized N to the fire at both sites. 

Most studies suggest a consistent pattern that fire can increase the availability of 

soil NH4
+ and NO3

- (Wan et al. 2001). NH4
+ is a direct product of the combustion which 

is adsorbed by the soil, thus increasing the concentration of NH4
+. In this study, higher 

extractable NH4-N was observed two days after the fire in the burn plots at both 

restored and reference sites. The release of NH4
+ from organic matter would further 

oxidation of NH4
+ to NO2

− and then NO3
− by bacteria ( Hobbs and Schimel 1984; Blank 

and Zamudio 1998). Covington et al. (1991) found NO3
− was not immediately affected, 

but 1 year after burning concentrations had become dramatically higher than the pre-fire 

level. In this study, however, both the restored and reference sites saw an immediate 

increase in NOx-N two days after the fire which in the reference site, the increase of 

NOx-N even lasted for one year. 

The elevation of the N availability may contribute to the ash deposition with high 

concentration of nutrients. Grogan et al. (2000) investigated the effect of natural ash 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WH9-4P248DD-1&_user=2139813&_coverDate=12%2F31%2F2007&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1616985178&_rerunOrigin=google&_acct=C000054276&_version=1&_urlVersion=0&_userid=2139813&md5=eb41946f9518bb5e608e46565e762515&searchtype=a#bib12
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WH9-4P248DD-1&_user=2139813&_coverDate=12%2F31%2F2007&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1616985178&_rerunOrigin=google&_acct=C000054276&_version=1&_urlVersion=0&_userid=2139813&md5=eb41946f9518bb5e608e46565e762515&searchtype=a#bib4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WH9-4P248DD-1&_user=2139813&_coverDate=12%2F31%2F2007&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1616985178&_rerunOrigin=google&_acct=C000054276&_version=1&_urlVersion=0&_userid=2139813&md5=eb41946f9518bb5e608e46565e762515&searchtype=a#bib4
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deposition on post-fire ecosystem N cycling by removing the surface ash layer from field 

plots within 1 week of a wildfire in a Californian bishop pine (Pinus muricata D. Don) 

forest. They characterized the influence of ash on plant, soil and microbial N pools 

during the first growing season after fire and found that ash deposition during wildfires 

can enhance soil N availability to plants and facilitate ecosystem N retention.  

A recent explanation for the increase of the available N in forest ecosystems was 

the influence of charcoal on soil N dynamics and in particular, nitrification (DeLuca et al. 

2006). In their study, DeLuca and Sala (2006) found that charcoal significantly 

increased nitrification and the NO3
- concentration in the soils. Despite these studies, 

there are few reports on wetland ecosystems, Qian et al. (2009) simulated the fire in the 

Water Conservation Area (WCA)-2A in the Everglades through muffle furnace 

combustion but focused only on the effects of ash on the phosphorus. Hogue and Inglett 

(2012) characterized fire residues (ashes) created by both muffle furnace and flame 

combustion, observing an increase of available N in char residues after the simulated 

fire.  

In addition, burning can increase extractable P through combustion and heating of 

organic matter, and pH increases caused by ash also can cause the release of ortho-P 

bound by iron and aluminum (DeBano and Klopatek 1988). Hogue and Inglett (2012) 

showed that charcoal formed after burning at low temperature in the HID marl prairie 

ecosystem, contained more bicarbonate extractable P. For the low-P reference site, the 

addition of P through ash or charcoal would stimulate the N mineralization and further 

increase N availability. For example, White and Reddy (1999, 2000) set a series of 

experiment to test the P loading effects on N mineralization in Everglades wetland soil, 
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and found that P enrichment in the P-limited soils had the stimulatory effect on microbial 

activity and led to an increased availability of inorganic N.   

Fire Effects on Denitrification 

Few studies were focused on the influence of fire on the denitrification. My results 

showed that there was no significant difference in potential DEA rates, which was 

similar with the results of Castaldi and Aragosa (2002) that DEA did not change 

significantly immediately after fire (i.e., 7 days after the fire) in a Mediterranean 

shrubland. They considered that other factors, such as water content, would affect 

denitrification more than the fire. In this study, the slightly increase of DEA after 2 days 

of the fire could be caused by the increase of NO3
- content, especially for the reference 

site in which significantly positive correlation between NOX-N and DEA was observed 

(Fig. 6-7). Or, perhaps the microclimate modified by the fire facilitates the denitrification, 

especially for the restored site in which no significant correlation existed between the 

NOX
- and DEA (Fig. 6-7).  

Effects of Fire on Microbial Activities  

It is important to study the fire effects on the activity of soil microorganisms and 

enzyme systems because these are responsible for mineralization processes and 

availability of nutrient (Saa et al. 1993). Moreover, microbial biomass and enzyme 

activities are affected by management practices and can be used as sensitive indicators 

of ecological stability (Ajwa et al. 1999). Many studies have focused on physical and 

chemical changes in the soil after fire, but few have paid attention to the effects on soil 

microbial communities (Boerner et al. 2000; Fioretto et al. 2005).  

In this study, no significant changes in MBC and MBN were observed (Table 6-2), 

which agreed with the results from the black pine forest in Turkey reported by Kara and 

javascript:void(0);
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Bolat (2009). The responses of enzyme to the fire were often studied in a comparatively 

long time with a year interval. For example, Gutknecht et al. (2010) measured the 

activity of six enzymes for 3 years following wildfire at the Jasper Ridge Global Change 

Experiment in a California annual grassland. They found that the wildfire slightly 

decreased enzyme activities (by 10-20%) in year 1 post fire, with a larger decrease (by 

25-50%) in the second year after the fire. The response was gone by year 3, suggesting 

that the microbial community was able to recover by 3 years following wildfire. 

The two N-related enzymes measured in this study, LAP and NAG, are inducible 

enzymes which are synthesized or activated when needed. For example, Chróst (1991) 

found out that the activities of LAP were induced at limited N availability. NAG involved 

in the degradation of chitin which is a relevant source of N in soils. In this study, LAP 

activities were significantly positively related with PMN (Fig. 6-7), indicating that LAP 

activity can be used as a reliable index of N mineralization in soils. NAG activity in this 

study decreased a month after the fire in the restored and reference sites. This result 

agreed with Boerner et al. (2008) who observed reductions in chitinase activity in the 

fire treatments in North American forest ecosystems and they considered it may have 

been the result of the deposition of more labile organic matter following fire. The 

response of N acquisition enzymes could depend on fire intensity or severity other than 

nutrients (Boerner et al. 2000). For example, with low-severity fires (as in grassland type 

systems like the HID) little heat is transferred downward, minimizing the direct effect of 

heat on microbial death, and thus, resulting in no significant short-term change in the 

enzyme activities. 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6T4B-4WNPDH2-1&_user=2139813&_coverDate=09%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000054276&_version=1&_urlVersion=0&_userid=2139813&md5=4e48825c8364966123fcd760c6991ec6#bib15#bib15
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Fire Effects on Periphyton N2 Fixation 

As an important function of periphyton, N2 fixation by periphyton at the restored 

site responded differently from the reference site (Fig. 6-6). For the restored site, 

periphyton nitrogenase activity became higher in the burn plots compared to the control 

plots 1 year after the fire. This result was similar to Zackrisson et al. (2004) that in 

northern boreal forests in Sweden, the N2 fixation rates increased linearly with time 

since fire. They attributed the increase to the degree of colonization by cyanobacteria 

and site factors such as presence of available N. In this study, it is likely that ash 

deposition from the fire elevated P levels in the restored site (Hogue and Inglett 2012). 

This pulse of new P may have enhanced the N limitation already present in these sites, 

thus resulting in stimulated periphyton N2 fixation. 

For the reference site, however, the nitrogenase activities only slightly increase 

one month after the fire and reduced below their control levels after one year of the fire. 

DeLuca et al. (2002) pointed out that since fire increased the availability of N and 

reduces the presence of P. schreberi and associated N-fixing symbionts, it is likely that 

the N2 fixation rates by P. schreberi would decrease following the fire. Another research 

related to the nitrogenase activities response to the fire was done in Mountain shrub 

and grassland communities during 2 years following burning (Hobbs and Schimel 1984). 

They found that nitrogenase activity was depressed by fire 1 year after the burn in the 

mountain shrub community and they considered that the elevation of the soil inorganic 

N levels in burn plots may contribute to the depression in nitrogenase activity. The 

mechanism that excess N input after fire may explain the observed suppression of N2 

fixation in the reference site.   
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Conclusions 

N cycle involves a diversity of input, transformation, and export. Accordingly, lots 

of uncertainties exist in different ecosystems, such as the factors regulating 

denitrification, the quantity of the greenhouse gas (i.e., N2O), and the rates of N2 

fixation. The need to understand N dynamics is further highlighted by the potential 

impacts of restoration and the action of fire again complicates this understanding. For 

wetlands, fire and water both shape the restoration and nutrient cycle. Thus it is critical 

to have a good knowledge of fire effects on nutrient cycle before consideration of using 

fire as a management tool especially in those ecosystems that limited by certain 

element. For these reason, a restored wetland with high P and a native wetlands with 

low P in the HID of Florida Everglades were selected to investigate the impacts of fire 

on N dynamics. It is the first study of the fire impacts on N cycle in the Everglades.  

Different responses of N cycle were observed in an immediate time (2 days), a 

short-time (approximately 1 month) and a longer time (~ 1 year) following the fire. The 

increase of N availability agreed with my first hypothesis and other studies in the 

terrestrial ecosystems. The increase of inorganic N can influence regrowth and seedling 

establishment of native plant species, invasion of exotic plant species, and ultimately, 

site recovery potential (Dalrymple et al. 2003; Rau et al. 2007).   

One of the most interesting findings in this research is that fire has more stimulant 

effects on the N availability (i.e., N mineralization, extractable inorganic N, LAP) at the 

reference site with low P compared to the restored site with high P, indicating fire would 

exert different influences on N cycle at different P status. Several studies have provided 

evidence that in P-limited ecosystems, P addition stimulated the N mineralization and 

nitrification (White and Reddy 1999, 2000). Hogue and Inglett (2012) simulated the 
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flame and muffle furnace burning after this field fire project and concluded that the fire-

produced ash did contain available inorganic P. However, another fire residue, i.e., the 

charcoal, is also reported to have stimulatory effects on nitrification and N availability in 

the forest ecosystems (DeLuca et al. 2002, 2006). Little is known about whether the 

charcoal from a herbaceous ecosystem could work the same way as forests. Since fire 

intensity decides the fraction of charcoal and ash (Qian et al. 2009; Hogue and Inglett 

2012), it will be helpful to know which form contributes more to the increase of N 

availability before deciding a high or low intensity fire plan.   

Moreover, periphyton N2 fixation increased only in the restored site after one year 

of the fire but decreased in the reference site. It is well known that in a N-limited 

ecosystem, P addition can elevate the N2 fixation (Howarth et al. 1988a; Smith 1990) as 

a internal N source whereas excess available N (NH4
+ and NO3

-) could inhibit N2 fixation 

(Howarth et al. 1998b). In this regard, fire could ease the N-limitation that tends to occur 

in the very young restored sites in the HID which further enhance the restoration 

through complete soil removal (Dalrymple et al. 2003).  

Overall, it is important to know the impacts of fire on N cycle in order to make a 

balance between N and P that could finally lead to the reestablishment of native 

wetlands with low nutrients. Practically, our understanding of the mechanisms (ash and 

charcoal) is also of critical value in determining which fire regime (low or high fire 

intensity) should be performed.       
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Table 6-1.  Changes of basic soil properties and selected microbial activities 2 days, 1month and 1 year after the fire in 
the burn and control plots in the restored (Res.) and reference (Ref.) sites. * denotes the significant difference 
between the burn and control plots (P<0.05). 

Site time 
after fire 

TOC TN TP TOC:TN TN:TP 

g kg-1 
g kg-1 

mg kg-1 
molar ratio molar ratio 

Burn Control Burn Control Burn Control Burn Control Burn Control 
Res. 2 days 87 (4) 75 (4) 7.3 (0.3) 6.7 (0.3) 592 (66) 480 (47) 14 (0) 13 (1) 29 (4) 33 (4) 
 1 month 110 (13) 134 (19) 7.3 (0.2) 8.2 (0.7) 618 (73) 537 (78) 18 (2) 20 (3) 28 (4) 37 (6) 

 1 year 110 (6) 100 (4) 8.2 (0.2) 8.3 (0.3) 646 (67) 609 (51) 16 (1) 14 (0) 30 (3) 31 (3) 
Ref. 2 days 69 (6) 66 (7) 6.7 (0.3) 5.7 (0.3) 136 (4)* 102 (4) 12 (1) 14 (2) 136 (4) 102 (4) 
 1 month 65 (5) 71 (5) 6.5 (0.2) 6.0 (0.2) 144 (12) 136 (7) 12 (1) 14 (1) 144 (12) 136 (7) 

 1 year 65 (2) 63 (3) 6.6 (0.2) 6.6 (0.2) 140 (4) 133 (7) 12 (1) 11 (0) 140 (4) 133 (7) 
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Table 6-2.  Changes of selected microbial activities 2 days, 1month and 1 year after the fire in the burn and control plots in 
the restored (Res.) and reference (Ref.) sites. * denotes the significant difference between the burn and control 
plots (P<0.05). 

Site time after fire MBC MBN MBC:MBN PMN 
mg kg-1 mg g-1 mass ratio mg N kg-1dw day-1 

Burn Control Burn Control Burn Control Burn Control 

Res. 2 days 3773(123) 3710(79) 421(18) 424(15) 9(0.4) 9(0.3) 15(2) 16(1) 
 1 month 3510(100) 3936(185) 421(15) 448(36) 8(0.4) 9(0.8) 35(3) 43(3) 
 1 year 4291(174) 3815(271) 417(25) 347(38) 10(0.4) 11(0.8) 13(2) 16(2) 
Ref. 2 days 2648(153) 2366(175) 234(18) 181(16) 11(0.3) 13(0.6) 7(1) 7(1) 
 1 month 2758(115) 2735(104) 221(15) 204(10) 13(0.5) 13(0.4) 20(1) 17(1) 
 1 year 2747(418) 2515(127) 211(46) 193(14) 14(1.6) 13(0.6) 5(0) 5(0) 
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Figure 6-1.  Sampling locations in the restored and reference wetland in the 

Hole-in-the-Donut of Florida Everglades.   
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Figure 6-2.  Changes of soil extractable NOX-N in the burn and control plots in 
the restored (Res2000) and reference wetlands 2 days, 1 month 
(1mon) and 1year after the fire. The black bar represents the value 
before fire. The star * denotes significant difference between the burn 
and control plots (P<0.05). 
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Figure 6-3.  Changes of the extractable NH4-N of the soil in the burn and control plots in 
the restored (Res2000) and reference wetlands 2 days, 1 month (1mon) and 
1year after the fire. The black bar represents the value before fire. The star * 
denotes significant difference between the burn and control plots (P<0.05). 
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Figure 6-4.  Changes of denitrification enzyme activities (DEA) in the burn and control 
plots at the restored (Res2000) and reference wetlands 2 days, 1 month 
(1mon) and 1year after the fire. The black bar represents the value before 
fire. 
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Figure 6-5.  Changes of LAP and NAG in the burn and control plots in the restored 
(Res2000) and reference wetlands 2 days, 1 month (1mon) and 1year after 
the fire. The black bar represents the value before fire. 
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Figure 6-6.  Changes of periphyton N2 fixation under light condition in the burn and 
control plots in the restored (Res2000) and reference wetlands 2 days, 1 
month (1mon) and 1year after the fire. The black bar represents the value 
before fire. 
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(a) 

  (b) 

Figure 6-7.  Correlation between nitrogen mineralization (measured as potentially 
mineralizable nitrogen PMN) and Leucine aminopeptidase (LAP) (a) between 
extractable nitrite/nitrate (Ext. NOX-N) and denitrification (measured as 
potentially denitrification rates DEA) (b) in both burn and control plots in the 
reference and restored sites. Sample numbers N=18.  
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CHAPTER 7 
SUMMARY AND SYNTHESIS 

In wetlands, the nitrogen (N) cycle is dynamically controlled by hydrology, fire and 

phosphorus (P). When a globally increasing likelihood of severe drought has been 

predicted during this century, it is emergent to investigate the seasonal changes or 

hydroperiod effects on the N cycle which would further affect the primary production, 

and the global warming. However, N cycling has received little attention in most of the 

Everglades system where N could be a limiting element and a serious pollutant. This 

dissertation investigated the spatial and temporal patterns of N cycling, and their 

responses to a prescribed fire in the context of ecosystem restoration using the short-

hydroperiod, marl prairies of the Hole-in-the-Donut (HID) region of Everglades National 

Park.  

Summary 

The nutrient status was different between the restored and reference wetlands 

using various indicators (Chapter 2). Foliar TN:TP ratio varied with species and 

seasons, and should be carefully used as an indicator of nutrient limitation. Activities of 

N-related hydrolytic enzymes (i.e., N-acetyl-β-D glucosaminidase, NAG and Leucine 

aminopeptidase, LAP) were significantly higher at the restored sites but P-related 

enzymes (Alkali phosphatase, AP and phosphodiesterase, BisP) were significantly 

higher at the reference site, suggesting different nutrient availability between the 

restored and reference wetlands. Periphyton at the restored sites fixed more N2 

compared to that at the reference site, especially in the wet season, consistently 

indicating that the restored sites were more N limited. Soil and periphyton δ15N values 

could be indicators of restoration and N availability, but plant δ15N patterns during 
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restoration still requires more explicit testing. These results indicated that the microbial 

activities could be more sensitive to the nutrient status, and should be paid more 

attention during the restoration process. 

Based on the importance of the N2 fixation of the periphyton, more detailed 

exploration on periphyton was done (chapter 3 and 4). Periphyton N2 fixation in the 

Hole-in-the-Donut (HID) region of the southern Everglades were quantified. Significantly 

higher N2 fixation rates (measured by acetylene reduction) were found in periphyton of 

the areas cleared in 2000 and 2003 (3–10 nmol g-1 DW h-1) compared to the reference 

wetland site (less than 1 nmol g-1 DW h-1). Overall rates were stimulated by light (~2 

times the measured dark rates), and areal estimates of fixed N were low compared to 

other areas of Everglades, ranging from 0.1–0.2 g N m-2 yr-1 in the restored sites to 0.05 

g N m-2 yr-1 in the reference area. Stable N isotopic ratios (i.e., δ15N) ranged from -1.0 

‰ to 0.2 ‰ and were correlated with nitrogenase activity and TN:TP ratios. These 

findings suggest that periphyton nitrogenase activity and δ15N could serve as indicators 

of nutrient status and restoration success in these systems.   

However, limitation in quantifying N2 fixation in the window of only two months was 

obvious that, some interesting signals of periphyton N2 fixation caused by the fluctuating 

hydrology could be easily missed, especially in the short-hydroperiod wetland 

ecosystem. Thus, in Chapter 4 much finer sampling strategy was adopted to better 

quantify the seasonal pattern of periphyton N2 fixation. Similar seasonal patterns of N2 

fixation were observed among the natural and restored sites, with higher rates in the 

wet season. At the native reference area, the seasonal pattern was a gradual change 

throughout the year with a peak observed in September, while most N2 fixation occurred 
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during a brief 2–3 month period at the onset of flooding with a peak in July for the two 

restored sites. An interesting finding is that the N2 fixation was controlled by both 

physical (moisture) and chemical (N and P) parameters. Dry season rates were a 

function of both moisture contents and P contents, while during flooded months excess 

N levels appeared to suppress nitrogenase activity. Moreover, seasonal patterns of 

periphyton δ15N did not strictly correlate with N2 fixation. It is suggested that δ15N could 

be a good indicator of N2 fixation in a spatial dimension, but would not be as robust in 

determining seasonal N2 fixation since the final δ15N values of periphyton integrate a 

variety of N sources and processes (e.g., atmospheric deposition, denitrification).  

Periphyton as one component of the ecosystem has its own limitation in 

characterizing N dynamics; therefore the chapter focusing on soil properties followed.  

Chapter 5 presented the temporal patterns of soil N based on seven sampling across 

the wet and dry seasons. NH4
+ and NOX

- dominated the wet and dry seasons, 

respectively, and accumulated NOX
- levels were quickly consumed by denitrification at 

the onset of the wet season. The enzymes LAP and NAG showed different seasonal 

patterns, suggesting these enzymes were regulated by different factors (e.g., moisture 

content and substrate availability). Moreover, the decreasing MBC:MBN ratio from 

spring to summer would tell us the changes of microbial composition with the time 

where in the summer, more root exudates would favor the growth of bacteria.  

As in many other systems, in the HID restoration, fire is both a natural process and 

is considered a technique to further enhance the restoration after the complete soil 

removal. Therefore it was important to investigate the effects of fire on the N cycle at the 

restored and reference sites. Different responses were observed immediately (2 days 
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after the fire), after a short term (1 month after the fire), and a long time (~1 year later) 

following the fire. Available inorganic N (NH4-N and NOx-N) was elevated immediately 

after the fire in all the three sites. The N-mineralization related parameters in the P-

limited reference site showed a greater response to the fire compared to the restored 

site. 

Synthesis  

Various indicators were used in this work to demonstrate the nutrient status of 

restored and native reference wetlands. Though, foliar TN:TP ratio has commonly 

suggested as a useful indicator of nutrient limitation, this study showed it temporally and 

spatially varied, and should be used with caution. In contrast, microbial activities, 

especially the enzyme activities, appear to be more sensitive to changes of nutrients, 

and thus, would serve as more robust indicators of nutrient impacts.    

N2 fixation, as an important function of periphyton, is a major N source for the 

restored sites. Based on the rough N budget, it would take approximately 40 years to 

accumulate the equivalent amount of N as the reference site. The temporal patterns of 

periphyton N2 fixation confirmed the importance of the hydrology. It is also the first time 

that periphyton N2 fixation has been investigated in detail in the short-hyrdroperiod, marl 

prairie wetlands ecosystems in southern Everglades. Further study is undoubtedly 

needed to better clarify the relationship of periphyton species composition and its 

function of N2 fixation, which would explain the different seasonal pattern of N2 fixation 

between the restored and reference sites.  

The temporal pattern of soil N processes reflects the response to a variety of 

factors like temperature, precipitation, and plant growth. This study showed opposite 

seasonal trends for the extractable NH4
+ and NOX

+, which would correlate with the two 
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interconnected processes of denitrification and nitrification. It should be highlighted that 

NO3
- was accumulated in the dry season and consumed by denitrification at the onset of 

the wet season, indicating the potential pulse of N2O once re-wetting after the dry period 

and its significance in the greenhouse gas emission. The unexpected peak of N2O in 

the extreme dry season (i.e., May 2012) should also be paid attention together with the 

microbial composition inferred from high MBC:MBN, which would potentially suggest the 

fungi-dominated denitrification pathway. 

When integrating the temporal patterns of periphyton N2 fixation and soil N 

dynamics, we could get more in depth of the N budget. At the restored sites, both 

periphyton N2 fixation and denitrification reached their peaks in July, if soil microbes 

could also fix N2 and showed same peak in July, then addition and loss of N could 

potentially cancel one another, it is uncertain what the net effect of the N budget. 

Moreover, unlike the long hydroperiod wetlands, the dry and wet period alternate more 

frequently in short-hydroperiod ecosystems. Accordingly, the seasonal patterns would 

display differently as shown in this study. It is interesting to know how important the 

peaks of N2 fixation and N2O emission that narrowed only within 2-3 month in the 

annual N budget.        

The results of the fire effects on the N cycle are not conclusive, and many 

questions remain to be answered with future research. For example, little is known 

about the mechanisms of the increase of available N after fire in wetland ecosystems. It 

could be the stimulatory effects of either P addition through ash residue or the 

adsorptive ability of charcoal on the N cycle. The understanding of the mechanism will 

facilitate prescribed fire plan since the fire intensity decides the fraction of ash and 
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charcoal. Moreover, the different effects of fire on the periphyton N2 fixation between the 

restored site with high P and the reference site with low P further provide a clue for the 

management that different frequency and intensity fire would be performed differently in 

the P-limited reference site and N-limited restored sites (Hogue and Inglett 2012).  

Chapter 4 and 5 focused on the temporal patterns of N cycle highlighting the 

importance of hydrology in regulating the N cycle especially in the short-hydroperiod 

HID; whereas Chapter 6 emphasized that fire as another management tool also shape 

the Everglades restoration. After we know the N processes remarkably vary with 

season, the interaction between fire and hydrology should further be considered. For 

example, the responses of N cycle to a fire that occurs in a dry season would differ from 

the responses to a fire that occurs in a wet season.  

Overall, this study tried to investigate the spatial and temporal patterns of N cycle 

in the midst of the large-scale and long-term restoration. A unique ecosystem of HID 

was selected which simultaneously integrates all the elements of restoration, nutrient 

limitation, short-hydroperiod, and fire together. These important features further make 

the study of N cycle more complex but never less interesting. It is the first time to 

document the N dynamics in detail in the southern Everglades. The periphyton N2 

fixation rates were measured, expanding our knowledge of periphyton that was 

previously discussed mostly in the northern Everglades and in the biomass and species 

composition. The seasonal patterns of periphyton N2 fixation and soil N dynamics 

require a keen awareness of the different impacts of short hydroperiod on N cycle. The 

standing-out peaks of N2 fixation and denitrification rates in a 2–3 month window will 

give us more thoughts on the annual N budget. Fire together with hydrology is the other 
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important management tools for wetland restoration. The disturbance of fire makes the 

N cycle more complex but in the HID it highlighted the spread impacts of P on the N-

cycle, such as N availability and N2 fixation. To restore the P-enrichment wetlands to the 

original oligotrophic status, it is as important to understand the N cycle as well as the P. 

 



 

151 

LIST OF REFERENCES 

Acosta CA, Perry SA (2000) Differential growth of crayfish Procambarus alleni in 
relation to hydrological conditions in marl prairie wetlands of Everglades National 
Park, USA. Aquatic Ecology 34(4): 389-395 

Aerts R (1996) Nutrient resorption from senescing leaves of perennials: Are there 
general patterns? Journal of Ecology 84(4): 597-608 

Aerts R, Verhoeven JTA, Whigham DF (1999) Plant-mediated controls on nutrient 
cycling in temperate fens and bogs. Ecology 80(7): 2170-2181 

Ajwa HA, Dell CJ, Rice CW (1999) Changes in enzyme activities and microbial biomass 
of tallgrass prairie soil as related to burning and nitrogen fertilization. Soil Biology 
and  Biochemistry 31(5): 769-777 

Anderson JM (1976) Ignition method for determination of total phosphorus in lake 
sediments. Water Research 10(4): 329-331 

Anderson JPE, Domsch KH (1980) Quantities of plant nutrients in the microbial biomass 
of selected soils. Soil Science 130(4): 211-216 

Aranibar JN, Anderson IC, Ringrose S, Macko SA (2003) Importance of nitrogen fixation 
in soil crusts of southern African arid ecosystems: acetylene reduction and stable 
isotope studies. Journal of Arid Environments 54(2): 345-358 

Ashby JA, Bowden WB, Murdoch PS (1998) Controls on denitrification in riparian soils 
in headwater catchments of a hardwood forest in the Catskill mountains, USA. Soil 
Biology and  Biochemistry 30(7): 853-864 

Bangroo SA, Bhat MI, Ali T, Aziz MA, Bhat MA, Wani MA (2001) Diagnosis and 
recommendation integrated system (DRIS)-a review. International Journal of 
Current Research 10: 84-97 

Battle J, Golladay SW (2003) Prescribed fire's impact on water quality of depressional 
wetlands in southwestern Georgia. American Midland Naturalist 150(1): 15-25 

Beckage B, Platt WJ, Panko B (2005) A climate-based approach to the restoration of 
fire-dependent ecosystems. Restoration Ecology 13(3): 429-431 

Bell RL, Binkley D (1989) Soil-nitrogen mineralization and immobilization in response to 
periodic prescribed fire in a Loblolly-pine plantation. Canadian Journal of Forest 
Research-Revue Canadienne De Recherche Forestiere 19(6): 816-820 

Belnap J (2001) Factors influencing nitrogen fixation and nitrogen release in biological 
soil crusts. Ecological Studies. Biological soil crusts: Structure, function, and 
management 150: 241-261 



 

152 

Belnap J, Phillips SL, Miller ME (2004) Response of desert biological soil crusts to 
alterations in precipitation frequency. Oecologia 141(2): 306-316 

Bending GD, Putland C, Rayns F (2000) Changes in microbial community metabolism 
and labile organic matter fractions as early indicators of the impact of management 
on soil biological quality. Biology and Fertility of Soils 31(1): 78-84 

Berendse F, Aerts R (1987) Nitrogen-use-efficiency a biologically meaningful definition. 
Functional Ecology 1(3): 293-296 

Bissett J, Parkinson D (1980) Long-term effects of fire on the composition and activity of 
the soil microflora of a subalpine, coniferous forest. Canadian Journal of Botany-
Revue Canadienne De Botanique 58(15): 1704-1721 

Blackmer AM, Bremner JM, Schmidt EL (1980) Production of nitrous-oxide by 
ammonia-oxidizing chemoautotrophic microorganisms in soil. Applied and 
Environmental Microbiology 40(6): 1060-1066 

Blair JM (1997) Fire, N availability, and plant response in grasslands: A test of the 
transient maxima hypothesis. Ecology 78(8): 2359-2368 

Blank RR, Zamudio DC (1998) The influence of wildfire on aqueous-extractable soil 
solutes in forested and wet meadow ecosystems along the eastern front of the 
Sierra-Nevada range, California. International Journal of Wildland Fire 8(2): 79-85 

Boerner REJ, Brinkman JA (2003) Fire frequency and soil enzyme activity in southern 
Ohio oak-hickory forests. Applied Soil Ecology 23(2): 137-146 

Boerner REJ, Brinkman JA, Smith A (2005) Seasonal variations in enzyme activity and 
organic carbon in soil of a burned and unburned hardwood forest. Soil Biology and 
Biochemistry 37(8): 1419-1426 

Boerner REJ, Giai C, Huang J, Miesel JR (2008) Initial effects of fire and mechanical 
thinning on soil enzyme activity and nitrogen transformations in eight North 
American forest ecosystems. Soil Biology and Biochemistry 40(12): 3076-3085 

Boerner REJ, Morris SJ, Sutherland EK, Hutchinson TF (2000) Spatial variability in soil 
nitrogen dynamics after prescribed burning in Ohio mixed-oak forests. Landscape 
Ecology 15(5): 425-439 

Borken W, Matzner E (2009) Reappraisal of drying and wetting effects on C and N 
mineralization and fluxes in soils. Global Change Biology 15:808-824 

Brenner DL, Amundson R, Baisden WT, Kendall C, Harden J (2001) Soil N and N-15 
variation with time in a California annual grassland ecosystem. Geochimica Et 
Cosmochimica Acta 65(22): 4171-4186 



 

153 

Brookes PC, Landman A, Pruden G, Jenkinson DS (1985) Chloroform fumigation and 
the release of soil-nitrogen - a rapid direct extraction method to measure microbial 
biomass nitrogen in soil. Soil Biology and  Biochemistry 17(6): 837-842 

Browder JA, Gleason PJ, Swift DR (1994) Periphyton in the Everglades: Spatial 
variation, environmental correlates, and ecological implications. Everglades: The 
ecosystem and its restoration: 379-418 

Brown RT, Agee JK, Franklin JF (2004) Forest restoration and fire: Principles in the 
context of place. Conservation Biology 18(4): 903-912 

Burke DJ, Weintraub MN, Hewins CR, Kalisz S (2011) Relationship between soil 
enzyme activities, nutrient cycling and soil fungal communities in a northern 
hardwood forest. Soil Biology and  Biochemistry 43(4): 795-803 

Cain ML, Subler S, Evans JP, Fortin MJ (1999) Sampling spatial and temporal variation 
in soil nitrogen availability. Oecologia 118(4): 397-404 

Castaldi S, Aragosa D (2002) Factors influencing nitrification and denitrification 
variability in a natural and fire-disturbed Mediterranean shrubland. Biology and 
Fertility of Soils 36(6): 418-425 

Carlyle JC, Nambiar EKS (2001) Relationship between net nitrogen mineralization, 
properties of the forest floor and mineral soil, and wood production in Pinus radiata 
plantations. Canadian Journal of Forest Research 31: 889-898 

Certini G (2005) Effects of fire on properties of forest soils: a review. Oecologia 143(1): 
1-10 

Childers DL, Boyer JN, Davis SE, Madden CJ, Rudnick DT, Sklar FH (2006) Relating 
precipitation and water management to nutrient concentrations in the oligotrophic 
"upside-down" estuaries of the Florida Everglades. Limnology and Oceanography 
51(1): 602-616 

Christensen PB, Nielsen LP, Sorensen J, Revsbech NP (1990) Denitrification in nitrate-
rich streams - diurnal and seasonal-variation related to benthic oxygen-
metabolism. Limnology and Oceanography 35(3): 640-651 

Chróst RJ (1991) Environmental control of the synthesis and activity of aquatic microbial 
ectoenzymes. Chrost, R. J. (Ed.). Brock/Springer Series in Contemporary 
Bioscience: Microbial Enzymes in Aquatic Environments; First Workshop on 
Enzymes in Aquatic Environments, Bavaria, Germany, July 23-27, 1989. 
Xviii+317p. Springer-Verlag: New York, New York, USA; Berlin, Germany. Illus: 
29-59 

Clarholm M (1985) Possible roles for roots, bacteria, protozoa and fungi in supplying 
nitrogen to plants. Ecological interactions in soil: plants, microbes and animals: 
355-365 



 

154 

Clément J-C, Pinay G, Marmonier P (2002) Seasonal dynamics of denitrification along 
topohydrosequences in three different riparian wetlands. Journal of Environmental 
Quality 31: 1025-1037 

Cleveland CC, Liptzin D (2007) C:N :P stoichiometry in soil: is there a "Redfield ratio" 
for the microbial biomass? Biogeochemistry 85(3): 235-252 

Comerford NB, Fisher RF (1984) Using foliar analysis to classify nitrogen-deficient sites. 
Soil Science Society of America Journal 48: 910-913 

Conley DJ, Paerl HW, Howarth RW, Boesch DF, Seitzinger SP, Havens KE, Lancelot C, 
Likens GE (2009) Controlling eutrophication: nitrogen and phosphorus. Science 
323(5917): 1014-1015 

Corre MD, Schnabel RR, Stout WL (2002) Spatial and seasonal variation of gross 
nitrogen transformations and microbial biomass in a Northeastern US grassland. 
Soil Biology and  Biochemistry 34(4): 445-457 

Covington WW, Debano LF, Huntsberger TG (1991) Soil-nitrogen changes associated 
with slash pile burning in pinyon-juniper woodlands. Forest Science 37(1): 347-355 

Craft CB, Vymazal J, Richardson CJ (1995) Response of everglades plant-communities 
to nitrogen and phosphorus additions. Wetlands 15(3): 258-271 

Craine JM, Jackson RD (2010) Plant nitrogen and phosphorus limitation in 98 North 
American grassland soils. Plant and Soil 334(1-2): 73-84 

Crenshaw CL, Lauber C, Sinsabaugh RL, Stavely LK (2008) Fungal control of nitrous 
oxide production in semiarid grassland. Biogeochemistry 87(1): 17-27 

Crews TE, Kurina LM, Vitousek PM (2001a) Organic matter and nitrogen accumulation 
and nitrogen fixation during early ecosystem development in Hawaii. 
Biogeochemistry 52(3): 259-279 

Crews TE, Kurina LM, Vitousek PM (2001b) Organic matter and nitrogen accumulation 
and nitrogen fixation during early ecosystem development in Hawaii. 
Biogeochemistry 52(3): 259-279 

Cusack DF, Silver WL, Torn MS, Burton SD, Firestone MK (2011) Changes in microbial 
community characteristics and soil organic matter with nitrogen additions in two 
tropical forests. Ecology 92(3): 621-632 

Dalrymple GH, Doren RF, O'Hare NK, Norland MR, Armentano TV (2003) Plant 
colonization after complete and partial removal of disturbed soils for wetland 
restoration of former agricultural fields in Everglades National Park. Wetlands 
23(4): 1015-1029 



 

155 

Davidson EA, de Carvalho CJR, Figueira AM, Ishida FY, Ometto JPHB, Nardoto GB, 
Saba RT, Hayashi SN, Leal EC, Vieira ICG, Martinelli LA (2007) Recuperation of 
nitrogen cycling in Amazonian forests following agricultural abandonment. Nature 
447(7147): 995-996 

Davidson EA, Matson PA, Vitousek PM, Riley R, Dunkin K, Garciamendez G, Maass 
JM (1993) Processes regulating soil emissions of no and n2o in a seasonally dry 
tropical forest. Ecology 74(1): 130-139 

Davis SM, Gaiser EE, Loftus WF, Huffman AE (2005) Southern marl prairies conceptual 
ecological model. Wetlands 25(4): 821-831 

Dawson TE, Mambelli S, Plamboeck AH, Templer PH, Tu KP (2002) Stable isotopes in 
plant ecology. Annual Review of Ecology and Systematics 33: 507-559 

Debano LF, Klopatek JM (1988) Phosphorus dynamics of pinyon-juniper soils following 
simulated burning. Soil Science Society of America Journal 52(1): 271-277 

DeLuca TH, Nilsson MC, Zackrisson O (2002) Nitrogen mineralization and phenol 
accumulation along a fire chronosequence in northern Sweden. Oecologia 133(2): 
206-214 

DeLuca TH, Sala A (2006) Frequent fire alters nitrogen transformations in ponderosa 
pine stands of the inland northwest. Ecology 87(10): 2511-2522 

Diaz A, Green I, Tibbett M (2008) Re-creation of heathland on improved pasture using 
top soil removal and sulphur amendments: Edaphic drivers and impacts on ericoid 
mycorrhizas. Biological Conservation 141(6): 1628-1635 

Dick RP (1994) Soil enzyme activities as indicators of soil quality. SSSA Special 
Publication; Defining soil quality for a sustainable environment 35: 107-124 

Dodds WK, Smith VH, Lohman K (2002) Nitrogen and phosphorus relationships to 
benthic algal biomass in temperate streams. Canadian Journal of Fisheries and 
Aquatic Sciences 59(5): 865-874 

Doren RF, Whiteaker LD, Larosa AM (1991) Evaluation of fire as a management tool for 
controlling schinus-terebinthifolius as secondary successional growth on 
abandoned agricultural land. Environmental Management 15(1): 121-129 

Doyle RD, Fisher TR (1994) Nitrogen-fixation by periphyton and plankton on the 
amazon floodplain at lake calado. Biogeochemistry 26(1): 41-66 

Dumontet S, Dinel H, Scopa A, Mazzatura A, Saracino A (1996) Post-fire soil microbial 
biomass and nutrient content of a pine forest soil from a dunal Mediterranean 
environment. Soil Biology and  Biochemistry 28(10-11): 1467-1475 



 

156 

Eckstein RL, Karlsson PS, Weih M (1999) Leaf life span and nutrient resorption as 
determinants of plant nutrient conservation in temperate-arctic regions. New 
Phytologist 143(1): 177-189 

Eisele KA, Schimel DS, Kapustka LA, Parton WJ (1989) Effects of available P and N:P 
ratio on non-symbiotic dinitrogen fixation in tallgrass prairie soils. Oecologia 79(4): 
471-474 

Elmi AA, Astatkie T, Madramootoo C, Gordon R, Burton D (2005) Assessment of 
denitrification gaseous end-products in the soil profile under two water table 
management practices using repeated measures analysis. Journal of 
Environmental Quality 34: 446-454 

Elser JJ, Marzolf ER, Goldman CR (1990) Phosphorus and nitrogen limitation of 
phytoplankton growth in the fresh-waters of north-america - a review and critique 
of experimental enrichments. Canadian Journal of Fisheries and Aquatic Sciences 
47(7): 1468-1477 

Evans RD, Ehleringer JR (1993) A break in the nitrogen-cycle in aridlands - evidence 
from delta-N-15 of soils. Oecologia 94(3): 314-317 

Evans RD, Johansen JR (1999) Microbiotic crusts and ecosystem processes. Critical 
Reviews in Plant Sciences 18(2): 183-225 

Evans RD, Rimer R, Sperry L, Belnap J (2001) Exotic plant invasion alters nitrogen 
dynamics in an arid grassland. Ecological Applications 11(5): 1301-1310 

Ewe SWL, Gaiser EE, Childers DL, Rivera-Monroy VH, Iwaniec D, Fourquerean J, 
Twilley RR (2006) Spatial and temporal patterns of aboveground net primary 
productivity (ANPP) in the Florida Coastal Everglades LTER (2001-2004). 
Hydrobiologia569:459-474  

Fay P (1992) Oxygen relations of nitrogen-fixation in cyanobacteria. Microbiological 
Reviews 56(2): 340-373 

Feller IC, McKee KL, Whigham DF, O'Neill JP (2002) Nitrogen vs. phosphorus limitation 
across an ecotonal gradient in a mangrove forest. Biogeochemistry 62(2): 145-175 

Fenn ME, Poth MA, Aber JD, Baron JS, Bormann BT, Johnson DW, Lemly AD, McNulty 
SG, Ryan DF, Stottlemyer R (1998). Nitrogen excess in north American 
ecosystems: predisposing factors, ecosystem responses, and management 
strategies. Ecological Applications 8:706-733 

Fioretto A, Papa S, Pellegrino A (2005) Effects of fire on soil respiration, ATP content 
and enzyme activities in Mediterranean maquis. Applied Vegetation Science 8(1): 
13-20 



 

157 

Fischer M, Stocklin J (1997) Local extinctions of plants in remnants of extensively used 
calcareous grasslands 1950-1985. Conservation Biology 11(3): 727-737 

Fraser A, Kindscher K (2001) Tree spade transplanting of Spartina pectinata (Link) and 
Eleocharis macrostachya (Britt.) in a prairie wetland restoration site. Aquatic 
Botany 71(4): 297-304 

Gaiser E (2009) Periphyton as an indicator of restoration in the Florida Everglades. 
Ecological Indicators 9: S37-S45 

Gaiser EE, Childers DL, Jones RD, Richards JH, Scinto LJ, Trexler JC (2006) 
Periphyton responses to eutrophication in the Florida Everglades: Cross-system 
patterns of structural and compositional change. Limnology and Oceanography 
51(1): 617-630 

Gaiser EE, McCormick PV, Hagerthey SE, Gottlieb AD (2011) Landscape Patterns of 
Periphyton in the Florida Everglades. Critical Reviews in Environmental Science 
and Technology 41: 92-120 

Gaiser EE, Scinto LJ, Richards JH, Jayachandran K, Childers DL, Trexler JC, Jones RD 
(2004) Phosphorus in periphyton mats provides the best metric for detecting low-
level P enrichment in an oligotrophic wetland. Water Research 38(3): 507-516 

Garcia FO, Rice CW (1994) Microbial biomass dynamics in tallgrass prairie. Soil 
Science Society of America Journal 58(3): 816-823 

Garcia-Pichel F, Pringault O (2001) Microbiology - Cyanobacteria track water in desert 
soils. Nature 413(6854): 380-381 

Garcia-Ruiz R, Ochoa V, Belen Hinojosa M, Antonio Carreira J (2008) Suitability of 
enzyme activities for the monitoring of soil quality improvement in organic 
agricultural systems. Soil Biology and  Biochemistry 40(9): 2137-2145 

Geisseler D, Horwath WR (2009) Relationship between carbon and nitrogen availability 
and extracellular enzyme activities in soil. Pedobiologia 53(1): 87-98 

Gibson CWD, Brown VK (1991) The nature and rate of development of calcareous 
grassland in southern britain. Biological Conservation 58(3): 297-316 

Giese M, Gao YZ, Lin S, Brueck H (2011) Nitrogen availability in a grazed semi-arid 
grassland is dominated by seasonal rainfall. Plant and Soil 340(1-2): 157-167 

Glaser B, Lehmann J, Zech W (2002) Ameliorating physical and chemical properties of 
highly weathered soils in the tropics with charcoal-a review. Biology and Fertility of 
Soils 35: 219-230 



 

158 

Goericke R, Montoya JP, Fry B (1994) Physiology of isotopic fractionation in algae and 
cyanobacteria. In: Lajtha K, Michener RH (eds) Stable Isotopes in Ecology and 
Environmental Science. Blackwell Science Publisher. pp. 187-221 

Goldin A (1987) Reassessing the use of loss-on-ignition for estimating organic-matter 
content in noncalcareous soils. Communications in Soil Science and Plant 
Analysis 18(10): 1111-1116 

Gooday GW (1994) Physiology of microbial degradation of chitin and chitosan. 
Biochemistry of microbial degradation: 279-312 

Gottlieb AD (2003) Short and long hydroperiod Everglades periphyton mats: community 
characterization and experimental hydroperiod manipulation. Dissertation, Florida 
International University.  

Gottlieb AD, Richards J, Gaiser E (2005) Effects of desiccation duration on the 
community structure and nutrient retention of short and long-hydroperiod 
Everglades periphyton mats. Aquatic Botany 82(2): 99-112 

Grogan P, Bruns TD, Chapin FS (2000) Fire effects on ecosystem nitrogen cycling in a 
Californian bishop pine forest. Oecologia 122(4): 537-544 

Gu B, Alexander V (1993) Estimation of N2 fixation based on differences in the natural-
abundance of N-15 among fresh-water N2-fixing and non- N2-fixing algae. 
Oecologia 96(1): 43-48 

Güsewell S (2004) N:P ratios in terrestrial plants: variation and functional significance. 
New Phytologist 164(2): 243-266 

Güsewell S (2005) Nutrient resorption of wetland graminoids is related to the type of 
nutrient limitation. Functional Ecology 19(2): 344-354 

Gutknecht JLM, Henry HAL, Balser TC (2010) Inter-annual variation in soil extra-cellular 
enzyme activity in response to simulated global change and fire disturbance. 
Pedobiologia 53(5): 283-293 

Hagerthey SE, Bellinger BJ, Wheeler K, Gantar M, Gaiser E (2011) Everglades 
Periphyton: A Biogeochemical Perspective. Critical Reviews in Environmental 
Science and Technology 41: 309-343 

Hamilton DP, Landman MJ (2011) Preface: Lake restoration: an experimental 
ecosystem approach for eutrophication control. Hydrobiologia 661(1): 1-3 

Handley LL, Raven JA (1992) The use of natural abundance of nitrogen isotopes in 
plant physiology and ecology. Plant Cell and Environment 15(9): 965-985 

Hanzlikova A, Jandera A (1993) Chitinase and changes of microbial community in soil. 
Folia Microbiologica 38(2): 159-160 



 

159 

Harris J (2009) Soil microbial communities and restoration ecology: facilitators or 
followers? Science 325(5940): 573-574 

Harris JA (2003) Measurements of the soil microbial community for estimating the 
success of restoration. European Journal of Soil Science 54(4): 801-808 

Harrison JA, Matson PA, Fendorf SE (2005) Effects of a diel oxygen cycle on nitrogen 
transformations and greenhouse gas emissions in a eutrophied subtropical 
stream. Aquatic Sciences 67(3): 308-315 

Hausman CE, Fraser LH, Kershner MW, de Szalay FA (2007) Plant community 
establishment in a restored wetland: Effects of soil removal. Applied Vegetation 
Science 10(3): 383-390 

Hecky RE, Kilham P (1988) Nutrient limitation of phytoplankton in fresh-water and 
marine environments - a review of recent-evidence on the effects of enrichment. 
Limnology and Oceanography 33(4): 796-822 

Heffernan JB, Cohen MJ, Frazer TK, Thomas RG, Rayfield TJ, Gulley J, Martin JB, 
Delfino JJ, Graham WD (2010) Hydrologic and biotic influences on nitrate removal 
in a subtropical spring-fed river. Limnology and Oceanography 55(1): 249-263 

Hefting M, Clement JC, Dowrick D, Cosandey AC, Bernal S, Cimpian C, Tatur A, Burt 
TP, Pinay G (2004) Water table elevation controls on soil nitrogen cycling in 
riparian wetlands along a European climatic gradient. Biogeochemistry 67(1): 113-
134 

Heisler JL, Briggs JM, Knapp AK, Blair JM, Seery A (2004) Direct and indirect effects of 
fire on shrub density and aboveground productivity in a mesic grassland. Ecology 
85(8): 2245-2257 

Hernandez DL, Hobbie SE (2010) The effects of substrate composition, quantity, and 
diversity on microbial activity. Plant and Soil 335(1-2): 397-411 

Hernandez ME, Mitsch WJ (2007) Denitrification in created riverine wetlands: Influence 
of hydrology and season. Ecological Engineering 30(1): 78-88 

Hobbs NT, Schimel DS (1984) Fire effects on nitrogen mineralization and fixation in 
mountain shrub and grassland communities. Journal of Range Management 37(5): 
402-405 

Hogue BA, Inglett PW (2012) Nutrient release from combustion residues of two 
contrasting herbaceous vegetation types. Science of the Total Environment 431: 
9-19 

Hoppe HG (1983) Significance of exoenzymatic activities in the ecology of brackish 
water - measurements by means of methylumbelliferyl-substrates. Marine 
Ecology-Progress Series 11(3): 299-308 



 

160 

Horne AJ, Dillard JE, Fujita DK, Goldman CR (1972) Nitrogen-fixation in clear-lake, 
california .2. synoptic studies on autumn anabaena bloom. Limnology and 
Oceanography 17(5): 693-703 

Horne AJ, Sandusky JC, Carmiggelt CJW (1979) Nitrogen-fixation in clear lake, 
california .3. repetitive synoptic sampling of the spring aphanizomenon blooms. 
Limnology and Oceanography 24(2): 316-328 

Howarth RW, Marino R (1990) Nitrogen-fixing cyanobacteria in the plankton of lakes 
and estuaries - reply. Limnology and Oceanography 35(8): 1859-1863 

Howarth RW, Marino R, Cole JJ (1988a) Nitrogen-fixation in fresh-water, estuarine, and 
marine ecosystems .2. biogeochemical controls. Limnology and Oceanography 
33(4): 688-701 

Howarth RW, Marino R, Lane J, Cole JJ (1988b) Nitrogen-fixation in fresh-water, 
estuarine, and marine ecosystems .1. rates and importance. Limnology and 
Oceanography 33(4): 669-687 

Inglett KS, Inglett PW, Reddy KR (2011) Soil microbial community composition in a 
restored calcareous subtropical wetland. Soil Science Society of American Journal 
75(5):1731-1740 

Inglett PW, D'Angelo EM, Reddy KR, McCormick PV, Hagerthey SE (2009) Periphyton 
nitrogenase activity as an indicator of wetland eutrophication: spatial patterns and 
response to phosphorus dosing in a northern Everglades ecosystem. Wetlands 
Ecology and Management 17(2): 131-144 

Inglett PW, Reddy KR (2006) Investigating the use of macrophyte stable C and N 
isotopic ratios as indicators of wetland eutrophication: Patterns in the P-affected 
Everglades. Limnology and Oceanography 51(5): 2380-2387 

Inglett PW, Reddy KR, McCormick PV (2004) Periphyton chemistry and nitrogenase 
activity in a northern Everglades ecosystem. Biogeochemistry 67(2): 213-233 

Inglett PW, Rivera-Monroy VH, Wozniak JR (2011) Biogeochemistry of nitrogen across 
the Everglades landscape. Critical Reviews in Environmental Science and 
Technology 41: 187-216 

Iwaniec DM, Childers DL, Rondeau D, Madden CJ, Saunders C (2006) Effects of 
hydrologic and water quality drivers on periphyton dynamics in the southern 
Everglades. Hydrobiologia 569: 223-235 

Jackson LE, Strauss RB, Firestone MK, Bartolome JW (1988) Plant and soil-nitrogen 
dynamics in california annual grassland. Plant and Soil 110(1): 9-17 



 

161 

Jasrotia P, Ogram A (2008) Diversity of nifH genotypes in floating periphyton mats 
along a nutrient gradient in the Florida Everglades. Current Microbiology 56(6): 
563-568 

Jeffries DL, Klopatek JM, Link SO, Bolton H (1992) Acetylene-reduction by cryptogamic 
crusts from a blackbrush community as related to resaturation and dehydration. 
Soil Biology and  Biochemistry 24(11): 1101-1105 

Jenkinson DS, Ladd JN (1981) Microbial biomass in soil: measurement and turnover. 
Soil biochemistry. Volume 5: 415-471 

Kahn WE, Wetzel RG (1999) Effects of microscale water level fluctuations and altered 
ultraviolet radiation on periphytic microbiota. Microbial Ecology 38(3): 253-263 

Kalinina O, Goryachkin SV, Karavaeva NA, Lyuri DI, Najdenko L, Giani L (2009) Self-
restoration of post-agrogenic sandy soils in the southern Taiga of Russia: Soil 
development, nutrient status, and carbon dynamics. Geoderma 152(1-2): 35-42 

Kara O, Bolat I (2009) Short-term effects of wildfire on microbial biomass and 
abundance in black pine plantation soils in Turkey. Ecological Indicators 9(6): 
1151-1155 

Kendall C, McDonnell JJ (eds) (1998) Isotope tracers in catchment hydrology. Elsevier 
Science Publisers, pp.839 

Kendall C, Silva SR, Kelly VJ (2001) Carbon and nitrogen isotopic compositions of 
particulate organic matter in four large river systems across the United States. 
Hydrological Processes 15: 1301-1346 

Kiehl K, Pfadenhauer J (2007) Establishment and persistence of target species in newly 
created calcareous grasslands on former arable fields. Plant Ecology 189(1): 31-
48 

Killham K (1994) Soil Ecology. Cambridge University Press, Cambridge 

Kirby RE, Lewis SJ, Sexson TN (1988) Fire is North American wetland ecosystems and 
fire-wildlife relations: an annotated bibliography. U.S. Fish Wildlife Service, 
Biological Report 88(1) pp146 

Kjellin J, Hallin S, Worman A (2007) Spatial variations in denitrification activity in 
wetland sediments explained by hydrology and denitrifying community structure. 
Water Research 41(20): 4710-4720 

Kline TC, Lewin RA (1999) Natural N-15/N-14 abundance as evidence for N2 fixation by 
Prochloron (Prochlorophyta) endosymbiotic with didemnid ascidians. Symbiosis 
26(2): 193-198 



 

162 

Kluber LA, Smith JE, Myrold DD (2011) Distinctive fungal and bacterial communities are 
associated with mats formed by ectomycorrhizal fungi. Soil Biology and  
Biochemistry 43(5): 1042-1050 

Koerselman W, Meuleman AFM (1996) The vegetation N:P ratio: A new tool to detect 
the nature of nutrient limitation. Journal of Applied Ecology 33(6): 1441-1450 

Lee DW, Downum KR (1991) The spectral distribution of biologically-active solar-
radiation at miami, florida, usa. International Journal of Biometeorology 35(1): 48-
54 

Li Y, Norland M (2001) The role of soil fertility in invasion of Brazilian pepper (Schinus 
terebinthifolius) in Everglades National Park, Florida. Soil Science 166(6): 400-405 

Liao X, Inglett PW (2012) Biological nitrogen fixation in periphyton of native and 
restored everglades marl prairies. Wetlands 32(1): 137-148 

Lockwood JL, Ross MS, Sah JP (2003) Smoke on the water: the interplay of fire and 
water flow on Everglades restoration. Frontiers in Ecology and the Environment 1: 
462-468 

Machefert SE, Dise NB (2004) Hydrological controls on denitrification in riparian 
ecosystems. Hydrology and Earth System Sciences 8(4): 686-694 

MacLeod NA, Barton DR (1998) Effects of light intensity, water velocity, and species 
composition on carbon and nitrogen stable isotope ratios in periphyton. Canadian 
Journal of Fisheries and Aquatic Sciences 55(8): 1919-1925 

McCormick PV (2011) Soil and periphyton indicators of anthropogenic water-quality 
changes in a rainfall-driven wetland. Wetlands Ecology and Management 19(1): 
19-34 

McCormick PV, O’dell MB (1996) Quantifying periphyton responses to phosphorus in 
the Florida Everglades: A synoptic-experimental approach. Journal of the North 
American Benthological Society 15(4): 450-468 

McCormick PV, Rawlik PS, Lurding K, Smith EP, Sklar FH (1996) Periphyton-water 
quality relationships along a nutrient gradient in the northern Florida Everglades. 
Journal of the North American Benthological Society 15(4): 433-449 

McCormick PV, Shuford RBE, Backus JG, Kennedy WC (1998) Spatial and seasonal 
patterns of periphyton biomass and productivity in the northern Everglades, 
Florida, USA. Hydrobiologia 362: 185-208 

McCormick PV, Stevenson RJ (1998) Periphyton as a tool for ecological assessment 
and management in the Florida Everglades. Journal of Phycology 34(5): 726-733 



 

163 

McGroddy ME, Daufresne ET, Hedin LO (2004) Scaling of C:N:P stoichiometry in 
forests worldwide: implications of terrestrial Redfield-type ratios. Ecology 85: 2390-
2401 

McLain JET, Martens DA (2005) Nitrous oxide flux from soil amino acid mineralization. 
Soil Biology and  Biochemistry 37(2): 289-299 

McLain JET, Martens DA (2006) N2O production by heterotrophic N transformations in a 
semiarid soil. Applied Soil Ecology 32(2): 253-263 

Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye AT, Gregory JM, Kitoh A, 
Knutti R, Murphy JM, Noda A, Raper SCB, Watterson IG, Weaver AJ, Zhao Z-C 
(2007) Global climate projections. In: Climate Change 2007: The Physical Science 
Basis. Contribution of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change (eds Solomon S, Qin D, Manning M, 
Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL), pp. 747–845. Cambridge 
University Press, Cambridge, UK. 

Miao SL, Sklar FH (1998) Biomass and nutrient allocation of sawgrass and cattail along 
a nutrient gradient in the Florida Everglades. Wetlands Ecology and  Management 
5: 245-263 

Miao SL, Carstenn SM (2006) A new direction for large-scale experimental design and 
analysis. Frontiers in Ecology and the Environment 4(5):227 

Mitchell RJ, Auld MHD, Hughes JM, Marrs RH (2000) Estimates of nutrient removal 
during heathland restoration on successional sites in Dorset, southern England. 
Biological Conservation 95(3): 233-246 

Mitsch WJ, Day Jr. JM (2004) Thinking big with whole ecosystem studies and 
ecosystem restoration-A legacy of H.T Odum. Ecological Modelling 178: 133-155 

Morecroft MD, Marrs RH, Woodward FI (1992) Altitudinal and seasonal trends in soil-
nitrogen mineralization rate in the scottish highlands. Journal of Ecology 80(1): 49-
56 

Muhr J, Goldberg SD, Borken W, Gebauer G (2008) Repeated drying-rewetting cycles 
and their effects on the emission of CO2, N2O, NO, and CH4 in a forest soil. 
Journal of Plant Nutrition and Soil Science-Zeitschrift Fur Pflanzenernahrung Und 
Bodenkunde 171(5): 719-728 

Nadelhoffer KJ, Fry B (1994) N-isotope studies in forests. In: Lajtha K, Michener RH 
(eds) Stable isotopes in ecology and Environmental Sciences. Oxford, Blackwell, 
pp 22-62 

Neary DG, Klopate CC, Debano LF, Folliott PF (1999) Fire effects on belowground 
sustainability: a view and synthesis. Forest Ecology and Management 122:51-71 



 

164 

Newman S, Kumpf H, Laing JA, Kennedy WC (2001) Decomposition responses to 
phosphorus enrichment in an Everglades (USA) slough. Biogeochemistry 54(3): 
229-250 

Nguyen CT (2011) Effects of a prescribed fire on soil nutrient pools in the pine rockland 
forest ecosystem. Dissertation, University of Florida 

Niinemets U, Kull K (2005) Co-limitation of plant primary productivity by nitrogen and 
phosphorus in a species-rich wooded meadow on calcareous soils. Acta 
Oecologica-International Journal of Ecology 28(3): 345-356 

Noe GB, Childers DL, Jones RD (2001) Phosphorus biogeochemistry and the impact of 
phosphorus enrichment: Why is the everglades so unique? Ecosystems 4(7): 603-
624 

Ojima DS, Schimel DS, Parton WJ, Owensby CE (1994) Long-term and short-term 
effects of fire on nitrogen cycling in tallgrass prairie. Biogeochemistry 24(2): 67-84 

Olander LP, Vitousek PM (2000) Regulation of soil phosphatase and chitinase activity 
by N and P availability. Biogeochemistry 49(2): 175-190 

Olfs H-W, Neu A, Werner W (2004) Soil N transformations after application of 15N-
labeled biomass in incubation experiments with repeated soil drying and rewetting. 
Journal of Plant Nutrient and Soil Science 167: 147-152 

Parker SS, Schimel JP (2011) Soil nitrogen availability and transformations differ 
between the summer and the growing season in a California grassland. Applied 
Soil Ecology 48(2): 185-192 

Peterson BJ, Fry B (1987) Stable isotopes in ecosystem studies. Annual Review of 
Ecology and Systematics 18: 293-320 

Pinckney JL, Long RA, Paerl HW (2011) Structural and functional responses of 
microbial mats to reductions in nutrient and salinity stressors in a Bahamian 
hypersaline lagoon. Aquatic Microbial Ecology 62(3): 289-298 

Piqueray J, Bottin G, Delescaille L-M, Bisteau E, Colinet G, Mahy G (2011) Rapid 
restoration of a species-rich ecosystem assessed from soil and vegetation 
indicators: The case of calcareous grasslands restored from forest stands. 
Ecological Indicators 11(2): 724-733 

Pócs T (2009) Cyanobacterial crust types, as strategies for survival in extreme habitats. 
Acta Botanica Hungarica 51(1-2): 147-178 

Powers R (1980) Mineralizable soil-nitrogen as an index of nitrogen availability to forest 
trees. Soil Science Society of America Journal 44(6): 1314-1320 



 

165 

Qian Y, Miao SL, Gu B, Li YC (2009) Estimation of Postfire Nutrient Loss in the Florida 
Everglades. Journal of Environmental Quality 38(5): 1812-1820 

Raison RJ (1979) Modification of the soil environment by vegetation fires, with particular 
reference to nitrogen transformations - review. Plant and Soil 51(1): 73-108 

Rau BM, Blank RR, Chambers JC, Johnson DW (2007) Prescribed fire in a Great Basin 
sagebrush ecosystem: Dynamics of soil extractable nitrogen and phosphorus. 
Journal of Arid Environments 71(4): 362-375 

Redfield AC (1934) On the proportions of organic derivations in sea water and their 
relation to the composition of plankton. In: Daniel RJ (ed.) James Johnstone 
Memorial Volume. University of Liverpool Press, pp 177-192 

Regina K, Nykanen H, Silvola J, Martikainen PJ (1996) Fluxes of nitrous oxide from 
boreal peatlands as affected by peatland type, water table level and nitrification 
capacity. 35(3):401-418 

Reich PB, Oleksyn J (2004) Global patterns of plant leaf N and P in relation to 
temperature and latitude. Proceedings of the National Academy of Sciences of the 
United States of America. 101(30): 11001-11006 

Rejmánková E (2001) Effect of experimental phosphorus enrichment on oligotrophic 
tropical marshes in Belize, Central America. Plant and Soil 236(1): 33-53 

Rejmánková E, Komárková J (2000) A function of cyanobacterial mats in phosphorus-
limited tropical wetlands. Hydrobiologia 431(2-3): 135-153 

Rejmánková E, Komárková J (2005) Response of cyanobacterial mats to nutrient and 
salinity changes. Aquatic Botany 83(2): 87-107 

Rejmánková E, Komárková J, Rejmanek M (2004) δ15N as an indicator of N2 fixation by 
cyanobacterial mats in tropical marshes. Biogeochemistry 67(3): 353-368 

Rolff C, Elmgren R, Voss M (2008) Deposition of nitrogen and phosphorus on the Baltic 
Sea: seasonal patterns and nitrogen isotope composition. Biogeosciences 5(6): 
1657-1667 

Ross MS, Mitchell-Bruker S, Sah JP, Stothoff S, Ruiz PL, Reed DL, Jayachandran K, 
Coultas CL (2006) Interaction of hydrology and nutrient limitation in the Ridge and 
Slough landscape of the southern Everglades. Hydrobiologia 569: 37-59 

Rudnick DT, Chen Z, Childers DL, Boyer JN, Fontaine TD (1999) Phosphorus and 
nitrogen inputs to Florida Bay: The importance of the everglades watershed. 
Estuaries 22(2B): 398-416 

Ruz-Jerez BE, White RE, Ball PR (1994) Long-term measurement of denitrification in 3 
contrasting pastures grazed by sheep. Soil Biology and Biochemistry 26(1): 29-39 



 

166 

Rychert RC, Skujinš J (1974) Nitrogen-fixation by blue-green algae-lichen crusts in 
great basin desert. Soil Science Society of America Journal 38(5): 768-771 

Saa A, Trasarcepeda MC, Gilsotres F, Carballas T (1993) Changes in soil-phosphorus 
and acid-phosphatase-activity immediately following forest-fires. Soil Biology and  
Biochemistry 25(9): 1223-1230 

Saiya-Cork KR, Sinsabaugh RL, Zak DR (2002) The effects of long term nitrogen 
deposition on extracellular enzyme activity in an Acer saccharum forest soil. Soil 
Biology and  Biochemistry 34(9): 1309-1315 

Scott JT, Doyle RD, Back JA, Dworkin SI (2007) The role of N2 fixation in alleviating N 
limitation in wetland metaphyton: enzymatic, isotopic, and elemental evidence. 
Biogeochemistry 84(2): 207-218 

Scott JT, Doyle RD, Filstrup CT (2005) Periphyton nutrient limitation and nitrogen 
fixation potential along a wetland nutrient-depletion gradient. Wetlands 25(2): 439-
448 

Scott JT, Lang DA, King RS, Doyle RD (2009) Nitrogen fixation and phosphatase 
activity in periphyton growing on nutrient diffusing substrata: evidence for 
differential nutrient limitation in stream periphyton. Journal of the North American 
Benthological Society 28(1): 57-68 

Scott JT, McCarthy MJ, Gardner WS, Doyle RD (2008) Denitrification, dissimilatory 
nitrate reduction to ammonium, and nitrogen fixation along a nitrate concentration 
gradient in a created freshwater wetland. Biogeochemistry 87(1): 99-111 

Sharma K, Inglett PW, Reddy KR, Ogram AV (2005) Microscopic examination of 
photoautotrophic and phosphatase-producing organisms in phosphorus-limited 
Everglades periphyton mats. Limnology and Oceanography 50(6): 2057-2062 

Shelton DR, Sadeghi AM, McCarty GW (2000) Effect of soil water content on 
denitrification during cover crop decomposition. Soil Science 165(4): 365-371 

Shoun H, Kim DH, Uchiyama H, Sugiyama J (1992) Denitrification by fungi. Fems 
Microbiology Letters 94(3): 277-281 

Singh JS, Kashyap AK (2007) Variations in soil N-mineralization and nitrification in 
seasonally dry tropical forest and savanna ecosystems in Vindhyan region, India. 
Tropical Ecology 48(1): 27-35 

Sinsabaugh RL, Antibus RK, Linkins AE, McClaugherty CA, Rayburn L, Repert D, 
Weiland T (1992) Wood decomposition over a 1st-order watershed - mass-loss as 
a function of lignocellulase activity. Soil Biology and  Biochemistry 24(8): 743-749 



 

167 

Sinsabaugh RL, Antibus RK, Linkins AE, McClaugherty CA, Rayburn L, Repert D, 
Weiland T (1993) Wood decomposition - nitrogen and phosphorus dynamics in 
relation to extracellular enzyme-activity. Ecology 74(5): 1586-1593 

Sinsabaugh RL, Findlay S, Franchini P, Fisher D (1997) Enzymatic analysis of riverine 
bacterioplankton production. Limnology and Oceanography 42(1): 29-38 

Sinsabaugh RL, Hill BH, Shah JJF (2009) Ecoenzymatic stoichiometry of microbial 
organic nutrient acquisition in soil and sediment. Nature 462(7274): 795-U117 

Skujinš J, Klubek B (1978) Nitrogen fixation and cycling by blue-green algae-lichen-
crusts in arid rangeland soils. Ecological Bulletins (Stockholm) (26): 164-171 

Smith CS, Serra L, Li Y, Inglett P, Inglett K (2011) Restoration of Disturbed Lands: The 
Hole-in-the-Donut Restoration in the Everglades. Critical Reviews in 
Environmental Science and Technology 41: 723-739 

Smith JM, Ogram A (2008) Genetic and functional variation in denitrifier populations 
along a short-term restoration chronosequence. Applied and Environmental 
Microbiology 74(18): 5615-5620 

Smith VH (1983) Low nitrogen to phosphorus ratios favor dominance by blue-green-
algae in lake phytoplankton. Science 221(4611): 669-671 

Smith VH (1990) Nitrogen, phosphorus, and nitrogen-fixation in lacustrine and estuarine 
ecosystems. Limnology and Oceanography 35(8): 1852-1859 

Smith MS, Tiedje JM (1979) Phases of denitrification following oxygen depletion in soil. 
Soil Biology and Biochemistry 11: 261-267 

Sparling GP, Feltham CW, Reynolds J, West AW, Singleton P (1990) Estimation of soil 
microbial c by a fumigation extraction method - use on soils of high organic-matter 
content, and a reassessment of the kec-factor. Soil Biology and  Biochemistry 
22(3): 301-307 

Spier LP, Snyder JR (1998) Effects of wet- and dry-season fires on Jaquemontia curtisii, 
a south Florida pine forest endemic. Natural Areas Journal 18:350-357 

Stock WD, Lewis OAM (1986) Soil-nitrogen and the role of fire as a mineralizing agent 
in a south-african coastal fynbos ecosystem. Journal of Ecology 74(2): 317-328 

Stradling DA, Thygerson T, Walker JA, Smith BN, Hansen LD, Criddle RS, Pendleton 
RL (2002) Cryptogamic crust metabolism in response to temperature, water vapor, 
and liquid water. Thermochimica Acta 394(1-2): 219-225 

Sundareshwar PV, Morris JT, Koepfler EK, Fornwalt B (2003) Phosphorus limitation of 
coastal ecosystem processes. Science 299(5606): 563-565 



 

168 

Sutula M, Day JW, Cable J, Rudnick D (2001) Hydrological and nutrient budgets of 
freshwater and estuarine wetlands of Taylor Slough in Southern Everglades, 
Florida (USA). Biogeochemistry 56(3): 287-310 

Sutula MA, Perez BC, Reyes E, Childers DL, Davis S, Day JW, Rudnick D, Sklar F 
(2003) Factors affecting spatial and temporal variability in material exchange 
between the Southern Everglades wetlands and Florida Bay (USA). Estuarine 
Coastal and Shelf Science 57(5-6): 757-781 

Tabatabai MA, Ekenler M, Senwo ZN (2010) Significance of enzyme activities in soil 
nitrogen mineralization. Communications in Soil Science and Plant Analysis 41(5): 
595-605 

Taylor AA, Defelice J, Havill DC (1982) Seasonal-variation in nitrogen availability and 
utilization in an acidic and calcareous soil. New Phytologist 92(1): 141-152 

Thomas S, Gaiser EE, Gantar M, Pinowska A, Scinto LJ, Jones RD (2002) Growth of 
calcareous epilithic mats in the margin of natural and polluted hydrosystems: 
Phosphorus removal implications in the C-111 basin, Florida Everglades, USA. 
Lake and Reservoir Management 18(4): 324-330 

Thomas S, Gaiser EE, Gantar M, Scinto LJ (2006) Quantifying the responses of 
calcareous periphyton crusts to rehydration: A microcosm study (Florida 
Everglades). Aquatic Botany 84(4): 317-323 

Triska FJ, Oremland RS (1981) Denitrification associated with periphyton communities. 
Applied Environmental Mircrobiology 42(4):745-748 

Turner CL, Blair JM, Schartz RJ, Neel JC (1997) Soil N and plant responses to fire, 
topography, and supplemental N in tallgrass prairie. Ecology 78(6): 1832-1843 

Tyler AC, Mastronicola TA (2003) Nitrogen fixation and nitrogen limitation of primary 
production along a natural marsh chronosequence. Oecologia 136: 431-438  

Vance ED, Henderson GS (1984) Soil-nitrogen availability following long-term burning in 
an oak-hickory forest. Soil Science Society of America Journal 48(1): 184-190 

Van den driessche R (1974) Prediction of mineral nutrient status of trees by foliar 
analysis. Botanical Review 40(3): 347-394 

Van Hoewyk D, Groffman PM, Kiviat E, Mihocko G, Stevens G (2000) Soil nitrogen 
dynamics in organic and mineral soil calcareous wetlands in eastern New York. 
Journal of the Soil Science Society of America 64: 2168-2173 

Vargas R, Novelo E (2007) Seasonal changes in periphyton nitrogen fixation in a 
protected tropical wetland. Biology and Fertility of Soils 43(3): 367-372 



 

169 

Vazquez FJ, Acea MJ, Carballas T (1993) Soil microbial-populations after wildfire. Fems 
Microbiology Ecology 13(2): 93-103 

Vis C, Hudon C, Cattaneo A, Pinel-Alloul B (1998) Periphyton as an indicator of water 
quality in the St Lawrence River (Quebec, Canada). Environmental Pollution 
101(1): 13-24 

Vitousek P (1982) Nutrient cycling and nutrient use efficiency. American Naturalist 
119(4): 553-572 

Vitousek PM (1998) Foliar and litter nutrients, nutrient resorption, and decomposition in 
Hawaiian Metrosideros polymorpha. Ecosystems 1(4): 401-407 

Vitousek PM, Farrington H (1997) Nutrient limitation and soil development: experimental 
test of a biogeochemical theory. Biogeochemistry 37: 63-75 

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and in the sea - how can it 
occur. Biogeochemistry 13(2): 87-115 

Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010) Terrestrial phosphorus 
limitation: mechanisms, implications, and nitrogen-phosphorus interactions. 
Ecological Applications 20(1): 5-15 

Vitousek PM, Shearer G, Kohl DH (1989) Foliar N-15 natural abundance in Hawaiian 
rainforest – paterrns and possible mechanisms. Oecologia 78(3): 383-388 

von Oheimb G, Power SA, Falk K, Friedrich U, Mohamed A, Krug A, Boschatzke N, 
Haerdtle W (2010) N:P Ratio and the nature of nutrient limitation in Calluna-
dominated heathlands. Ecosystems 13(2): 317-327 

Waldrop MP, Zak DR, Sinsabaugh RL (2004) Microbial community response to nitrogen 
deposition in northern forest ecosystems. Soil Biology and  Biochemistry 36(9): 
1443-1451 

Walker TW, Syers JK (1976) The fate of phosphorus during pedogenesis. Geoderma 
15: 1-19 

Wallenstein MD, McMahon SK, Schimel JP (2009) Seasonal variation in enzyme 
activities and temperature sensitivities in Arctic tundra soils. Global Change 
Biology 15(7): 1631-1639 

Walworth JL, Sumner ME (1987) The diagnosis and recommendation integrated 
system. In Stewart BA (ed.) Advances in Soil Science, vol. 6. Springer, New York, 
pp 149-188 

Wan SQ, Hui DF, Luo YQ (2001) Fire effects on nitrogen pools and dynamics in 
terrestrial ecosystems: a meta-analysis. Ecological Applications 11(5): 1349-1365 



 

170 

Wardle DA (1998) Controls of temporal variability of the soil microbial biomass: A 
global-scale synthesis. Soil Biology and  Biochemistry 30(13): 1627-1637 

Wardle DA, Zackrisson O, Nilsson MC (1998) The charcoal effect in boreal forest: 
mechanisms and ecological consequences. Oecologia 115: 419-426 

Weedon JT, Aerts R, Kowalchuk GA, van Bodegom PM (2011) Enzymology under 
global change: organic nitrogen turnover in alpine and sub-Arctic soils. 
Biochemical Society Transactions 39: 309-314 

White JR, Reddy KR (1999) Influence of nitrate and phosphorus loading on denitrifying 
enzyme activity in Everglades wetland soils. Soil Science Society of America 
Journal 63(6): 1945-1954 

White JR, Reddy KR (2000) Influence of phosphorus loading on organic nitrogen 
mineralization of everglades soils. Soil Science Society of America Journal 64(4): 
1525-1534 

White JR, Reddy KR (2003) Nitrification and denitrification rates of everglades wetland 
soils along a phosphorus-impacted gradient. Journal of Environmental Quality 
32(6): 2436-2443 

White JR, Reddy KR, Moustafa MZ (2004) Influence of hydrologic regime and 
vegetation on phosphorus retention in Everglades stormwater treatment area 
wetlands. Hydrological Processes 18(2): 343-355 

Wozniak JR, Childers DL, Anderson WT, Rudnick DT, Madden CJ (2008) An in situ 
mesocosm method for quantifying nitrogen cycling rates in oligotrophic wetlands 
using (15)N tracer techniques. Wetlands 28(2): 502-512 

Wright AL, Wang Y, Reddy KR (2008) Loss-on-Ignition Method to Assess Soil Organic 
Carbon in Calcareous Everglades Wetlands. Communications in Soil Science and 
Plant Analysis 39(19-20): 3074-3083 

Yoneyama T, Matsumaru T, Usui K, Engelaar W (2001) Discrimination of nitrogen 
isotopes during absorption of ammonium and nitrate at different nitrogen 
concentrations by rice (Oryza sativa L.) plants. Plant Cell and Environment 24(1): 
133-139 

Yuste JC, Penuelas J, Estiarte M, Garcia-Mas J, Mattana S, Ogaya R, Pujol M, Sardans 
J (2011) Drought-resistant fungi control soil organic matter decomposition and its 
response to temperature. Global Change Biology 17(3): 1475-1486 

Zackrisson O, DeLuca TH, Nilsson MC, Sellstedt A, Berglund LM (2004) Nitrogen 
fixation increases with successional age in boreal forests. Ecology 85(12): 3327-
3334 



 

171 

Zackrisson O, Nilsson MC, Wardle DA (1996) Key ecological function of charcoal from 
wildfire in the Boreal forest. Oikos 77: 10-19 

Zedler JB (2000) Progress in wetland restoration ecology. Trends in Ecology and  
Evolution 15(10): 402-407 

 



 

172 

BIOGRAPHICAL SKETCH 

Xiaolin Liao was born in a small city of Jingmen, Hubei Province in China. She had 

her happiest childhood there enjoying the peaceful life and got the basic knowledge 

from schools.  

After successfully passing the competitive entrance exam to college in 2002, she 

chose the University of Science and Technology in Beijing China, far away from her 

hometown, to do her undergraduate study. It was her first time to leave home and stay 

with peers from different places of the country. However, she likes to make friends with 

diverse background and it came to her that she built a very solid and helpful friendship 

during the four undergraduate years. At that time, her major was Environmental 

Engineering, learning a wide range of knowledge on waste water treatment, air pollution 

control, and waste disposal, and visiting real factories that put those knowledge into 

reality. She was impressed by a constructed wetland for waste water treatment once 

visiting in a petrochemical company, and since then her journey for the wetlands began.  

Based on the well-rounded performance during the undergraduate, Xiaolin was 

recommended for admission without exam to the graduate school in the Beijing Normal 

University in 2006. She chose to study on the wetland ecology in the top-ten 

Environmental School in China. During the three years of graduate studies, she got 

chances to know more about wetlands, e.g., the coastal wetlands in the Yellow River 

Delta in China, the urban wetlands in Jinnan city of Shandong Province, and the 

constructed wetland in Beijing. She spent the humid summer and chilly winter in the 

Yellow River Delta with other colleagues from different institutes studying the 

biodiversity conservation of endangered birds. Her passion with wetlands increased 

which further pushed her to go further to know the wetlands around the world.  



 

173 

With the dream of wetlands, Xiaolin was luckily accepted by the Soil and Water 

Science Department in the University of Florida where she later realized is a center of 

wetlands studies and for wetlands scientists. She followed her advisor-Dr. Patrick 

Inglett’s study on the biogeochemistry of wetlands in the Everglades. For a foreigner 

who needs to jump the language barrier, it is really a tough experience to get through. 

However, Xiaolin finally survived and received his Ph.D. from the University of Florida in 

the summer of 2012. 

 


